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A Possible Role of Crustacean
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Immune Response in
Hepatopancreas of Mud Crab
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Crustacean cardioactive peptide (CCAP), a cyclic amidated non-apeptide, is widely

found in arthropods. The functions of CCAP have been revealed to include regulation

of heart rate, intestinal peristalsis, molting, and osmotic pressure. However, to

date, there has not been any report on the possible involvement of CCAP in

immunoregulation in crustaceans. In this study, a CCAP precursor (designated as

Sp-CCAP) was identified in the commercially important mud crab Scylla paramamosain,

which could be processed into four CCAP-associated peptides and one mature

peptide (PFCNAFTGC-NH2). Bioinformatics analysis indicated that Sp-CCAP was highly

conserved in crustaceans. RT-PCR results revealed that Sp-CCAP was expressed

in nerve tissues and gonads, whereas the Sp-CCAP receptor gene (Sp-CCAPR)

was expressed in 12 tissues of S. paramamosain, including hepatopancreas. In situ

hybridization further showed that an Sp-CCAPR-positive signal is mainly localized in

the F-cells of hepatopancreas. Moreover, the mRNA expression level of Sp-CCAPR

in the hepatopancreas was significantly up-regulated after lipopolysaccharide (LPS)

or polyriboinosinic polyribocytidylic acid [Poly (I:C)] challenge. Meanwhile, the mRNA

expression level of Sp-CCAPR, nuclear transcription factor NF-κB homologs (Sp-Dorsal

and Sp-Relish), member of mitogen-activated protein kinase (MAPK) signaling pathway

(Sp-P38), pro-inflammatory cytokines factor (Sp-TNFSF and Sp-IL16), and antimicrobial

peptide (Sp-Lysozyme, Sp-ALF, Sp-ALF4, and Sp-ALF5) in the hepatopancreas were

all up-regulated after the administration of synthetic Sp-CCAP mature peptide both in

vivo and in vitro. The addition of synthetic Sp-CCAP mature peptide in vitro also led

to an increase in nitric oxide (NO) concentration and an improved bacterial clearance

ability in the hepatopancreas culture medium. The present study suggested that

Sp-CCAP signaling system might be involved in the immune responses of

S. paramamosain by activating immune molecules on the hepatopancreas. Collectively,

our findings shed new light on neuroendocrine-immune regulatory system in arthropods

and could potentially provide a new strategy for disease prevention and control for mud

crab aquaculture.

Keywords: neuropeptide, crustacean cardioactive peptide, hepatopancreas, immunoregulation, arthropod
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INTRODUCTION

The neuroendocrine-immune (NEI) regulatory system refers to
a complex network formed by the interaction of the nervous
system, endocrine system, and immune system (1). The nervous
and endocrine systems regulate various physiological processes
by releasing neuropeptides, neurotransmitters, and hormones
(2). The neuropeptides are usually synthesized and secreted
by neurons or neuroendocrine cells and composed of 3–100
amino acid residues (3). As an extracellular chemical messenger,
neuropeptides regulate a range of physiological functions,
including immunity, growth, reproduction, metabolism, food
intake, and circadian rhythm, by activating specific receptors
(3). Neuropeptide receptors are mostly G protein-coupled
receptors (GPCRs), which constitute the largest family of
cell surface receptors. They play a vital role in physiological
processes by promoting cellular communication via recognizing
various ligands, including bioactive peptides, nucleosides, and
amines (4).

A large number of studies have shown that neuropeptides
also interact with the immune system by binding to receptors of
immune cells (5–14). For example, it has been reported that in
humans, through binding to their respective receptors, vasoactive
intestinal peptide (VIP), pituitary adenylate cyclase-activating
polypeptide (PACAP), urocortin 1 (UCN), and adrenomedullin
(AM) reduced the production of pro-inflammatory factors (5–7).
In rainbow troutOncorhynchus mykiss, prolactin has been shown
to increasemRNA expression ofMyD88 and IL-1β during in vitro
infection with the pathogen, Piscirickettsia salmonis (8), whereas
in Japanese pufferfish Takifugu rubripes, neuromedin U elevated
the mRNA expression of IL-6, IL-18, and TNF-α in peripheral
blood leukocytes (9). Similarly, in invertebrates, FMRFamide
reportedly regulated the expression of immune effectors and
apoptosis-related genes via P38 mitogen-activated protein kinase
(MAPK) signaling pathway in oyster Crassostrea gigas (10). In
fruit fly Drosophila, allatostatin-C receptor 2 (ASTC-R2) played
a crucial role in host survival when infected by the pathogenic
bacterium Photorhabdus luminescens (11). In crustaceans, it has
also been reported that crustacean hyperglycemic hormones
(CHHs) promoted the elimination of the pathogenVibrio harveyi
in the hemolymph and significantly up-regulated the mRNA
levels of antimicrobial peptides (AMPs) (PEN4 and crustin) in
Pacific white shrimp Litopenaeus vannamei (12, 13). For the same
species, the silencing of molt-inhibiting hormone (MIH) also
led to significant increases in mortality of the shrimp infected
by bacterium Vibrio parahaemolyticus and white spot syndrome
virus (WSSV) (14).

In recent years, more and more evidence suggested that
in addition to hemocytes, the hepatopancreas also plays an
important role in the immunity of crustaceans (15–21). In
addition to function as a digestive gland, the hepatopancreas
is also a crucial organ for immunity in crustaceans (16).
Indeed, crustacean hepatopancreas is a major source of immune
response molecules, including lectins, nitric oxide (NO), stress
proteins, antibacterial and antiviral proteins, enzymes, and
apoptotic genes (15). Furthermore, many immune-related
signal transduction pathways are also found in crustacean

hepatopancreas, including MAPK, PPAR, Rap1, PI3K-Akts,
cyclic adenosine monophosphate (cAMP), and NF-κB signaling
pathway (15, 16, 22). However, more studies are needed to
further clarify the immune mechanisms of the hepatopancreas
in crustaceans.

Crustacean cardioactive peptide (CCAP) is a cyclic amidated
non-apeptide first isolated from the pericardial organs in shore
crab Carcinus maenas with a function of regulating heartbeat
(23). It has since been derived mainly from the nervous system
of various arthropods, with confirmed roles of neurohormone
and neurotransmitter (24, 25). In recent studies, CCAP mRNA
was found in the midgut of cockroach Periplaneta americana
and Pacific white shrimp L. vannamei, as well as in the gills of
oriental river prawn Macrobrachium nipponense (26–29). CCAP
has been shown to be involved in various physiological processes
in insects and crustaceans, such as modulation of heartbeat
in fruit fly Drosophila melanogaster (30) and marine crabs C.
maenas and Callinectes sapidus (23, 31), stimulation of American
cockroach P. americana midgut contraction and stick insect
Baculum extradentatum hindgut contraction (26, 32), regulation
of ecdysis in prawn M. nipponense (29), modulation of oviduct
and spermatheca contraction in grasshopper Locusta migratoria
(33, 34), and increasing survival of shrimp L. vannamei subjected
to freshwater stress (27).

Like other neuropeptide receptors, CCAP receptor is a GPCR.
So far, CCAP receptor has been identified in various insects and
crustaceans and has been shown to be involved with its ligand
to regulate physiological processes. For instance, knockdown of
CCAP receptor reportedly resulted in the loss of CCAP heartbeat
regulation function in blood-suck bug Rhodnius prolixus (35),
and interfering CCAP and its receptor reduced the success rate of
ecdysis in red flour beetle Tribolium castaneum (36). In mud crab
Scylla paramamosain, recently, CCAP partial transcript has been
found from the cerebral transcriptome database, and its receptor
is identified via ligand-receptor binding assay by our laboratory
(37, 38).

Mud crab S. paramamosain is widely distributed in the Indo-
Pacific region, and the species is an important mariculture species
along the southeast coastal provinces of China (39). Mud crab in
aquaculture is vulnerable to diverse bacterial, fungal, and viral
pathogens, which could lead to severe economic losses to the
industry. In order to prevent and control disease outbreaks in
aquaculture, an increasing number of research has focused on the
functions and enhancement of the immune system of cultured
species (40–42). In this study, we first obtained and characterized
the full-length cDNA of Sp-CCAP from the cerebral ganglia of
S. paramamosain. The tissue distribution of Sp-CCAP and its
receptor (Sp-CCAPR) were detected by semi-quantitative RT-
PCR, and the locations of Sp-CCAPR in the hepatopancreas were
further determined by in situ hybridization. Subsequently, we
investigated Sp-CCAPR expression profiles following immune
stimulation, and finally the immunomodulatory mechanisms of
Sp-CCAP and its receptor were evaluated by in vivo and in vitro
experiments. This is the first report on CCAP involvement in
immunomodulation in an arthropod, and it potentially provides
a new strategy for disease control based on neuroendocrine
immunity for mud crab aquaculture.
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MATERIALS AND METHODS

Experimental Animals
The animal study protocol has been approved by the Animal
Ethics Committee of Xiamen University.

Healthymud crabs (36.36± 2.31 g) at the intermolt stage were
purchased from a fish market in Haicang District, Xiamen City,
Fujian Province, China. Prior to the experiments, the crabs were
acclimated in small tanks (40 × 40 × 60 cm) filled with seawater
with salinity 30 ppt and temperature 26 ± 0.5◦C for 7 days.
During the acclimation period, the crabs were fed fresh field snail
Cipangopaludina chinensisGray once daily, and half of tank water
was renewed every day.

Total RNA Extraction and First-Strand
cDNA Synthesis
Total RNA from hemocytes and various tissues, that is, eyestalk
ganglion, cerebral ganglion, thoracic ganglion, hepatopancreas,
gill, stomach, midgut, heart, epidermis, gonad, and muscle, were
extracted using TRIzol Reagent (Invitrogen, USA) according
to the manufacturer’s instructions. The concentrations and
quality of RNAs were checked by a Q6000 spectrophotometer
(Quawell), and the integrity was assessed by 1.5% (w/v) agarose
gel electrophoresis. The first-strand cDNA was synthesized using
PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa) for
semi-quantitative RT-PCR and quantitative real-time PCR (qRT-
PCR) analyses.

Cloning the Full-Length cDNA of Sp-CCAP
and Bioinformatics Analysis
Partial cDNA sequence of Sp-CCAP was obtained from the
transcriptome database of Scylla paramamosain (37). The full-
length Sp-CCAP cDNA with 1 µg of total RNA extracted from
cerebral ganglion was amplified with the SMARTTM RACE
cDNA Amplification Kit (BD Biosciences). The 3′-race and 5′-
race PCR amplification was performed with universal primers
[Universal Primer Mix (UPM)] and gene-specific primers for
touchdown PCR and nested PCR amplification. PCR products
were purified and cloned into the pMD19-T plasmids (TaKaRa).
The positive colonies were screened and further confirmed by
DNA sequencing. The primer sequences are listed in Table 1.

The ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi)
was used to predict open reading frames (ORFs) and amino acid
sequence of Sp-CCAP. The amino acid sequence was submitted
to predict protein signal peptide with SignalP 5.0 Server (http://
www.cbs.dtu.dk/services/SignalP/). The isoelectric point of Sp-
CCAP was predicted by ExPASy software. The homology amino
acid sequences of Sp-CCAP from other species in the National
Center for Biotechnology Information (NCBI) database were
obtained through the BlastX homology search (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). These sequences were used to create the
multiple sequence alignment by MEGA 7.0 software. Phylogenic
trees were constructed via the neighbor-joining (NJ) method
using MEGA 7.0 software. Bootstrap sampling was reiterated for
1,000 times.

TABLE 1 | Primers for PCRs.

Name Sequence (5′-3′)

cDNA cloning

3′Out-Sp-CCAP GGCAAGGTTATGGGAGCAACT

3′ In-Sp-CCAP GCTCTGTGTATCCAAACATGTGTTG

5′Out-Sp-CCAP TTGCTCCCATAACCTTGCCTC

3′ In-Sp-CCAP AACGCAAGGAGGAGGATGGTT

UPM (long) CTAATACGACTCACTATAGGGCAAGCAGT

GGTATCAACGCAGAGT

UPM (short) CTAATACGACTCACTATAGGGC

RT-PCR/qRT-PCR

Sp-CCAP-qF CGAGGCAAGGTTATGGGAG

Sp-CCAP-qR GATACACAGAGCCACTCAAGAAAT

Sp-CCAPR-qF TCCAAGACTCGCAAATCCA

Sp-CCAPR-qR ATGTCCGTGAGAACACTGAT

Sp-β-actin-qF GAGCGAGAAATCGTTCGTGAC

Sp-β-actin-qR GGAAGGAAGGCTGGAAGAGAG

qRT-PCR

Sp-IL16-qF (42) TGGCAGAGGTTACAGGTCACGGTTAT

Sp-IL16-qR (42) GGAGTCTGGTGTTCGTCACTGTTTCT

Sp-TNFSF-qF (43) CTGTTGTACGTCAGGTCGACTCT

Sp-TNFSF-qR (43)

Sp-LYZ-qF (44)

GGCTCTTCGTATGGGACCTCTG

TGCCATCAACCACCACAACT

Sp-LYZ-qR (44) CCCCTTTCCCTTCCACTTCT

Sp-ALF1-qF (41) AACTCATCACGGAGAATAACGC

Sp-ALF1-qR (41) CTTCCTCGTTGTTTTCACCCTC

Sp-ALF4-qF (42) CACTACTGTGTCCTGAGCCGC

Sp-ALF4-qR (42) GTCCTCGCCTTACAATCTTCTG

Sp-ALF5-qF (42) CTTGAAGGGACGAGGTGATGAG

Sp-ALF5-qR (42) TGACCAGCCCATTCGCTACAG

Sp-Relish-qF (42) AGTGGAACAGTGGTCCAGCTG

Sp-Relish-qR (42) CACCACCACTTCACAAATC

Sp-Dorsal-qF (42) TCATCCCCACAATCTGGTGG

Sp-Dorsal-qR (42) TAAGTGCATCTTCCACGTC

Sp-P38-qF (45) TTCACTCCGTCCACCACCTT

Sp-P38-qR (45) GCCCTCGTAACACCTGGTAGAT

In situ hybridization

T7 TAATACGACTCACTATAGGG

SP6 ATTTAGGTGACACTATAG

Sp-CCAP-IF CGACTCCTACTACTTCTAC

Sp-CCAP-IR GATACGGTACTCTTCCAG

PMD19T

RV-M GAGCGGATAACAATTTCACACA

M13-47 CGCCAGGGTTTTCCCAGTCACG

Tissue Distribution of Sp-CCAP and
Sp-CCAPR mRNA
Semi-quantitative RT-PCR was used to detect the distribution
of Sp-CCAP and Sp-CCAPR mRNA in hemocytes and tissues
from eyestalk ganglion, cerebral ganglion, thoracic ganglion,
hepatopancreas, gill, stomach, midgut, heart, epidermis, gonad,
andmuscle using Sp-CCAP-qF, Sp-CCAP-qR, Sp-CCAPR-qF, and
Sp-CCAPR-qR as primers (Table 1). The PCR was performed
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with the Ex-Taq R© DNA polymerase (TaKaRa) under the
following conditions: pre-denaturation at 94◦C for 5min and 40
cycles consisting of 94◦C for 30 s, 58◦C for 30 s, and 72◦C for 30 s;
and the final extension was carried out at 72◦C for 10min. PCR
products were resolved on 1.5% agarose gel, and the results were
observed and photographed by UV gel imager with water used as
a template for negative control and β-actin as an internal control.
The experiment was repeated three times.

mRNA in situ Hybridization
The 217-bp fragment of Sp-CCAPR was amplified by PCR
and cloned into PGEM-T EASY Vector (Promega) for the
subsequent in situ hybridization experiment. The riboprobes
were synthesized using the DIG RNA Labeling Kit (Roche
Diagnostics, Germany) and transcribed by SP6 and T7
polymerases. The hepatopancreas was quickly removed from the
crabs and immediately fixed in 4% paraformaldehyde solution
for 12 h at 4◦C. After being treated with serially diluted
ethanol (75, 85, 95, and 100%) and xylene, the sample was
embedded in paraffin and sectioned into 0.7-µm continuous
sections. Hybridization was subsequently carried out according
to the methods reported previously (46) and visualized by the
BCIP/NBT Chromogen Kit (Solarbio).

Immune Challenges With
Lipopolysaccharide and Polyriboinosinic
Polyribocytidylic Acid Injection
Polyriboinosinic polyribocytidylic acid [Poly (I:C)] (Sigma, USA)
was dissolved in crustacean physiological saline (1.13 × 10−2

mol/L of KCl, 1.33 × 10−2 mol/L of CaCl2, 0.44 mol/L of
NaCl, 1.0 × 10−2 mol/L of Hepes, 2.3 × 10−2 mol/L of
Na2SO4, and 2.6 × 10−2 mol/L of MgCl2, pH 7.4) at 1 mg/ml;
and lipopolysaccharide (LPS) (Sigma, USA) was dissolved in
crustacean physiological saline at 0.5 mg/ml. Seventy-five crabs
were randomly divided into three groups and injected with
100 µl of Poly (I:C), LPS, or crustacean physiological saline
(control). In addition, five untreated crabs were used for the
initial measurements. Hepatopancreas tissues of five individuals
from each treatment group were subsequently randomly sampled
at 3, 6, 12, 24, and 48 h for RNA extraction and qRT-PCR analysis.
The qPCR used a QuantStudioTM 6 Flex Real-Time PCR (Applied
Biosystems) with SYBR R© Select Master Mix (TaKaRa). The total
reaction volume was 20 µl containing 10 µl of SYBR R© Select
Master Mix, 2 µl of the five-fold diluted cDNA, 0.5 µl (1.0 ×

10−5 mol/L) each of the forward and reverse primers, and 7 µl
of ultrapure water; and the procedure included 50◦C for 2min;
95◦C for 2min; followed by 40 cycles of 95◦C for 15 s, 58◦C for
30 s, and 72◦C for 30 s; and followed by a melting curve analysis
at 60–95◦C. A relative transcript level was determined using the
2−11Ct algorithm with β-actin from S. paramamosain as the
internal control. The sequences of the primers used are listed
in Table 1.

Injection of Sp-CCAP Mature Peptide
The predicted Sp-CCAP mature peptide (PFCNAFTGC-NH2)
was synthesized by GL Biochem (Shanghai, China) with a
purity of 98% for the subsequent experiments. Forty crabs

were randomly divided into two groups: the CCAP treatment
group was injected with 100 µl of CCAP mature peptide
dissolved in crustacean physiological saline (final concentration
in hemolymph about 5 × 10−6 mol/L), whereas the control
group was injected with crustacean physiological saline of the
same volume. Meanwhile, five untreated crabs were randomly
selected for the initial measurement. The hepatopancreas tissues
of five crabs from each group were sampled at 3, 6, 12, and 24 h
after injection for RNA extraction and gene expression analysis
(see Total RNA Extraction and First-Strand cDNA Synthesis and
Immune ChallengesWith Lipopolysaccharide and Polyriboinosinic
Polyribocytidylic Acid Injection).

Hepatopancreas Treated in vitro by
Sp-CCAP Mature Peptide
S. paramamosain at the intermolt stage was anesthetized on
ice for 10min, followed by sterilization in 75% ethanol for
5min. Hepatopancreas tissues were subsequently dissected and
washed with crustacean physiological saline before being cut
by a pair of scissors into fragments of ∼20mg. The fragments
were then precultured at 26◦C in a 24-well-plate with 200 µl
of L15 medium, which contained penicillin (100 U/ml) and
streptomycin (100µg/ml, Sigma). After an hour, the culture was
substituted with L15 medium containing Sp-CCAP peptide at
one of three concentrations of 10−6, 10−7, and 10−8 mol/L or
without adding any peptide (control), which were based on a
previous study from our lab (47). Quadruple treatments were
used. After 6 h of culture, tissue fragments were collected from
each treatment for total RNA extraction and subsequent qRT-
PCR analysis, whereas tissue culture medium was also collected
for NO concentration measurement. The NO production was
determined using the Total Nitric Oxide Assay Kit (Beyotime,
China). Briefly, the absorbance of the nitrite was measured with
the Griess reaction at OD540nm, and the nitrite concentration of
each tissue culture medium was then calculated according to the
standard curve constructed using NaNO2 for the calculation of
total NO concentration.

In vitro Antibacterial Assay
The bacterial clearance assay was carried out based on
the method described in a previous study (48), with some
modifications. That is, after hepatopancreas tissue with Sp-
CCAP mature peptide was added at three concentrations (10−8,
10−7, and 10−6 mol/L) plus a control without adding Sp-CCAP
being cultured for 6 h, either Staphylococcus aureus or Vibrio
parahaemolyticus suspension (were stored in our laboratory),
both pathogenic to themud crab, was added to culture wells at the
final bacterial concentration of ∼3 × 104 cfu/ml per well. After
another 3 h of culture, each tissue culture mediumwas inoculated
and cultured on either Luria–Bertani (LB) solid medium (for
S. aureus) or 2216E solid medium (for V. parahaemolyticus) for
12 h at 37◦C, and the number of colonies was then observed
and recorded. The assay was performed in triplicates for each
culture medium.
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Statistical Analysis
All data were presented as mean ± SEM. Statistical differences
among treatments were analyzed using one-way ANOVA
(followed by Duncan’s test) or Student’s t-test (SPSS 18.0).
Differences were considered statistically significant at p < 0.05
and highly significant at p < 0.01.

RESULTS

Molecular Cloning of a cDNA Encoding
Sp-CCAP Precursor
The complete cDNA sequence of the Sp-CCAP precursor was
obtained by using 3′/5′ RACE coupled to nested PCR. The
full length of Sp-CCAP mRNA is 638 bp with a 64-bp 5′

untranslated region (UTR), a 142-bp 3′UTR, and a 432-bp
ORF encoding a protein of 143 amino acids with a calculated
molecular weight of 15.84 kDa and a theoretical isoelectric
point of 9.43 (GenBank Accession MN923209). The deduced
precursor peptide contained a signal peptide of 32 amino
acids, four putative dibasic (37KR38 and 49KR50), tribasic
(61KKR63), and tetrabasic (115RRKR118) cleavage sites, which
could give rise to five peptides, including four precursor-
related peptides (CCAP AP1: 33-36; CCAP AP2: 39-48; CCAP
AP3: 64-114; and CCAP AP4: 115-143) and one mature
peptide containing nine amino acids (PFCNAFTGC-NH2)
(Figure 1).

Multiple Alignment and Phylogenetic Tree
Analysis
Multiple alignment of the amino acid sequences of CCAP
precursors from different crustaceans indicated that
the CCAP mature peptides were fully identical among
the crustacean species used for comparison (Figure 2).
Phylogenetic analysis of the amino acid sequences of CCAP
precursors among different arthropod species showed that
Sp-CCAP and other crustacean CCAP clustered into one
branch, whereas insect CCAP clustered into another branch
(Figure 3).

Tissue Distribution of Sp-CCAP/Sp-CCAPR
The expression pattern of Sp-CCAP among various tissues
was determined by semi-quantitative RT-PCR. The results
showed that Sp-CCAP was expressed in nerve and gonad
tissues (Figure 4). To identify the potential target sites
of Sp-CCAP, the expression pattern of the Sp-CCAPR
transcript was also determined, and Sp-CCAPR was
found expressed in 12 tissues, including hemocytes and
hepatopancreas (Figure 4).

In situ Hybridization of Sp-CCAPR in
Hepatopancreas
To precisely localize the Sp-CCAPR transcript in hepatopancreas,
in situ hybridization was performed. Histological results
showed that hepatopancreatic tubule epithelial cells of Scylla
paramamosain include E-cells (embryonic), F-cells (fibrillar), B-
cells (blisterlike), and R-cells (resorptive) (Figure 5C). In situ
hybridization localized Sp-CCAPR-positive signal mainly in the

F-cells of hepatopancreas (Figure 5A), whereas in the control
group, no such positive signal was found (Figure 5B).

The Induced mRNA Expression of
Sp-CCAPR in Response to
Lipopolysaccharide and Polyriboinosinic
Polyribocytidylic Acid Stimulation
Because involvement of neuropeptides in NEI regulation is
mainly by binding to their receptors on immune cells, the
temporal patterns of Sp-CCAPR mRNA expression in the
hepatopancreas after LPS and Poly (I: C) injection were
investigated. The results showed that following LPS challenge,
a significantly up-regulated mRNA expression level of Sp-
CCAPR was only observed at 12 h, which was 2.09-fold of
that in the control (p < 0.05) (Figure 6A). However, after
Poly (I:C) stimulation, the mRNA expression level of Sp-
CCAPR was significantly up-regulated at both 3 and 24 h,
with 4.16-fold and 2.28-fold increase, respectively, compared
with that of the control at the same time point (p < 0.05)
(Figure 6B).

The mRNA Expressions of
Immune-Related Genes After Sp-CCAP
Mature Peptide Injection
To evaluate the potential involvement of Sp-CCAP in immune
regulation, after being injected with synthetic Sp-CCAP mature
peptide, the changes in mRNA expression levels of immune-
related genes, including Sp-CCAPR, nuclear transcription factor
NF-κB homologs (Sp-Dorsal and Sp-Relish), member of MAPK
signaling pathway (Sp-P38), pro-inflammatory cytokines factor
(Sp-TNFSF and Sp-IL16), and AMP (Sp-Lysozyme, Sp-ALF, Sp-
ALF4, and Sp-ALF5), in the hepatopancreas were quantified up
to 24 h (Figure 7). The mRNA expression of Sp-CCAPR was
shown to increase significantly at 6 and 12 h post-Sp-CCAP
stimulation, which was 2.69-fold and 2.41-fold of that of the
control, respectively (p< 0.05) (Figure 7A). Similarly, themRNA
expression of Sp-P38 was significantly up-regulated to 1.45-fold
and 1.65-fold of that in the control at 6 and 12 h, respectively
(p < 0.05) (Figure 7B). Likewise, the nuclear transcription factor
Sp-Dorsal mRNA expression level was significantly up-regulated
at 6, 12, and 24 h (Figure 7C), whereas the Sp-Relish mRNA
expression level was significantly up-regulated at 6 and 24 h
(p < 0.05) (Figure 7D). Moreover, pro-inflammatory factor Sp-
TNFSF and Sp-IL16 mRNA expression levels were both up-
regulated significantly at 6 and 12 h (p < 0.05) (Figures 7E,F).
Additionally, the mRNA expression level of Sp-lysozyme and Sp-
ALF4 increased significantly at 12 h (p < 0.05) but returned to
normal at 24 h (p > 0.05) (Figures 7G,I). The mRNA expression
level of Sp-ALF1 also increased significantly at 6, 12, and 24 h (p<

0.05) (Figure 7H). Finally, the Sp-ALF5 mRNA expression level
was sharply up-regulated at 6 h (p < 0.05) but dropped back to
similar levels to that of the control from 12 h onward (p > 0.05)
(Figure 7J).
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FIGURE 1 | Nucleotide and deduced-amino acid sequences of Sp-CCAP cDNA. The initiation codon, termination codon, signal peptide, crustacean cardioactive

peptide (CCAP) mature peptide, CCAP-associated peptides, amidation site, cleavage sites, and cysteine residues are marked by different symbols.

The mRNA Expressions of
Immune-Related Genes and the NO
Concentration After in vitro Sp-CCAP
Mature Peptide Treatment
To further evaluate the immunoregulation function of Sp-CCAP,

Sp-CCAP mature peptide was added to the hepatopancreatic

explant cultures at three different concentrations (10−8, 10−7,
and 10−6 mol/L), and the expression levels of immune-related

genes were measured (Figure 8). The mRNA expression level of
both Sp-CCAPR and Sp-P38 was both up-regulated following the

addition of Sp-CCAP mature peptide at all three concentrations,
and significant differences were detected at 10−8 and 10−7

mol/L as compared with those of the control (p < 0.05)
(Figures 8A,B). Moreover, the Sp-DorsalmRNA expression level
was significantly up-regulated at all three concentrations (p <

0.05) (Figure 8C), and the Sp-Relish mRNA expression level was
significantly up-regulated at 10−8 and 10−6 mol/L (p < 0.05)
(Figure 8D). Similarly, the Sp-TNFSF mRNA expression level
was significantly up-regulated at 10−8 and 10−7 mol/L (p <

0.05) (Figure 8E), whereas the Sp-IL16 mRNA expression level
was significantly up-regulated at all three concentrations (p <
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FIGURE 2 | Multiple alignments of the deduced amino acid sequence of crustacean cardioactive peptides (CCAPs) among various crustacean species. The CCAP

mature peptide is indicated by the red line; conserved amino acid residues are marked by asterisks. GenBank accession numbers of CCAPs are as follows:

Callinectes sapidus (ABB46290.1); Carcinus maenas (ABB46291.1); Portunus trituberculatus (AVK43051.1); Penaeus vannamei (ALP06206.1); Homarus gammarus

(ABB46292.1); and Procambarus clarkia (BAF34910.1).

0.05) (Figure 8F). Finally, the mRNA expression levels of AMP
genes Sp-lysozyme, Sp-ALF1, and Sp-ALF5 were significantly up-
regulated at 10−8 mol/L (p< 0.05) (Figures 8G,H,J), whereas the
mRNA expression level of Sp-ALF4was not significantly different
from that of the control at all concentrations (Figure 8I).

NO is an important gaseous signaling molecule that plays a
key role in the innate immune system; NO concentration changes
in the hepatopancreas culture media were also determined after
adding Sp-CCAP mature peptide at different concentrations
(Figure 8J). It showed that when treated with Sp-CCAP at 10−8

M, NO concentration in the medium increased significantly
(p < 0.05); however, NO content did not significantly vary

from the control at the concentrations of 10−6 and 10−7 mol/L
(Figure 8J).

Clearance of Bacteria Facilitated by
Sp-CCAP
The bacterial clearance capability of each hepatopancreas culture
medium with Sp-CCAP mature peptide added at 10−8, 10−7,
and 10−6 mol/L was evaluated against the control (no Sp-CCAP
addition) to assess whether up-regulated immune molecules
led to enhanced antibacterial capacity. The results showed that
based on colony counts, in both cases of S. aureus and Vibrio
parahaemolyticus, bacteria numbers in all tissue culture media
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FIGURE 3 | Phylogenetic analysis of crustacean cardioactive peptides (CCAPs) relative to various crustacean and insect species. The sequences used in evolutionary

tree analysis include Callinectes sapidus (ABB46290.1); Carcinus maenas (ABB46291.1); Portunus trituberculatus (AVK43051.1); Homarus gammarus (ABB46292.1);

Procambarus clarkia (BAF34910.1); Nephrops norvegicus (QBX89037.1); Cherax quadricarinatus (AWK57511.1); Penaeus vannamei (ALP06206.1); Macrobrachium

nipponense (ASH96804.1); Periplaneta Americana (Q75UG5.1); Rhodnius prolixus (ACZ52615.1); Nilaparvata lugens (BAO00946.1); Nicrophorus vespilloides

(XP_017778790.1); and Orchesella cincta (ODM98622.1).

FIGURE 4 | Tissue distribution of Sp-CCAP and Sp-CCAPR in S. paramamosain. 1, eyestalk ganglion; 2, cerebral ganglion; 3, thoracic ganglion; 4, gill; 5,

hepatopancreas; 6, hemocytes; 7, stomach; 8, midgut; 9, heart; 10, epidermis; 11, muscle; 12, gonad; and 13, the negative control.

with Sp-CCAP mature peptide addition decreased compared
with those of the control; and the improvement in bacterial
clearance capacity was significant when Sp-CCAPmature peptide
was added at 10−8 and 10−7 mol/L (p < 0.05) (Figures 9A–D).

DISCUSSION

As a multifunctional peptide hormone, CCAP is known to play
an important role in the regulation of various physiological
processes in arthropods (23, 26–34). Its immunomodulatory

function, however, has never been reported previously; the
present study hence appears to be the first to report the
involvement of CCAP in regulating hepatopancreas immunity in
an arthropod.

In this study, a cDNA encoding CCAP precursor was
identified from mud crab Scylla paramamosain. In the
phylogenetic tree constructed, all CCAP precursor peptides
could be divided into two branches of crustacean and insect. The
Sp-CCAP precursor peptide fell into the branch of crustacean,
indicating that Sp-CCAP shared high similarity with other
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FIGURE 5 | Localization of Sp-CCAPR mRNA in the hepatopancreas by in situ hybridization. (A) Positive signals with the antisense probes. (B) Sense probes of

Sp-CCAPR served as the negative control. (C) Histological observation of hepatopancreatic tubule epithelial cells: E, E-cell (E: embryonic); F, F-cell (F: fibrillar); B,

B-cell (B: blisterlike); and R-cell (R: resorptive).

FIGURE 6 | Changes in mRNA expression of Sp-CCAPR in the hepatopancreas after lipopolysaccharide (LPS) and polyriboinosinic polyribocytidylic acid [Poly (I:C)]

injection. (A) After LPS stimulation. (B) After Poly (I:C) stimulation. All data are shown as mean ± SEM (n = 5); statistical analysis was performed using Student’s

t-test. *indicates significant difference (p < 0.05).

crustaceans. By comparing precursor peptides of all sequences
from crustaceans, four restriction sites were identified, suggesting
that their translation processing modules are highly conserved.
CCAP mature peptide sequences (PFCNAFTGC-NH2) are
identical among different species, which indicates essential roles
of CCAP to arthropods.

The distribution of genes in different tissues has a guiding
role for exploring the physiological functions of neuropeptides
(10). RT-PCR results showed that mRNA transcript of Sp-
CCAP was mainly expressed in the nervous system and
gonads of S. paramamosain, whereas the Sp-CCAPR mRNA
was expressed in a wide range of different tissues. However,
in American cockroach Periplaneta americana and Pacific
white shrimp L. vannamei, CCAP mRNA was reportedly
expressed in the midgut and the nervous system (26, 27),
which suggests that likely there are different physiological
regulation pathways of CCAP in arthropod species. In the
present study, the detection of mRNA expression of both Sp-
CCAP and Sp-CCAPR in gonads suggested that they may act as
an autocrine/paracrine factor to regulate ovarian development,

similar to that of short neuropeptide F (sNPF) identified
in the same crab species (49). Neurohormones have been
found to participate in immune regulation through receptors
on hemocytes, the well-known immune-related cells that play
crucial roles in host immune defense in crustaceans (50).
For instance, in insects, 5-HT receptors were found expressed
in the hemocytes, and 5-HT has been shown to modulate
hemocyte phagocytosis through 5HT1B and 5-HT2B receptors
(51). Similarly, Es-GPCR89 mRNA was expressed in the
hemocytes of Chinese mitten crab Eriocheir sinensis and found
to mediate cerebral antimicrobial activity (52). In this study,
Sp-CCAPR was found expressed in the hemocytes, suggesting
that Sp-CCAP may be involved in the immune regulation
of hemocytes as a neurohormone in S. paramamosain. In
crustaceans, the hepatopancreas is not only the major organ
responsible for digestion but also an important immune organ
(16). Indeed, in crayfish Procambarus clarkii, a putative GPCR
gene, HP1R, was found expressed in the hepatopancreas and
was suggested to play a role in protecting the host from
bacterial invasion (53). In this study, in situ hybridization
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FIGURE 7 | Effects of Sp-CCAP injection on the mRNA expressions of immune-related genes in the hepatopancreas. (A) Sp-CCAPR; (B) Sp-P38; (C) Sp-Dorsal; (D)

Sp-Relish; (E) Sp-TNFSF; (F) Sp-IL16; (G) Sp-Lysozyme; (H) Sp-ALF1; (I) Sp-ALF4; (J) Sp-ALF5. All data are shown as mean ± SEM (n = 5); statistical analysis by

Student’s t-test. * and **on the top of bars indicate significant (p < 0.05) and highly significant differences (p < 0.01), respectively.
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FIGURE 8 | Effects of Sp-CCAP addition at different concentrations on mRNA expressions of immune-related genes in in vitro cultured hepatopancreas tissues and

NO concentration in the culture media. (A) Sp-CCAPR; (B) Sp-P38; (C) Sp-Dorsal; (D) Sp-Relish; (E) Sp-TNFSF; (F) Sp-IL16; (G) Sp-Lysozyme; (H) Sp-ALF1; (I)

Sp-ALF4; (J) Sp-ALF5; and (K) the concentration of NO. All data are shown as mean ± SEM (n = 4); statistical analysis performed by one-way ANOVA followed by

Duncan’s test. * and **on top of bars indicate significant (p < 0.05) and highly significant differences (p < 0.01), respectively.
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FIGURE 9 | Bacterial clearance capacity of hepatopancreas culture medium treated with different concentrations of Sp-CCAP as compared with the no Sp-CCAP

addition control. (A) Results with Staphylococcus aureus. (B) S. aureus colonies grown on Luria–Bertani (LB) plates. (C) Results with Vibrio parahaemolyticus.

(D) S. aureus colonies grown on 2216E plates. All data are shown as mean ± SEM (n = 4); statistical analysis performed by one-way ANOVA followed by Duncan’s

test. * and **on top of bars indicate significant (p < 0.05) and highly significant differences (p < 0.01), respectively.

showed that Sp-CCAPR mRNA was mainly expressed in F-
cells of hepatopancreas, indicating that Sp-CCAP may play
an immunomodulatory role via its receptor on F-cells in
S. paramamosain.

Increasingly studies have shown that neuropeptides
play an important role in the NEI network; typically,
they are activated by immune stimuli and bind to their
receptors to participate in the innate immune responses
(2, 54). In this study, Sp-CCAPR was found to distribute
in the hepatopancreas of S. paramamosain, and its mRNA
expression greatly increased after the stimulation of LPS and
Poly (I:C), which suggested that both LPS and Poly (I:C)
challenges might activate Sp-CCAP to bind to its receptor
in the hepatopancreas to participate in immune responses.

Interestingly, previous studies have reported similar results in
other species. For example, HPR1 gene in the hepatopancreas
of P. clarkii was significantly up-regulated by stimulation with
Aeromonas hydrophila (53), the mRNA of LPSenhR-1 was
significantly up-regulated after LPS stimulation in rainbow
trout Oncorhynchus mykiss (55), and Poly (I:C) stimulation
induced significantly higher neurokinin-2 receptor mRNA
expression in human dendritic cell (56). It is well-known that
the neuroendocrine system regulates the immune responses by
releasing neuropeptide hormones, whereas the immune system
activates the neuroendocrine system by secreting cytokines, thus
forming a circular network of neuroendocrine and immune
regulation (57). Sp-CCAPR showed two expression peaks at
3 and 24 h after Poly (I:C) stimulation; it is speculated that
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Sp-CCAP/Sp-CCAPR can respond quickly to Poly (I:C)
stimulation and be indirectly affected by Poly (I:C)-induced
immune factor activation.

In this study, the immunomodulatory effect of Sp-CCAP
was further studied by in vivo injection and in vitro culture
experiment. In the in vivo experiment, Sp-CCAP was found to
significantly induce the expression of its receptor Sp-CCAPR,
P38 MAPKs (Sp-P38), and nuclear transcription factor NF-
κBs (Sp-Dorsal and Sp-Relish) in the hepatopancreas, which
suggested that by stimulating the expression of Sp-CCAPR,
Sp-CCAP likely induced increased amount of Sp-CCAPR
on the cell membrane in the hepatopancreas, thus greatly
enhancing the activity of signaling pathway mediated by Sp-
CCAP. On the other hand, P38 MAPKs as a member of
MAPK superfamily, can associate extracellular signals with
intracellular mechanisms (58) and play a crucial role in the
inflammatory response and the host defense against pathogen
infections (59). The NF-κB pathway is an essential pathway
for the innate immune response to pathogen invasion in
both vertebrates and invertebrates (60). Therefore, in order
to explore the possibility that immune molecules regulated
by Sp-CCAP and its receptor Sp-CCAPR signaling pathway,
the mRNA expression levels of several immune molecules
with pro-inflammatory and antibacterial properties, that is, Sp-
IL16, Sp-TNFSF, and AMPs, were detected. Of these immune
molecules, AMPs are key effector molecules that induce innate
immunity in various invertebrates (61). As one of the AMP
family, the anti-LPS factor (ALF) is well-known to possess a
wide range of antibacterial, antifungal, and antiviral properties
(62). Another AMP, lysozyme, reportedly protects organisms
by destroying the cell walls of infectious bacterial pathogens
(63). Meanwhile, interleukin-16 (IL-16), a pleiotropic cytokine,
plays essential roles in the regulation of various innate immune
processes (64), and has been reported to play a strong positive
role in antibacterial responses in L. vannamei (65). Relish
and Dorsal are invertebrate NF-κB homologs, they function
as essential transcription factors on mediating the activation
of AMP genes in crustaceans (66), and the expression of IL-
16 is dependent on the NF-κB pathway (67). The P38 MAPK
plays a key role in a variety of immune responses by regulating
the production of pro-inflammatory cytokines, including TNFs
and IFNs (58, 59). In this study, the up-regulation of nuclear
transcription factor NF-κBs, pro-inflammatory factor IL-16,
and AMP genes suggests that Sp-CCAP might influence the
expressions of Sp-IL16 and AMPs by mediating the NF-κB
signaling pathway, whereas the up-regulation of Sp-P38 and
Sp-TNFSF suggests that Sp-CCAP might affect the expression
of Sp-TNFSF by mediating the P38 MAPK signaling pathway.
Together, these results suggest that Sp-CCAP possibly activates
and induces inflammatory and antimicrobial responses in
S. paramamosain. Interestingly, the Sp-CCAPR expression level
was not significantly elevated at 24 h post Sp-CCAP mature
peptide injection, whereas Sp-Dorsal, Sp-Relish, and Sp-ALF1
expression levels were still up-regulated. This phenomenon
may be explained by the possible accumulation of sufficient
receptor proteins on the cell membrane, thus promoting these
gene expressions.

The results of the in vitro experiment were similar to
those of in vivo experiment; that is, adding Sp-CCAP mature
peptide to the hepatopancreas cultures could promote the
expressions of signal pathway-related genes and immune
effector molecules. They provided further evidence that
Sp-CCAP was involved in hepatopancreas immunity of S.
paramamosain. Moreover, NO is an important gaseous signal
molecule that plays anti-bacterial and inflammatory roles in
invertebrates (68). In the present study, it was found that
NO concentration in the hepatopancreas culture medium
increased significantly when Sp-CCAP mature peptide was
added at 10−8 mol/L. It provided additional evidence from
the point of view of gaseous signal molecules that Sp-CCAP
likely plays a significant role in the hepatopancreas immunity of
S. paramamosain.

Finally, the in vitro bacterial clearance experiment showed
that the up-regulation of immune effector molecules in
the hepatopancreas mediated by Sp-CCAP signaling pathway
could effectively resist bacterial infection. Indeed, the results
demonstrated for the first time that neuropeptides play
antibacterial roles in the hepatopancreas of a crustacean, likely
via regulating immune-effector molecules.

In invertebrates, on the one hand, when neuropeptides act
on immune cells, neuropeptide receptors on the membrane
can activate the G-protein Gαs/Gαi subunit and react with
adenylate cyclase to increase or decrease intracellular cAMP
concentration (69). On the other hand, when neuropeptides
bind to Go/Gq protein-coupled receptors on immune cells, they
can activate the activity of phospholipase C, thereby altering
intracellular Ca2+ concentration (69). The changes of these
secondary messengers (cAMP and Ca2+) activate a series of
signaling pathways, such as MAPK (JNK, ERK, and P38) and
NF-κB signaling pathway, through cascade amplification. They
synergistically promote the release of inflammatory factors and
immune factors (70). CCAPR was first identified in Drosophila
but has since been identified in many other insects; it is
known that the involvement of CCAPR in various physiological
processes, such as molt and heartbeat regulation, is mediated
by CCAP (35, 36, 71). A previous study has shown that the
binding of Sp-CCAP to Sp-CCAPR activated the cAMP level
and Ca2+ signal response in the cytoplasm of S. paramamosain
(38). Therefore, in this study, activating P38 MAPKs and NF-
κB signaling pathways by the binding of Sp-CCAP to Sp-
CCAPR were likely via cAMP and Ca2+ concentration changes
in hepatopancreas cells, which promoted the expression of
Sp-IL16, Sp-TNFSF, Sp-LYZ, Sp-ALF1, Sp-ALF4, and Sp-ALF5,
hence enhancing the immune responses of S. paramamosain to
pathogen infection.

In summary, the present study provides the first
evidence that CCAP plays an immunomodulatory role
in the hepatopancreas in a crustacean. It suggests that
CCAP might activate immune effector molecules mediated
by the P38 MAPK pathway and NF-κB pathway in the
hepatopancreas to resist pathogen infection. This study also
potentially provides a new strategy for disease control from
the perspective of neuroendocrine immunity for the mud
crab aquaculture.
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Bacterial kidney disease (BKD) is widespread in many areas of the world and can cause

substantial economic losses for the salmon aquaculture industry. The objective of this

study was to investigate the pathophysiological response and gene expression profiles

related to the immune response at different water temperatures and to identify the

best immunopathological biomarkers to define a phenotype of resistance to BKD. The

abundance of msa transcripts of R. salmoninarum in the head kidney was significantly

higher in infected fish at 11◦C. R. salmoninarum induced significantly more severe kidney

lesions, anemia and impaired renal function at 11◦C. In addition, the expression pattern

of the genes related to humoral and cell-mediated immune responses in infected fish at

11 and 15◦C was very similar, although R. salmoninarum induced a significantly greater

downregulation of the adaptive immune response genes at the lower water temperature.

These results could be due to a suppressed host response directly related to the lowest

water temperature and/or associated with a delayed host response related to the lowest

water temperature. Although no significant differences in survival rate were observed, fish

infected at the lowest temperature showed a higher probability of death and delayed the

mortality curve during the late stage of infection (35 days after infection). Thirty-three

immunopathological biomarkers were identified for potential use in the search for a

resistance phenotype for BKD, and eight were genes related specifically to the adaptive

cell-mediated immune response.
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INTRODUCTION

Bacterial kidney disease (BKD) or Renibacteriosis is caused by the
facultative intracellular bacteria Renibacterium salmoninarum,
which is widespread in many areas of the world and can
cause substantial economic losses for the salmon aquaculture
industry (1, 2). R. salmoninarum infection is characterized by
chronic disease progression and infects both freshwater and
saltwater salmonid life stages (3). Chronic BKD is associated
with granulomatous lesions and white to gray-white abscesses in
internal organs, such as the kidney (4, 5). Periods of stress, such as
during smoltification or environmental change, can increase the
disease severity and clinical signs (3). Although vaccines against
the bacterium exist, BKD is still prevalent in sea cages due to poor
efficacy of vaccines and antibiotics (6).

Renibacterium salmoninarum has been shown to be highly
clonal with limited phenotypic and genotypic variation (7–
11). However, whole-genome single-nucleotide polymorphism-
based comparisons identified a deep phylogenetic division of
R. salmoninarum in the population, which provides evidence for
the transatlantic transmission and spread over decadal scales (1).
Specific to Chile, multiple introductions of R. salmoninarum into
the country from global sources over 30 years have been reported
based on whole-genome sequencing (2).

Water temperature is one of the most important factors that
influence the dynamics of BKD because it strongly regulates
the replication rate of the bacteria and the immune response
of the fish (12). Fish infected with R. salmoninarum can
survive and even recover, although whether infected fish can
completely eliminate the infection is unknown (12–14). Some
studies indicate that higher water temperatures increase BKD
mortality (13), while other studies have reported the opposite
(12, 15). In addition to the effect of temperature on pathogen
replication and host immunity, changes in temperature are an
important source of stress that can alter the pathogen-host
interaction (12). In addition, R. salmoninarum infections are
complicated and mortality is only one of the possible outcomes
of a chronic infection (12). How R. salmoninarum modulates
the fish’s immune response and what factors contribute to the
immunopathology of the disease remain poorly understood.

The systemic nature of the BKD infection has been
demonstrated, and the host cytokine and cytokine-related
genes are affected during the early stage of R. salmoninarum
infection in rainbow trout (Oncorhynchus mykiss) (16) and
Chinook salmon (Oncorhynchus tshawytscha) (17). Some studies
have examined immune gene expression changes early after
R. salmoninarum infection or after vaccination and demonstrated
the differential regulation of key immune genes related to
inflammatory response (16–20). Eslamloo et al. (20) showed
that formalin-killed R. salmoninarum induced the expression of
genes associated with inflammation and cytokine responses but
suppressed the expression of genes that have putative roles as a
cytokine receptor and kinase regulator. However, no information
is available regarding the immunopathological and cell-mediated
immune response during the late stage of infection in Atlantic
salmon (Salmo salar) kept at different water temperatures (11
and 15◦C).

To investigate the late stage of the interaction of
R. salmoninarum with infected surviving fish, we studied
the pathology and kinetics of gene expression related to the
innate and adaptive immune response to identify and select the
best and most predictive immunopathological biomarkers, with
the goal of defining more robust phenotypes of resistance of
Atlantic salmon to BKD.

MATERIALS AND METHODS

Renibacterium salmoninarum Isolate
An R. salmoninarum strain (Rs2) previously isolated from a
commercial farm located in the Magallanes Region of Chile and
belonging to Elanco was used. The Rs2 isolate was grown in
SKDM medium at 15◦C ± 2◦C for 15 days. Bacterial colonies
were collected from the plates and suspended in 1ml of 0.9%
saline solution. The absorbance at 625 nm (DO625) was measured
using a spectrophotometer (Biobase Brand Model BK-UV1000)
to quantify the biomass produced. Ten milliliters of inoculum
of Rs2 with an OD625 of 1.0 each was obtained. This OD625

corresponded to approximately 6.84× 106 u.f.c./mL.

Renibacterium salmoninarum Challenge
The challenge was carried out at the Elanco Animal Health
experimental hatchery (Ruta 5 Sur, Km 1012, Puerto Varas,
Chile). Non-vaccinated Atlantic salmon, Salmo salar L., fry
(Hendrix Genetics Aquaculture Chile), with an average size of
25 g, were used for the challenge. Prior to challenge, 30 fish were
randomly tested and screened to ensure that they were enzootic
pathogen-free using PCR for piscine reovirus (PRv), infectious
pancreatic necrosis virus (IPNv), infectious salmon anemia virus
(ISAv), Flavobacterium psychrophilum andR. salmoninarum (21–
25). Kidneys from these fish were also histologically examined for
microscopic lesions before the challenge.

Two Atlantic salmon stocks were acclimatized at 11 and
15◦C for 2 weeks. Then, an intraperitoneal (i.p.) challenge was
conducted in two identical independent systems, each with four
100-liter water tanks containing freshwater in which the water
flow was regulated to 1.5 changes per hour (Lh−1). All fish
were identified using pit-tags and distributed at each treatment
randomly. Each system considered three tanks (replicates) with
50 fish each injected by i.p. (0.1mL) and a control tank
with 50 fish inoculated with 0.1mL of sterile saline (0.9%).
Infected fish were kept at 11 and 15◦C in the first and second
system, respectively.

The fish were fed daily with commercial food. The water
temperature, dissolved oxygen concentration, feeding and
mortality were recorded daily. The experiment was performed
over 55 days, and tissue and blood samples were taken from the
surviving fish in each tank. In addition, the weight and length of
each fish were recorded at the beginning and end of the study
period to calculate the condition factor (k), the specific growth
rate (SGR) and the thermal growth coefficient (TGC). Elanco’s
Animal Welfare Program covers all of Elanco’s animal facilities
worldwide and ensures the care and use of all animals. Therefore,
the study that was completed at the Aquarium Facility in Puerto
Varas was reviewed and approved by the Elanco Global Ethical
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TABLE 1 | Histopathological criteria and semi-quantitative weighting used to define hsBKD in the kidney.

Histoscore HT hyperplasia MMC-hyperplasia Granulomas Rs-like Proliferative GNP

0 No alteration No alteration Without granulomas No bacteria No alteration

0.1–0.99 Mild hyperplasia (≤10%

tissue surface)

Mild hyperplasia (≤10%

tissue surface)

≤10% tissue surface Focal presence,

slightly noticeable

Parcial, focal mesangial

proliferation

1.0–1.99 Moderate hyperplasia (>10%

≤50% tissue surface)

Moderate hyperplasia (>10%

≤50% tissue surface)

>10% ≤50%

tissue surface

Focal presence,

very evident

Global, focal mesangial

proliferation

2.0–3.0 Severe hyperplasia (>50%

tissue surface)

Severe hyperplasia (>50%

tissue surface)

>50% tissue surface Diffuse presence Global, diffuse mesangial

proliferation

Relative

ponderation

0.09 0.09 0.54 0.18 0.1

The scoring system considers the mean of the observations of five non-overlapping high-magnitude optical fields (HMOFs, 20X) per kidney sample. GNP: glomerulonephritis; MMC:

melano-macrophage centers; HT, hematopoietic tissue; Rs-like, bacteria similar to R. salmoninarum.

Committee (Institutional Animal Care and Use Committee). All
efforts were made to provide the best growing conditions and
minimize suffering.

Hematological and Biochemical Blood
Profile
Whole blood samples were obtained from the caudal vein of each
surviving fish and added to 1.5mL heparin-lithium tubes. One
part of each sample was used to perform a complete blood count
test or hemogram, and the rest was centrifuged at 5,000 RPM
for 5min to obtain plasma. The concentrations of substrates,
enzymes, electrolytes and minerals in the plasma were quantified
using photometric, kinetic and colorimetric methods (Hitachi
Cobas c311, Roche Diagnostics, Mannheim, Germany).

Histopathological Examination
Samples at 0.5 to 1 cm3 in volume were collected from the mid-
kidney and placed in 10% formalin buffer for at least 24 h. The
samples were then dehydrated in a graded alcohol series and
processed via a standard histological examination. Sections at
3µm thick from each tissue were stained with hematoxylin and
eosin (H&E) and analyzed by optical microscopy (Leica DM-
2000, Hamburg, Germany) using the Leica Application Suite
Software (LAS), Image Analysis (Leica, Hamburg, Germany)
and a digital camera (Leica DFC-295, Hamburg, Germany). To
provide a more unbiased analysis, a semi-quantitative indicator
of tissue damage was developed. The BKD histoscore (hsBKD)
considered lesions in the kidney according to the criteria
described in Table 1. The hsBKD of each fish at the end-time
sampling point was used to calculate the average histoscore ±

standard deviation.

RNA Extraction
Samples at 0.5 cm3 in volume were obtained from the
head kidney, placed in tubes with RNAlater R© and stored
at −80◦C until further analysis. All tissue samples were
placed in microtubes with 1mL TRIzol and ceramic beads
and homogenized in a BeadBug R© Microtube Homogenizer
(Benchmark Scientific, Edison, NJ, USA) at room temperature.
Then, 200 µL of chloroform:isoamyl alcohol was added,
vigorously mixed and allowed to stand for 2min before

centrifuging at 4◦C for 15min at 12,000G. The supernatant
was transferred to a new tube and mixed with 400 µL
of 70% ethanol. This mixture was passed through the
columns with the E.Z.N.A. R© Tissue RNA Kit (Omega Bio-
Tek Inc., Norcross, GA, USA) according to the manufacturer’s
instructions for RNA extraction. Total RNA was quantified
using the fluorimetry method in a QubitTM 3.0 Fluorometer
(InvitrogenTM, Thermo Fisher Scientific,Wilmington, DE, USA),
and the quality of the total RNA was determined by visualizing
the RNA bands separated by electrophoresis in 1% agarose
gels using a FlashGelTM System (Lonza Group, Allendale,
NJ, USA).

Abundance of msa Transcripts of
R. salmoninarum
The abundance of msa transcripts was determined using RT-
qPCR in a StepOnePlusTM Real-Time PCR system (Applied
Biosystems, Life Technologies, Waltham, MA, USA) with
the Brilliant III Ultrafast RT-qPCR Master Mix kit (Agilent
Technologies, Santa Clara, CA, USA). Relative quantification
of mRNA of the major soluble antigen (msa, p57) gene of
R. salmoninarum was performed using RT-qPCR TaqMan R©

as described in Suzuki and Sakai (23). The amplification was
performed in a final volume of 15µL containing 300 nM primers,
400 nM probe, 300 nM ROX (50 nM) and 100 ng total RNA.
The RT-qPCR program consisted of a reverse transcription
step at 50◦C for 10min, followed by 3min of activation and
denaturation at 95◦C, and 45 cycles of 15 s at 95◦C and 30 s
at 60◦C. The abundance of mRNA transcribed from the msa
gene mRNA of R. salmoninarum is expressed as the relative
number of copies of the gene in infected fish compared to
the number of copies in the uninfected control group and was
calculated as 2(CTuninfectedfish−CTinfectedfish). Relative values of the
msa transcripts of R. salmoninarum were expressed as log10
fold (log fold).

RT-qPCR for Immune Response Genes
The RNA extraction and relative quantification of the immune
related genes was evaluated in the head kidney of fish at the end-
time sampling point by normalized RT-qPCR as described by
Rozas-Serri et al. (26, 27) (Table 2). Briefly, differential expression
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TABLE 2 | Genes, primers, efficiency, correlation coefficients, and optimal annealing temperatures for the reference and target genes.

Gene name Primers sequence (5’→3’) Accesion number Tm (◦C) Efficiency R2

ifng CTAAAGAAGGACAACCGCAG AY795563 56 1.95 0.995

CACCGTTAGAGGGAGAAATG

ifga TGCAGTATGCAGAGCGTGTG DQ354152 60 1.91 0.999

TCTCCTCCCATCTGGTCCAG

il1b ATCACCATGCGTCACATTGC NM_001123582 58 2.05 0.997

GTCCTTGAACTCGGTTCCCA

il2 CATGTCCAGATTCAGTCTTCTATACACC AM422779 60 1.95 0.998

GAAGTGTCCGTTGTGCTGTTCTC

il4/13 ACCACCACAAAGTGCAAGGAGTTC FN820501 60 1.89 0.999

CACCTGGTCTTGGCTCTTCACAAC

il8 GGCCCTCCTGACCATTACT NM_001140710 56 2.01 0.997

ATGAGTCTACCAATTCGTCTGC

il10 CGCTATGGACAGCATCCT EF165029 55 2 0.998

AAGTGGTTGTTCTGCGTT

il12b CTGAATGAGGTGGACTGGTATG BT049114 55 2.1 0.999

ATCGTCCTGTTCCTCCG

il17 TGGTTGTGTGCTGTGTGTCTATGC GW574233 60 1.92 0.99

TTTCCCTCTGATTCCTCTGTGGG

tgfβ AGTTGCCTTGTGATTGTGGGA EU082211 60 2.04 0.996

CTCTTCAGTAGTGGTTTGTCG

mhc1 CTGCATTGAGTGGCTGAAGA AF508864 60 1.99 0.998

GGTGATCTTGTCCGTCTTTC

mhc2 TCTCCAGTCTGCCCTTCACC BT049430 60 2.03 0.996

GAACACAGCAGGACCCACAC

cd4 GAGTACACCTGCGCTGTGGAAT NM_001124539 60 2.01 0.973

GGTTGACCTCCTGACCTACAAAGG

cd8b CGCACACACCTCAACAACTC AY693394 56 1.94 0.945

ATTGATGCGCAGTGTGAAAG

igm TCTGGGTTGCATTGCCACTG CA039888 60 2.09 0.998

GTAGCTTCCACTGGTTTGGAC

igt CAACACTGACTGGAACAACAAGGT GQ907004 60 2.05 0.998

CGTCAGCGGTTCTGTTTTGGA

gata3 CCCAAGCGACGACTGTCT EU418015 60 1.90 0.999

TCGTTTGACAGTTTGCACATGATG

stat1 GAACATGGAGGAGTCCAATGGAAGC CA343225 60 1.93 0.990

GGACCCTCATTTGATCTGTTGCCT

eomes ACCTCTCGTCGTCAGATACTG EU418014 56 1.98 0.999

GGACCGGTGAGTCTTTTCTTC

tbx21 GGTAACATGCCAGGGAACAGGA FM863825 58 2.1 0.999

TGGTCTATTTTTAGCTGGGTGATGTCTG

gzma GACATCATGCTGCTGAAGTTG BT046910 60 1.9 0.992

TGCCACAGGGACAGGTAACG

mpeg1 GGCAACATCACCTACTCCATAA XM_014172502 60 2.09 0.999

AGGTTGTTCTTGGTGCTCTC

β-actina ACGAGAGGTTCCGTTGTCC BG933897 60 2.1 0.999

GCAAGACTCCATACCGAGGA

ELF-1α CCCCTCCAGGACGTTTACAAA NM_001123629 60 2 0.997

CACACGGCCCACAGGTACA

of selected genes was determined with the Real-Time PCR
StepOnePlusTM system (Applied Biosystems, Life Technologies,
Waltham, MA, USA) using the Brilliant II SYBR Green qPCR

Master Mix kit (Agilent Technologies, Santa Clara, CA, USA).
Each amplification reaction was performed in a final volume of 15
µl, which consisted of 7.5 µl of buffer, 250 nM to 750 nM primers
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depending on the gene, 300 nM ROX (50 nM) and 2 µl of cDNA
diluted 1:10.

The PCR program consisted of a 10-min activation and
denaturation step at 95◦C, followed by 45 cycles of 15 s at 95◦C,
30 s at the annealing temperature of the corresponding primers
and an additional 15 s extension at 72◦C. Five biological replicates
were used, and each qPCR reaction was run in duplicate,
including a negative control without reverse transcriptase to
check for genomic DNA contamination and a negative control
without template to check for primer dimers. The relative
expression results were analyzed using amplification efficiencies
as described by Pfaffl et al. (28). ELF1A and ß-actin were selected
as housekeeping genes for gene normalization as described by
Rozas-Serri et al. (26).

Statistical Analysis
A total of 400 individuals were randomly assigned to the eight
experimental groups. Themortality analysis was performed using
descriptive statistics and hypothesis testing. Differences in the
cumulative mortality rate between groups and their replicates
were determined using the chi-squared test, and differences
in the meantime to mortality were analyzed using the Mann-
Whitney U-test. The cumulative survival function [S(t)] was
estimated with the Kaplan-Meier method (29) and separately
for each water temperature. Significant differences in S(t) were
determined using a Cox proportional hazards model (CPHM).
The level of significance was established at p < 0.05.

Each variable was descriptively explored based on the time
point and water temperature. The level of significance was set at p
< 0.05. Each variable, including water temperature, was analyzed
by an analysis of variance. The association degree between
the variables was determined by a correlation matrix, while
the dependence degree of each immunopathological variable
with the abundance of msa transcripts was explored using
simple linear regressions. All analyses were performed using
the statistical package Stata, version 13 (StataCorp LP, College
Station, TX, USA). Finally, non-parametric principal coordinate
analysis (PCO) was used to assess the multivariate association
of different variables from the fish response. Euclidean distance
matrices for each group of variables and the data set were used.
The PCO analysis was performed with the statistical package
PRIMER, version 6 (PRIMER-e, Auckland, New Zealand).

RESULTS

Mean Survival Rates at the Different Water
Temperatures Did Not Differ, Although the
Probability of Death Was Higher, and the
Mortality Curve Was Delayed in Infected
Fish at Lower Temperatures
The cumulative mortalities and survival study results of fish
infected with R. salmoninarum and kept at different water
temperatures are shown in Figure 1. In the group infected at
15◦C, the onset of mortality occurred at 15 dpi and themean days
to death was 35.5 dpi. In the stock infected at 11◦C, the onset of
mortality occurred at 22 dpi and the mean days to death was 38

dpi. The mean survival rates did not differ between infected fish
at 11◦C (21.5%) and 15◦C (21.1%), although a higher probability
of death was observed in infected fish at 11◦C than at 15◦C after
35 days postinfection (Figure 1). No mortality was observed in
the control group.

Abundance of msa Transcripts of
R. salmoninarum in the Kidney Is
Significantly Higher in Surviving Fish
Exposed to Lower Water Temperatures
Infected fish at 11◦C showed a significantly higher amount ofmsa
transcripts of R. salmoninarum in the kidney than infected fish
at 15◦C at 55 dpi (Figure 2). However, water temperature could
have modulated the abundance of msa transcripts by changing
the magnitude and/or timing of the host response. Thirty-three
immunopathological biomarkers were significantly associated
with the abundance of msa transcripts of R. salmoninarum at
different water temperatures (Table 3). The individual values
of the biomarkers analyzed in this study are presented in
Supplementary Table 1.

R. salmoninarum Induces More Severe
Kidney Damage in Surviving Fish Exposed
to Lower Water Temperatures
Tissue damage was relatively mild in both groups of infected
fish compared to uninfected control fish (hsBKD <1.0), but
significantly higher hsBKD was observed in fish infected at
11◦C than at 15◦C. However, we do not know if the lower
water temperature modulated the presentation time and/or the
severity of kidney damage. The most frequent microscopic
findings in the kidneys were hematopoietic tissue hyperplasia,
melano-macrophage centers hyperplasia, granulomas BKD-like
and proliferative glomerulonephritis (Figure 2). The abundance
of msa transcripts in the kidneys was significantly positively
correlated with the histopathological lesions expressed as the
hsBKD (Figure 3).

R. salmoninarum Significantly Deteriorates
Growth Indicators in Surviving Fish
Exposed to Lower Water Temperatures
R. salmoninarum infection induced a significant reduction in
the key productive indicators in infected fish at 11 and 15◦C
(Figure 3). Moreover, infected fish showed a significant high
level of association between productive indicators (Figure 3).
The abundance of msa transcripts showed a more significant
association with the condition factor, SGR and TGC than the
histoscore BKD (Figure 3). Therefore, fish growth would be
modulated by the relative abundance of R. salmoninarum rather
than cell and tissue damage.

R. salmoninarum Induces Anemia and
Impaired Renal Function in Surviving Fish
Exposed to Lower Water Temperatures
The infected fish at 11◦C showed an increase in the serum
concentrations of urea and creatinine and a decrease in the
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FIGURE 1 | Survival study and mortality probability model in Atlantic salmon pre-smolts infected with R. salmoninarum. (A) Kaplan-Meier estimator of the cumulative

survival function for fish infected with R. salmoninarum at 11 and 15◦C considering three replicates. The green and red shaded area represents the 95% confidence

interval. (B) Multiple comparison logRank test for mortality probability. The gray shaded area represents the 95% confidence interval. Tem, temperature.
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FIGURE 2 | Abundance of msa transcripts of R. salmoninarum and BKD histoscore in the head kidneys of Atlantic salmon pre-smolts infected at 11 and 15◦C.

(A) The abundance of msa transcripts of R. salmoninarum in infected fish at 11 and 15◦C and non-infected fish. The relative quantification of the msa gene in kidneys

is expressed as the log10 value of the number of copies of the msa gene of R. salmoninarum in the infected fish group compared to that in the non-infected control

group (ND, not detected). (B) Histopathological lesions expressed as a BKD histoscore in infected fish at 11 and 15◦C and non-infected fish. (C) Hyperplasia with

mitotic figures (black arrows) in hematopoietic tissue, renal corpuscle with mesangial cell hyperplasia (white arrow) and capillary obliteration (HandE, 40X bar 50µm).

(D) Mixed granuloma in the initial stage of formation (white arrow) in kidney of Atlantic salmon pre-smolts infected with R. salmoninarum (HandE, 20X bar 100µm).
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TABLE 3 | Goodness-of-fit test results for a simple linear regression between the immunopathological outcomes of fish challenged by R. salmoninarum at different water

temperatures.

Biomarker group Abbreviation Biomarker Df SS MS F-value Pr(>F) R2 R-adjusted

Microscopic lesions hsBKD Histoscore BKD 1 0.26927 0.26927 55.886 0.00000 0.381 0.374

Plasma enzymes.

substrates and

minerals profile

Sodium (mmol/L) NA 1 1642.8 1642.82 29.712 0.00000 0.287 0.277

Chloride (mmol/L) CL 1 650.5 650.47 13.414 0.00047 0.155 0.144

Potassium (mmol/L) K 1 0.7644 0.76439 11.268 0.00125 0.132 0.120

Phosphorus (mmol/L) P 1 381915 381915 295.54 0.00000 0.846 0.843

Iron (mmol/L) FE 1 577417 577417 124.04 0.00000 0.646 0.641

Magnesium (mmol/L) MG 1 674.67 674.67 62.068 0.00000 0.466 0.459

Calcium (mmol/L) CA 1 1084.9 1084.92 30.556 0.00000 0.301 0.291

Alcaline phosphatase (U/L) ALP 1 331208 331208 392.22 0.00000 0.875 0.873

Pancreatic amilase (U/L) PAM 1 −1.2237 0.1297 −9.435 0.00000 0.655 0.647

Lipase (U/L) LIP 1 −0.23511 0.02741 −8.579 0.00000 0.610 0.602

Total amilase (U/L) AMI 1 −1.2319 0.1492 −8.259 0.00000 0.563 0.555

Creatine kinase (U/L) CK 1 34.354 34.354 38.502 0.00000 0.407 0.397

Aspartate aminotransferase (U/L) AST 1 124928 124928 12.914 0.00065 0.175 0.161

Alaline aminotransferase (U/L) ALT 1 0.2764 0.276398 2.8226 0.09823 0.046 0.029

Lactate dehydrogenase (U/L) LDH 1 0.0884 0.08843 0.2331 0.63150 0.005 −0.016

Cholesterol (mmol/L) CHOL 1 979.86 979.86 391.12 0.00000 0.827 0.825

Albumin (g/L) ALB 1 9.096 9.096 126 0.00000 0.612 0.607

High density lipoprotein (mmol/L) HDL 1 133.24 133.24 94.498 0.00000 0.578 0.572

Urea (mmol/L) URE 1 107.378 107.378 114.53 0.00000 0.566 0.561

Low density lipoprotein (mmol/L) LDL 1 22.697 22.6965 57.944 0.00000 0.457 0.449

Total protein (g/L) TPO 1 7.4125 7.4125 70.242 0.00000 0.436 0.429

Glucose (mmol/L) GLU 1 13.328 13.3282 57.934 0.00000 0.429 0.422

Globulins (g/L) GLO 1 5.5818 5.5818 49.639 0.00000 0.353 0.346

Lactate (mmol/L) LAC 1 0.47979 0.47979 18.456 0.00004 0.169 0.160

Uric acid (µmol/l) UAC 1 1191 1191.04 17.006 0.00008 0.158 0.148

Creatinine (µmol/l) CRE 1 1677.4 1677.38 13.779 0.00037 0.144 0.133

Triglycerides (mmol/L) TRG 1 0.0002 0.000201 0.0046 0.94640 0.050 −0.011

Hematological

profile

Hematocrit (%) HCT 1 11.6577 11.6577 231.53 0.00000 0.773 0.770

Red blood cell count (x10e6/UI) RBC 1 6.6981 6.6981 221.44 0.00000 0.735 0.731

Hemoglobin (g/L) HB 1 7.0518 7.0518 67.127 0.00000 0.438 0.432

Mean Corpuscular Hemoglobin

Concentration (g/L)

MCHC 1 0.37926 0.37926 14.353 0.00028 0.143 0.133

Mean Corpuscular Hemoglobin (f/L) MHC 1 0.0439 0.04391 0.9586 0.33050 0.012 −0.001

Immature red blood cell (N◦/mL) IRBC 1 20175918 20175918 67.026 0.00000 0.626 0.617

Lymphocytes count (N◦/mL) LYM 1 814043587 814043587 63.828 0.00000 0.477 0.470

Heterophils count (N◦/mL) HET 1 13530470 13530470 54.819 0.00000 0.450 0.442

Monocytes count (N◦/mL) MON 1 124.54 124.544 34.336 0.00000 0.389 0.377

White blood cell count (N◦/µL) WBC 1 739782809 739782809 42.168 0.00000 0.376 0.367

Blastocytes (N◦/mL) BLA 1 452070 452070 18.157 0.00009 0.275 0.259

Thrombocytes or Platelet Count (N◦/µL) PLC 1 2.9866 2.98657 11.172 0.00191 0.232 0.211

Unidentified cells (N◦/mL) UIC 1 196 195.99 1.9546 0.17040 0.050 0.025

Immunological

profile (RT–qPCR)

Cluster of differentiation 8 CD8 1 10.9629 10.9629 155.27 0.00000 0.680 0.676

Eomesodermin EOMES 1 7.4297 7.4297 113.36 0.00000 0.669 0.663

Interleukin 12 IL-12 1 6.4925 6.4925 116.23 0.00000 0.663 0.658

Interleukin 2 IL-2 1 2.561 2.56097 61.368 0.00000 0.600 0.590

T-bet TBET 1 2.9251 2.92511 87.005 0.00000 0.596 0.589

Granzyme A GZMA 1 23.142 23.1419 49.221 0.00000 0.468 0.458

Perforin 2 MPEG 1 2.4807 2.48073 38.634 0.00000 0.408 0.398

Interleukin 10 IL-10 1 18.428 18.4285 38.98 0.00000 0.386 0.376

(Continued)
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TABLE 3 | Continued

Biomarker group Abbreviation Biomarker Df SS MS F-value Pr(>F) R2 R-adjusted

Immunoglobulin T IGT 1 6.058 6.058 33.35 0.00000 0.282 0.273

GATA-3 GATA3 1 3.6406 3.6406 23.095 0.00001 0.281 0.269

Interferon gamma IFNG 1 1.785 1.785 15.894 0.00025 0.265 0.249

Interleukin 4/13 IL4/13 1 0.85802 0.85802 20.802 0.00003 0.261 0.248

Interleukin 17 IL-17 1 0.078697 0.078697 11.834 0.00129 0.212 0.194

Immunoglobulin M IGM 1 2.155 2.15496 21.669 0.00001 0.192 0.184

Interleukin 8 IL8 1 0.7799 0.77992 13.9 0.00042 0.183 0.170

Transforming growth factor beta TGFB 1 0.37021 0.37021 10.454 0.00201 0.151 0.136

Interleulin 1 beta IL-1B 1 0.4017 0.40172 3.5993 0.06270 0.058 0.042

Cluster of differentiation 4 CD4 1 0.1036 0.103601 2.2298 0.13920 0.026 0.015

STAT1 STAT1 1 0.1424 0.14238 0.7875 0.37850 0.013 −0.004

Interferon alpha IFNA 1 0.0231 0.023098 0.7709 0.38280 0.010 −0.003

Type I histocompatibility complex MHCI 1 0.0691 0.069117 0.6599 0.41920 0.009 −0.005

Type II histocompatibility complex MHCII 1 0.00711 0.007109 0.1855 0.66800 0.003 −0.011

In black, biomarkers that showed a significant degree of association (p < 0.0001; R2 > 0,3) with the abundance of msa transcription of the bacterium in Log10 in kidney samples (Df,

degree of freedom; SS, sum of squares; MS, mean squares).

serum concentrations of total protein and albumin (Table 3).
However, the concentrations of the same biomarkers in infected
fish at 15◦C were within the normal range. These biomarkers are
indicators of kidney damage, and alterations in their levels could
be linked to the macroscopic and microscopic lesions observed
in the kidney that were associated with a high abundance of
msa transcripts. Moreover, significant decreases were observed
in the plasma concentration of glucose, cholesterol, HDL, LDL,
and amylase, which are all indicators of kidney damage, chronic
inflammatory process and poor nutritional condition during
infection (Table 3). The increase in mineral levels, such as
magnesium, phosphorus and calcium, are associated with kidney
damage. The PCO analysis showed that the abundance of msa
transcripts significantly changed the renal function and the
overall condition of infected fish at 11◦C compared to infected
fish at 15◦C (Figure 4).

Moreover, fish infected at 11◦C showed a significant decrease
in the total red blood cell count and hematocrit and hemoglobin
concentration as well as a significant increase in the immature
erythrocyte count (Table 3). On the other hand, these biomarkers
were within the normal range in infected fish at 15◦C. The
PCO analysis showed that the abundance of msa transcripts
of R. salmoninarum generated anemia in infected fish at 11◦C
compared to infected fish at a higher water temperature and
uninfected fish (Figure 4). These findings are associated with the
significantly high concentration of plasma iron in the same fish.

In contrast, the total white blood cells count was
pathologically increased in infected fish at 15◦C and showed
significant differences with that of fish infected at 11◦C, which
showed a normal average count that was close to the maximum
range. PCO analysis also showed that the abundance of msa
transcripts modulated a milder inflammatory response in
infected fish at 15◦C compared to infected fish at 11◦C and
uninfected fish (Figure 4). The fish infected at 11◦C showed
monocytosis and lymphopenia.

R. salmoninarum Induces a Significantly
Greater Downregulation of the
Cell-Mediated Immune Response Genes in
Surviving Fish Exposed to Lower Water
Temperatures
In the late stage of infection, the abundance of msa transcripts

of R. salmoninarum in the surviving fish from both groups
induced a chronic pro-inflammatory response based on the

significant overexpression of the transcripts of IL-8 and IFNγ

(Figure 5). At the same time, downregulation of Th2 cytokines,
such as IL4/IL13, as well as IL10 and TGFβ , which are

primarily associated with tissue repair and extracellular matrix
composition, was observed during the late stage of infection,
especially in infected fish at 11◦C (Figure 5).

The abundance of msa of R. salmoninarum promoted the
significant decreased the expression of the T-bet and Eomes
transcription factors, cytokines IL-12 and IL-2, CD8, and perforin
2 (Table 3, Figure 5). Moreover, the load of R. salmoninarum
showed a significant positive correlation with the downregulation
of IFNγ , Eomes, Tbet, GATA3, IL-2, IL-12, CD8, and perforin
(Table 3, Figure 5). Hence, R. salmoninarum did not induce an
immune response mediated by CD8+ T-cells in infected fish at
11 or 15◦C. The PCO analysis showed that the adaptive cell-
mediated immune response was more severely downregulated in
infected fish at 11◦C (Figure 4).

Nevertheless, the infected fish at 15◦C showed overexpression
of STAT1, MHCII, CD4, IgT, and IgM transcripts, suggesting that
the infection triggered a CD4+ T-cells response and a humoral
response. However, this pattern of expression of genes related to
humoral immunity was not observed in the infected fish at 11◦C
(Figure 5). Therefore, the best humoral response in infected fish
at higher temperatures was not correlated with better protection
because no significant differences were observed in the survival
rates between both groups of fish. These results are unexpected
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FIGURE 3 | Pearson correlation coefficient (r) and p-value (p) between the abundance of msa transcripts, BKD histoscore and productive growth variables (SGR and

TGC) in Atlantic salmon pre-smolts infected with R. salmoninarum (**p < 0.01, ***p < 0.001). The abundance of msa of R. salmoninarum induced a significant

reduction in the key productive indicators in infected fish at 11 and 15◦C. Additionally, infected fish shows a significant high level of association between productive

indicators.

in a fish infected with an intracellular bacterium and could
partly explain the relative field efficacy of vaccines, although this
supposition requires further investigation.

DISCUSSION

Understanding the pathophysiological mechanisms underlying
the interaction in vivo of R. salmoninarum with its host, in this
case, the Atlantic salmon, would allow for the development of
alternative therapies for the treatment, prevention and control
of BKD. We used different immunopathological biomarkers
of infection with R. salmoninarum to better understand the
nature of the host-pathogen interaction during the late stage
of infection in Atlantic salmon maintained at different water
temperatures. To our knowledge, previous studies have not

examined late gene expression associated with the immune
response against R. salmoninarum in surviving pre-smolts of
Atlantic salmon, although previous studies have reported some
aspects of the early immunopathological response of rainbow
trout (16) and Chinook salmon challenged with R. salmoninarum
(12), vaccinated Atlantic salmon parr (20) and vaccinated fish,
although only R. salmoninarum agglutinating antibodies were
used (20, 30, 31).

Although several environmental factors influence infectious
disease dynamics in aquaculture, water temperature is considered
one of the most important because it can determine pathogen
and fish biology modulations (12–14). Our results confirmed that
there was no significant relationship between water temperature
and mean survival rate, although a higher probability of death
and delay the mortality curve was observed in infected fish
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FIGURE 4 | Spatial sorting of the different biomarkers of the immunopathological response of fish challenged with R. salmoninarum using a principal coordinate

analysis (PCO). Euclidean distance matrices were used before standardization by log (x+1) for all data and independent for each group of variables. The PCOs were

(Continued)
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FIGURE 4 | clustered into 5 groups: (A) Erythrogram. The abundance of msa transcripts of R. salmoninarum generated anemia in infected fish at 11◦C compared to

infected fish at a higher water temperature (HCT, RCR, HG, IRBC). (B) Leukogram and differential leukocyte count. PCO analysis shows that the abundance of msa

transcripts modulated a milder inflammatory response in infected fish at 15◦C compared to infected fish at 11◦C. The fish infected at 11◦C shows monocytosis and

lymphopenia. (C) Plasma enzymes. Significant decreases were observed in the plasma concentration of different enzymes which are all indicators of poor nutritional

condition during infection (AMI, PAM, LIP, ALP). (D) Plasma substrates: The infected fish at 11◦C shows an increase in the serum concentrations of urea and creatinine

and a decrease in the serum concentrations of total protein and albumin. Significant decreases were observed in the plasma concentration of glucose, cholesterol,

HDL and LDL, which are all indicators of chronic inflammatory process and poor nutritional condition during infection. (E) Plasma minerals. The infected fish at 11◦C

shows an increase in the serum concentrations of iron. (F) Expression of genes involved in the immune response. PCO analysis shows that the cell-mediated immune

response is downregulated more severely in infected fish at 11◦C. Temp, temperature; Ctrl, control.

FIGURE 5 | Pearson correlation coefficient (r) and p-value (p) between between the abundance of msa transcripts and the expression of target immune genes and

association between the expression of each gene related to the innate and adaptive immune responses in the head kidney of Atlantic salmon pre-smolts infected with

R. salmoninarum (*p < 0.05, **p < 0.01, ***p < 0.001).

at 11◦C than at 15◦C after 35 days post-infection. These
results are consistent with those reported by Purcell et al.
(12), who showed that cold water contributes to greater BKD
progression in Chinook salmon and the concomitant increase
in bacterial shedding could contribute to greater horizontal

transmission of the bacterium. Also, our findings are consistent
with those described by Sanders et al. (15), who showed
that lower temperatures resulted in higher mortality rates
and longer mean times to mortality. However, our findings
were not fully consistent with those described by Jones et al.
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(13), who showed that higher temperatures resulted in higher
mortality rates.

The fish infected with R. salmoninarum and kept at 11 or
15◦C had a mean survival of 21.5 and 20.1%, respectively.
A survival challenge without fish sampling was conducted in
Chinook salmon by Purcell et al. (32), and survival was 41% in the
Wisconsin (WI) stock and 21% in the Washington (WA) stock.
However, our results in Atlantic salmon were not consistent with
the average survival rates of 61.3 and 79.8% later reported in
Chinook salmon held at 8 and 12◦C, respectively (12). One of
the limitations of our study was that a low temperature between
6 and 8◦C, which is closer to the BKD field conditions, could not
be obtained.

Our current research is focused on applying the results of
the present study as potential immunopathological biomarkers
of a resistance phenotype for BKD to populations of 30 different
Atlantic salmon families. Our preliminary results show that there
is a clearly higher level of resistance of some families to BKD
compared to others at 11◦C (range of survival rate between 0 and
76%) (data not yet published). Evolutionary theory predicts that
populations with sufficient genetic variation will show adaptive
responses to pathogen pressure (33); however, WI and WA
Chinook salmon groups challenged with R. salmoninarum at
14 and 9◦C showed that although the warmer temperature
accelerated the time of death in both populations, there was
no evidence of phenotypic plasticity or a genotype interaction
per environment interaction (14). High h2 estimates for BKD
susceptibility in the WI population, combined with a lack of
phenotypic plasticity, predicts that future adaptive gains in BKD
resistance are still possible and that these adaptive gains would
be stable under the temperature range evaluated (14). Results
from the genome-wide association (GWA) studies indicate that
BKD resistance has a polygenic genetic architecture with the
largest single nucleotide polymorphism (SNP) explaining only
5.3% of the phenotypic variance (34). However, polygenic traits
are often not improved greatly through selection based solely on
a few significant markers due to the small proportion of variance
explained by a single marker (35).

Mortality and survival rates are not the only outcome from
R. salmoninarum infection. The infected fish at 11◦C showed
more severe clinical signs and pathological lesions than the
infected fish at 15◦C, a finding that may be associated with
the expression of different virulence factors in the different
water temperatures. A microscopic pathology analysis of BKD
shows a chronic granulomatous inflammatory response to
encapsulate the pathogen (4, 5). Typically, there is extensive
tissue damage, a strong cell-mediated response, macrophage
proliferation and activation, and probably the deposition of
immune complexes in tissues (16, 17, 36). The major soluble
antigen of R. salmoninarum, p57 (36–41), is produced in the
tissues of infected fish, and it may have an important role in the
chronic stimulation of TNFα, which could be expected to assist
the chronic inflammatory pathology of BKD (16).

Although both groups of fish exhibited similar types of
macroscopic kidney responses, the infected fish at 11◦C showed
a significantly higher BKD histological score, at least for the
time period examined and with the infection metrics employed

in this study. Purcell et al. (12) showed that changes in water
temperature influence disease progression and the elimination of
bacteria in Chinook salmon infected with R. salmoninarum. Fish
held at 8◦C showed the highest mortality rate and a higher renal
abundance of msa transcripts in relation to fish held at 12◦C,
while fish held at 15◦C showed little evidence of the progression
of R. salmoninarum infection in relation to the group at 12◦C.

R. salmoninarum produces abundant quantities of an
extracellular, 57-kDa protein called p57 or major soluble antigen
is widely known to be an important virulence factor (37, 38).
The relative quantification of the abundance of msa transcripts
in kidneys is expressed as the number of copies of the msa
gene of R. salmoninarum in infected fish compared with that in
the non-infected control group. The late stage of infection was
characterized by a significantly greater amount ofmsa transcripts
in the kidney of infected fish at 11◦C than at 15◦C. These results
could indicate that the infected fish at 15◦C appear to have
been more successful at controlling the infection, although better
protection was not observed because no significant differences
were observed in the survival rates between both groups of fish.

Anemia and lymphopenia observed in infected fish at 11◦C
could be associated with the increased abundance of msa
transcripts because this virulence factor shows several properties
including the ability to bind salmonid erythrocytes (42),
hemagglutinate mammalian erythrocytes (37, 39) agglutinate
the leucocytes of various salmonid species (43), and adhere to
Chinook salmon leucocytes (41). The lymphopenia observed in
our study could also determine the typical immunosuppression
process described in fish with BKD (43), making these fish more
susceptible to opportunistic pathogens.

In salmonids, the development of semiquantitative
histological indicators or histoscores has been described for
SRS (44), heart disease (HSMI and CMS) (45), pancreas disease
(PD) (46) and gill alterations (47), although there are no reports
of histoscores for BKD. The severity of the microscopic kidney
response expressed as hsBKD showed a significant positive
correlation with bacterial growth, which was expressed as
the msa transcripts of R. salmoninarum, and these results are
consistent with previous descriptions of SRS pathogenesis in
Atlantic salmon (44).

The increased serum level of UAC, CRE and minerals
observed in this study indicates significant kidney damage,
which is confirmed by the presence of microscopic lesions that
suggest important alterations in kidney function. These results
are consistent with the increase in CRE reported in sockeye
salmon with BKD (48), Atlantic salmon infected with P. salmonis
(44) and rainbow trout infected with Serratia liquefaciens (49).

The decrease in the level of TOP and ALB in fish infected
with R. salmoninarum could be explained by a reduction
in protein synthesis due to liver damage and by the higher
excretion of protein or protein loss associated with kidney
damage. Protein synthesis can decrease during infection due
to the preferential synthesis of specific proteins, and albumin
may act as an acute-phase negative protein (50). These
results are consistent with reports in sockeye salmon infected
with R. salmoninarum (48), Atlantic salmon infected with P.
salmonis (44), tilapia, Oreochromis sp. infected with Edwardsiella
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tarda (51) and Salvelinus fontinalis species infected with
Flavobacterium columnare (52). In addition, the decrease in the
concentration of plasma substrates related to the general state
of the fish was based on a decrease in the productive indicators
of growth.

An effective antigen-specific CD8+ T-cells response is
essential for immune protection against the dominant
epitopes of intracellular bacteria and promotes the effective
control of these organisms (53). Our results suggest that the
abundance of msa transcripts of R. salmoninarum showed a
significant positive correlation with the downregulation of
IFNγ , Eomes, Tbet, GATA3, IL-2, IL-12, CD8, and perforin;
consequently, R. salmoninarum did not induce an immune
response mediated by CD8+ T-cells in infected fish at 11 or
15◦C. These results showed the modulation of the cellular
and humoral immune response based on the expression of
genes associated with immune response of Atlantic salmon
head kidney intraperitoneally infected with R salmoninarum,
but we must consider that the transcriptomic approach alone
is unable to draw conclusions about how bacterial infections
affect activation/suppression of CD4 or CD8 T-cells function.
Therefore, new studies at protein expression and activity
level, immunological reagents and cytotoxic and/or helper
T cell clones are essential for further development in the
fish immunology.

All T cells possess a T cell receptor (TCR) by which they
recognize peptide presented by MHC, along with CD3 and co-
stimulatory, e.g., CD28, and co-inhibitory, e.g., CTLA-4, surface
molecules (54). T cell associated genes and their encoded proteins
with T cell activity in fish, e.g., surface markers, cytokines and
transcriptional factors, have been well-documented (55). The
presence of cytotoxic T cells (CTLs) and Th cells in fish have
been identified as CD8+ and CD4+ T-cells, respectively using
monoclonal antibodies (mAbs) (56–58). CD4 and CD8molecules
are expressed not only on T cells but also other cell types, e.g.,
CD4-1 in melano-macrophages in channel catfish (59). Thereby,
multiple markers should be used for the true identification
of T cells.

R. salmoninarum induced a significantly greater
downregulation of the cell-mediated immune response genes
in surviving fish exposed to lower water temperatures. This
response could be due to a suppressed host response directly
related to the lower water temperature and/or associated with
a delayed host response related to the lower water temperature
(60). However, acute infections may be resolved as a result of
a temperature-dependent T-cell response, although carriers
and latency are common (61). As reported for other important
intracellular fish bacteria such as Francisella noatunensis (62),
P. salmonis (26, 27, 63) and Edwardsiella tarda (64, 65),
R. salmoninarum would require stimulation of cell-mediated
immunity, although the mechanisms of this process in these
species of bacteria remain poorly understood and require
further investigation.

Yamasaki et al. (64) reported the important role of cellular
immunity rather than humoral immunity against E. tarda
infection in ginbuna cross carp. Bacterial clearance in the
kidney and spleen was observed after elevated cytotoxic

activity of CTLs and increased numbers of CD8α+ T-cells.
However, E. tarda-specific antibody titers did not increase until
after bacterial clearance, indicating that induction of humoral
immunity would be too late to provide protection against
infection. Rozas-Serri et al. (26) showed that P. salmonis induces
the inflammatory and IFN-mediated response, modulation of
Th1 polarization, reduced antigen processing and presentation,
modulation of the evasion of the immune response mediated
by CD8+ T-cells and promotion of the CD4+ T-cell response
during the late stage of infection as a mechanism to escape host
defenses. Additionally, Rozas-Serri et al. (63) showed several
central signatures following infection with P. salmonis in Atlantic
salmon, including positive regulation of DC-SIGN and TLR5
signaling, which converged at the NF-kB level to modulate the
pro-inflammatory cytokine response. P. salmonis induced an
IFN-inducible response, e.g., IRF-1 and GBP-1, but inhibited the
humoral and cell-mediated immune responses.

Yamasaki et al. (65) demonstrated the importance of cell-
mediated immunity against E. tarda infection using vaccine
trials comparing the effects of live vs. formalin-killed bacteria.
Live cell-vaccinated fish showed high survival rates, high IFNγ

and T-bet gene expression levels, and increased CTLs. On
contrary, all bacterin-vaccinated fish died following E. tarda
infection and induced high IL4/13a and IL-10 expression levels,
whereas Th1-like responses were suppressed. Similarly, Rozas-
Serri et al. (27) showed that a bacterin P. salmonis vaccinated-
fish exhibited MHCI, MHCII, and CD4 overexpression but a
significant downregulation of CD8b and IgM, suggesting that the
formalin-killed bacteria promoted the CD4+ T-cell response but
did not induce an immune response mediated by CD8+ T cells
or a humoral response.

Our work shows that infected fish at 15◦C presented the
overexpression of STAT1, MHCII, CD4, IgT, and IgM transcripts,
suggesting that the infection triggered a CD4+ T-cells response
and a humoral response. However, this pattern of expression
of genes related to humoral immunity was not observed in
infected fish at 11◦C. Salmon infected with R. salmoninarum
produce an antibody response, although it is not necessarily
correlated with protection (31, 66). Other studies have shown that
p57 suppresses antibody responses and macrophage respiratory
burst and renders immunized animals more susceptible to BKD
(16, 38, 40).

Underexpression of Th2 cytokines, such as IL4/IL13, as well
as IL10 and TGFβ , which are primarily associated with tissue
repair and extracellular matrix composition, was observed during
the late stage of infection, especially in infected fish at 11◦C
(67, 68). In addition, our results show late underexpression of
IL-1β, which could induce long-term suppression of cytokine
production, phagocyte function, and lymphocyte proliferation
and activation, including T-cell-dependent antibody production
(69–71). The downregulation of these cytokines during the late
stage of infection may affect each of these pathways and facilitate
the survival of R. salmoninarum.

The chronic higher levels of IFNγ may be implicated in the
pathology of BKD and the host-mediated destruction of kidney
tissues (16). These results would suggest how R. salmoninarum
could suppress the host immune response and suggest that the
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immune mechanisms for the containment of R. salmoninarum
infections rely on cell-mediated immune response-dependent
pathways. Therefore, prolonged stimulation of IFNγ observed in
infected fish at 11◦Cmay contribute to the chronic inflammatory
pathology of BKD. There is evidence that R. salmoninarum has
mechanisms to evade detection by the host’s immune system (16),
which is also observed for other intracellular bacteria, such as P.
salmonis (26, 27, 44, 63). The identification of CD4+ and CD8+

T-cell antigens and development of a method to stimulate lasting
immunity represent main challenges.

Our results show that the expression patterns of genes
related to the humoral and cell-mediated immune response
in Atlantic salmon infected with R. salmoninarum at 11 and
15◦C were very similar; however, R. salmoninarum induced a
significantly greater downregulation of the adaptive immune
response genes at the lower water temperature. A constant
suppression of the adaptive immune system is observed in
response to colder temperatures, which could be associated with
detrimental effects of low temperatures on the innate immune
system (60). However, better protection was not observed
because the mean survival rates did not show differences between
the water temperature groups, although a higher probability
of death was observed in infected fish at 11◦C than at 15◦C
after 35 dpi. These results are similar to those reported in
different populations of Chinook salmon by Metzger et al. (17),
who demonstrated that bacterial load levels positively regulated
pro-inflammatory genes expression in fish from both groups
despite the higher mortality in the more susceptible Green
River stock.

Genetic variability between families of Atlantic salmon and/or
the use of different challenge models could show different
results than those described here, so further investigation is
required. Challenge models using baths and cohabitation more
faithfully represent the conditions of natural exposure compared
with the i.p. infection (72, 73). This method would bypass
any first-barrier defense mechanism that prevents the disease
because bacteria are not transferred from the environment to
the fish. Our experience with P. salmonis, another intracellular
bacterium that is of great economic relevance in Chile and
modulates the immune response of Atlantic salmon using the
same strategy described here for R. salmoninarum, indicates
that evaluating the host-pathogen interaction using an i.p.
challenge model generates different results compared with
a cohabitation model (26, 27, 44, 63). Thus, it would be
interesting to study the pathogenesis and immune response
against BKD and vaccines to BKD using a cohabitation model
(73). Thereby, it is important to acknowledge the potential value
in performing more comprehensive studies that can strengthen
our understanding of the impact of low water temperatures on
host-pathogen systems.

Taken together, our results show differences in the
immunopathological response of pre-smolts of Atlantic
salmon infected with R. salmoninarum at different water
temperatures, but this differential response could be related
to a suppressed host response and/or a delayed host response
because they were exposed to a lower water temperature. The
virulence of pathogens is affected by water temperature (74),

although it may be difficult to separate these effects from those
of the host immune system. The effect of water temperature on
fish immune systems thus varies depending upon the duration
and magnitude of the temperature change. In general, lower
temperatures lead to a shutdown or slowing of immune response
mechanisms, which is generally reversible upon return to warmer
temperatures (60).

At 55 days after infection, the surviving fish kept at 11
and 15◦C were carriers of msa transcripts of R. salmoninarum,
which would have downregulated the humoral and cell-mediated
adaptive immune genes and persisted chronically in the kidneys.
Hence, these carrier fish may have a higher risk of recurrent
outbreaks under stress conditions, such as during the transfer of
Atlantic salmon smolts to seawater farms with low temperatures.
Therefore, more studies are needed to determine the molecular
mechanisms underlying the regulation of virulence genes
expression in response to temperature in R. salmoninarum.

These results provide valuable information on the
modulation of the late adaptive immune response in fish
after R. salmoninarum infection, and we hope that they will be
useful for optimizing the health and productive management
of farmed fish and designing vaccines to provide long-term
protection in fish. In addition, our results supported the
identification of 33 immunopathological biomarkers for
potential application in the search for a resistance phenotype
for BKD, and eight of these genes are related specifically to the
adaptive cell-mediated immune response. Finally, our current
research is focused on applying the results of the present study
as potential immunopathological biomarkers of a resistance
phenotype for BKD to populations of 30 different Atlantic
salmon families.
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Apolipoprotein (APO) genes represent a large family of genes encoding various binding

proteins associated with plasma lipid transport. Due to the long divergence history,

it remains to be confirmed whether these genes evolved from a common ancestor

through gene duplication and original function, and how this evolution occurred. In this

study, based on the phylogenetic tree, sequence alignment, motifs, and evolutionary

analysis of gene synteny and collinearity, APOA, APOC, and APOE in higher vertebrates

may have a common ancestor, lamprey serum apolipoprotein LAL1 or LAL2, which

traces back to 360 million years ago. Moreover, the results of immunofluorescence,

immunohistochemistry, and flow cytometry show that LAL2 is primarily distributed in the

liver, kidney, and blood leukocytes of lampreys, and specifically localized in the cytoplasm

of liver cells and leukocytes, as well as secreted into sera. Surface plasmon resonance

technology demonstrates that LAL2 colocalizes to breast adenocarcinoma cells (MCF-7)

or chronic myeloid leukemia cells (K562) associated with lamprey immune protein (LIP)

and further enhances the killing effect of LIP on tumor cells. In addition, using quantitative

real-time PCR (Q-PCR) and western blot methods, we found that the relative mRNA

and protein expression of lal2 in lamprey leukocytes and sera increased significantly

at different times after stimulating with Staphylococcus aureus, Vibrio anguillarum,

and Polyinosinic-polycytidylic acid (Poly I:C). Moreover, LAL2 was found to recognize

and bind to gram-positive bacteria (Staphylococcus aureus and Bacillus cereus) and

gram-negative bacteria (Escherichia coli) and play an important role in the antibacterial

process. All in all, our data reveals a long, complex evolutionary history for apolipoprotein

genes under different selection pressures, confirms the immune effect of LAL2 in lamprey

sera against pathogens, and lays the foundation for further research regarding biological

functions of lamprey immune systems.
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INTRODUCTION

As early as 1987, Pontes et al. (1) founded two abundant
apolipoproteins in the “high-density lipoprotein fraction” of
ultracentrifuged plasma in Petromyzon marinus, designated
lamprey apolipoproteins LAL1 and LAL2. Their amino acid
compositions were similar to portions of apolipoprotein A-IV
sequence in mammalian blood. However, the existing database
indicates that LAL2 has no apolipoproteinA/E or C domain.
Their functions are not fully elucidated, and it remains elusive
whether they are the ancestors of vertebrate apolipoproteins.
However, it is well-known that apolipoprotein is a protein
component of plasma lipoproteins (2, 3). Apolipoproteins of
vertebrates are primarily synthesized in the liver and small
intestine, which are involved in the transport and redistribution
of lipids between different tissues and cells through blood
(4, 5). Research shows that several apolipoproteins also play
important roles in antibacterial and antiviral processes (6–9). For
example, APOA1-containing high-density lipoprotein particles
(HDL) exert antibacterial activity by directly affecting the growth
of bacteria and promoting the self-defense mechanism of normal
and immunocompromised individuals (10). This function is
attributed primarily to the ability of APOA1 to bind and
neutralize both bacterial endotoxin lipopolysachharide (LPS)
and lipoteichoic acid (LTA) (11–14). Moreover, whether it
is expressed in vivo or injected, APOA1 elictis an antiviral
effect on enveloped and non-enveloped DNA and RNA viruses
by directly causing viral inactivation. Specifically, APOA1
has been shown to arrest virus-induced cell fusion in the
blood during human immunodeficiency virus (HIV) and
Herpes virus infection, thereby preventing the virus from
penetrating into the cell (15). Additionally, highly conserved
alternating cationic/hydrophobic motifs have been identified in
the APOC1 sequence that participate in binding to LPS and
enhanced biological response to LPS via a mechanism similar
to lipopolysaccharide-binding protein (LBP) (16). Meanwhile,
APOL-1 has pore-forming microbicidal activity that can cause
lysis and death of trypanosome (17).

The lamprey is a member of an ancient lineage of jawless
fish that stem ∼550 million years ago and has served as
a crucial model for understanding conserved features that
are relevant to biomedicine. Lampreys have adaptive immune
systems with variable lymphocyte receptors (VLRs) and innate
immune systems with complement related molecules to prevent
the invasion of various foreign pathogens, such as mannose
binding lectin (MBL), complement C1q, C3, etc. (18–20).
Lamprey immune protein (LIP), a cytotoxic protein, has a
jacalin-like domain and an aerolysin pore-forming domain
previously identified in granulocytes of Lampetra japonica (21).
We demonstrate the crystal structure of LIP and the mode of
action involving dual selective recognition and efficient binding
dependent on both N-linked glycans on GPI-anchored proteins
(GPI-APs) and sphingomyelin (SM) in lipid rafts (22). LIP can
kill a panel of human cancer cells yet has minimal effects on
normal cells. MCF-7 andK562 cells stimulated with LIP exhibited
the generation of chemokines and proinflammatory molecules,
and increased the expression of genes in the calcium signaling

pathway, ROS signaling pathway, and natural killer cell-mediated
cytotoxicity pathways (23, 24). However, it remains unclear
whether large amounts of LAL2 in serum interacts with LIP
molecule and participates in the immune response.

In the present work, we elucidated the molecular evolution
process of LAL2 and LAL1 and determined their relationship
with vertebrate orthologs and paralogs. We further investigated
LAL2 expression patterns in gill, supraneural body, heart, liver,
intestine, and kidney, and also intracellular localization in liver
cells and leukocytes. Simultaneously, the potential interaction
between LAL2 and LIPwas verified, and the addition of LAL2was
found to enhance the killing activity of LIP in lamprey. Moreover,
the antibacterial and antiviral activities of LAL2 were examined
to shed light on its role in immunity. Exploring the biological
function of LAL2 lays the foundation for clarifying antibacterial
function in lamprey and provides a reference for the research of
innate immune mechanisms of lamprey.

MATERIALS AND METHODS

Animals and Cell Culture
Adult L. japonica (length: 36–42 cm, weight: 75–112 g) and
Lampetra morii (length: 20–25 cm, weight: 18–23 g) were
obtained from the Songhua River from Heilongjiang Province,
China. The lampreys were housed in fully automatic water
purification tanks at 4–6◦C. All animals were in good condition
before the experiments.

MCF-7 cells and K562 cells, purchased from the American
Type Culture Collection (Manassas, VA) were maintained in
RPMI 1640 medium (Sigma-Aldrich, USA) supplemented with
10% fetal bovine serum (Sigma-Aldrich, USA), 100 U/mL
penicillin (Sigma-Aldrich, USA), and 100 mg/mL streptomycin
(Sigma-Aldrich, USA). Cells were cultured in an incubator
humidified with 5% CO2 and 95% air at 37◦C.

S. aureus, B. cereus,Vibrio anguillarum, and E. coli strains were
isolated from the intestine of the lamprey. S. aureus (28◦C), B.
cereus (28◦C), and E. coli (37◦C) strains were cultured in Luria
broth liquid medium with 1% peptone, 1% NaCl, and 0.5% yeast
extract (Sangon Biotech, Shanghai, China). The V. anguillarum
(28◦C) strain was cultured in 2216E liquid medium with 0.5%
peptone, 0.1% yeast extract, and seawater (pH = 8.0). All the
strains were supplied by College of Life Science, Liaoning Normal
University (Dalian, China).

Sequence Analysis, Sequence Alignments,
and Phylogenetic Analysis
The amino acid sequences of lamprey apolipoprotein LAL1
and LAL2 were obtained from the L. japonica three-generation
sequencing library and Lethenteron reissneri database from our
laboratory. The amino acid sequences of the corresponding
apolipoprotein family genes in other species are from NCBI
(https://www.ncbi.nlm.nih.gov/) and Ensembl (http://asia.
ensembl.org/index.html) database for sequence alignment by
Bioedit 7.0. Two comparisons of syntenic genomic regions,
respectively containing lal1 and lal2 genes, were completed using
L. reissneri databases and the Genomicus website (http://www.
genomicus.biologie.ens.fr/genomicus-92.01/cgi-bin/search.pl).
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Thereafter, a phylogenetic tree was constructed using the
neighbor-joining (NJ) method using MEGA 7.0 software and the
bootstrap test (1,000 replicates). The tree was drawn to scale,
with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. Functional domains
of the apolipoprotein family genes were analyzed using the NCBI
website (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi). Motif analysis was performed using the MEME website
(http://meme-suite.org/) and TB (Toolbox for Biologists)
tools software.

Expression of Recombinant LAL2 (rLAL2)
Protein and Preparation of Antibodies
The prokaryotic expression vector pET32a-lal2 was constructed
to obtain the recombinant LAL2 (rLAL2) protein as described
previously (25). Rabbit anti-LAL2 polyclonal antibody was
generated through subcutaneous injection of New Zealand white
rabbits with purified rLAL2 protein over 8 weeks, as described
previously (26). The antibody titer in the anti-rLAL2 serum was
determined via enzyme-linked immunosorbent assay (ELISA) at
different dilutions, and the titer increased 640,000-fold over pre-
immunization levels (pre-immunized rabbit IgG was used as a
negative control). The antibody specificity was confirmed using
western blot assays; rLAL2 and lamprey serum were subjected to
12% SDS-PAGE and transferred onto nitrocellulose membranes
(Invitrogen, USA). The membranes were blocked with 5% non-
fat powdered milk (Sangon Biotech, Shanghai, China) and
incubated with rabbit anti-LAL2 (1µg/mL) antibody overnight
at 4◦C, followed by incubation with 1.2µg/mL HRP-conjugated
goat anti-rabbit IgG (Sangon Biotech, Shanghai, China). Next,
membranes were washed four times with tris-buffered saline
Tween-20 (Sangon Biotech, Shanghai, China) and developed
with enhanced chemiluminescence (ECL) substrate (Tanon,
China) using Alpha FluorChem R©Q (Cell Biosciences, USA).

Purification of Natural LAL2 Protein With
Anion Exchange Chromatography
Serum from L. japonica was dialyzed in buffer A consisting of
20mM KPB, 0.1M KCl and 5% glycerol, at pH 7.0 at 4◦C. The
dialyzed fraction was filtered through a 0.22µM membrane and
was applied to a 10mL × 2 MacroPrep Ceramic Hydroxyapatite
column equilibrated with buffer A. The column was then washed
with the same buffer and eluted with a linear gradient from 0
to 250mM KPB in buffer A. The pooled fractions containing
protein activity from the above column were dialyzed in buffer
B consisting of 20mM Tris-HCl and 5% glycerol, at pH 8.0 at
4◦C. The dialyzed fraction was applied to a 20mL Q Sepharose
Fast Flow column equilibrated with buffer B. After washing, the
sample was eluted with a linear gradient from 0 to 300mM of
KCl in buffer B. During the separation and purification of the
active components of lamprey serum (TaKaRa, Dalian, China),
we observed an abundance of natural LAL2 protein in the eluted
sample No. 46. It was diluted with low-salt buffer (20mM Tris-
HCl, pH = 9.0), passed through the anion exchange column
(HiTrap Q HP_1mL, General Electric Company, USA) at a rate
of 0.8 mL/min using ÄKTA pure (General Electric Company,

USA), and impure proteins were removed with low-salt buffer at
a rate of 1 mL/min. High-salt buffer (20mMTris-HCl, 1MNaCl,
pH = 9.0) was gradually added to the low-salt buffer, finally the
target protein was eluted at a rate of 1 mL/min usingmixed buffer
in a time-dose dependent manner. After detection using 15%
SDS-PAGE, it was dialyzed using PBS (145.3mM NaCl, 8.4mM
Na2HPO4, and 2mM NaH2PO4). All protein concentrations
were measured using the Bicinchoninic acid (BCA) protein assay
kit (Sangon biotech, Shanghai, China).

Immunofluorescence and Flow Cytometry
Were Used to Detect the Localization of
LAL2 and LIP
Lamprey liver cells and blood leukocytes were isolated, fixed,
permeabilized, and blocked with fetal bovine serum as previously
described (27). Briefly, cells were incubated with rabbit anti-
rLAL2 antibody (0.8µg/mL) at 4◦C overnight. The next day,
cells were washed twice with PBS (140mM NaCl, 2.7mM KCl,
10mM Na2HPO4, and 1.8mM KH2PO4) and incubated with
Alexa Fluor 488-labeled donkey anti-rabbit IgG (Thermo Fisher,
USA). Following washing with PBS, the cells were stained with
4′,6-diamidino-2-phenylindole (DAPI). After washing twice with
PBS, the cover slips were mounted on glass slides with one drop
of antifade solution. The immunofluorescence was visualized and
captured using LSM 710 Laser Scanning Confocal Microscopy
(Carl Zeiss Inc, Germany) and analyzed using Zeiss ZENLE
software. The lamprey liver cells and leukocytes were fixed for
15min in 4% paraformaldehyde with PBS at room temperature.
Thereafter, cells were treated according to the method described
above to detect the expression of LAL2 in liver cells and
leukocytes using flow cytometry (BD Biosciences, USA). The flow
cytometer was set at 488 nm (excitation wavelengths) to detect
green fluorescence. Cells incubated with normal rabbit IgG were
used as isotype controls.

In the same way, MCF-7/K562 cells were observed for 2 h
with rLAL2 protein and rLAL2 + LIP protein incubation.
When the rLAL2 + LIP incubated group exhibited bubbling,
all cells were fixed, blocked using fetal bovine serum, incubated
with rabbit anti-rLAL2 antibody (primary antibody), followed
by Alexa Fluor 555-labeled donkey anti-rabbit IgG antibody
(second antibody) to detect the localization of LAL2 protein on
MCF-7/K562 cells. After labeling LIP protein with Alexa Fluor
488 (Microscale Protein Labeling Kit, Invitrogen, USA), four
experimental groups: Alexa 488-LIP, rLAL2-1 µg + Alexa 488-
LIP, rLAL2-2 µg + Alexa 488-LIP, and rLAL2-3 µg + Alexa
488-LIP, were established to detect the location of LIP protein on
the MCF-7/K562 cells. The cells were analyzed on a FACSAria
flow cytometer (BD Biosciences, USA), which was set at 488
and 555 nm (excitation wavelengths) to detect green and red
fluorescence, respectively.

The Synergistic Effect of rLAL2 on LIP
Killing
MCF-7 cells (cultured in 96 well plate) and LIP protein were
incubated with rLAL2 for 3 h. According to the experimental
sequence in Figure 4D, MCF-7 cells were incubated with PBS, 2
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µg LIP, 2.5µg rLAL2, or 5µg rLAL2, LIP was added to the MCF-
7 cells that pre-incubated with 2.5 µg or 5 µg rLAL2, 2.5 µg/5
µg rLAL2, and LIP were pre-incubated and then the mixture was
added to MCF-7 cells. Thereafter, cells were stained for 5min
using Hoechst (blue, Beyotime, Shanghai, China) and propidium
iodide (PI, red, Thermo fisher, USA), finally analyzed on the
OperettaTM High-content machine (PerkinElmer, USA).

MCF-7 and K562 cells were cultured and collected, the cells
were divided into five groups with the addition of PBS, 5 µg
rLAL2, 2 µg LIP, 2.5 µg rLAL2 + 2 µg LIP, and 5 µg rLAL2
+ 2 µg LIP as shown in Figure 4F, respectively. Followed by
staining with Hoechst and PI for 5min. Cells were then filtered
and analyzed using a flow cytometer set at 560 nm(excitation
wavelength), and analyses were performed by using Cell Quest
Pro software. The appropriate FSC voltage and threshold were
adjusted, inspector-gate, G1 = R1, to regulate the fluorescence
voltage to set the negative control and the compensation between
the fluorescence. The samples were then loaded in order, and the
data files were obtained.

Surface Plasmon Resonance Analysis
LIP or rLAL2 protein were coupled on the second channel of
a CM5 chip using buffer (pH = 4.0), while the first channel
was used as a reference channel, both chips were activated with
NHS/EDC and blocked with ethanolamine. LIP or rLAL2 in
HBS-EP solution was flowed through the rLAL2 or LIP chip. The
analyte, rLAL2 or LIP protein, was diluted in the same buffer. The
Biacore T200 (General Electric Company, USA) was used for the
experiment and subsequent analysis. TRX was used as a negative
control, using the same experimental method.

Quantitative Real-Time PCR (Q-PCR)
Adult L. japonica were divided into three groups (three
animals per group), each immunized with 100 µL S. aureus,
V. anguillarum (suspended to 1× 108 cells/mL in normal saline),
or Poly I:C (0.1 mg/mL) for 0 h (immediately following addition
of stimulus), 2, 8, 24, 48, and 72 h via intraperitoneal injections,
respectively. Adult lamprey blood was collected by cutting the
tail, and leukocytes were isolated from blood by Ficoll-Paque
gradient centrifugation with lymphocyte separation solution (160
× g, 20min) (TBD, China). L. morii were immunized using
the same method to collect sera. The gill, supraneural body,
heart, liver, intestine, kidney, and leukocytes were obtained from
normal adult L. japonica. Total RNA was extracted from the
tissues and cells using Trizol (Invitrogen, USA), and the RNA
was treated with DNase I (TaKaRa, Dalian, China). Reverse
transcription that each group of RNA is quantified to 2 µg
was performed using gDNA Eraser (PrimeScriptTM RT reagent
Kit) as described by the manufacturer (TaKaRa, Dalian, China).
Real-time quantitative PCR was conducted using a SYBR R©

PrimeScriptTM RT-PCR Kit (TaKaRa, Dalian, China) according
to the manufacturer’s protocol. The PCR was performed in a 25
µL volume, consisting of 2 µL cDNA (diluting to 50 ng/µL),
12.5 µL SYBR Premix Ex Taq, 1 µL of each primer (10µM),
and ddH2O. The gene expression in each sample was normalized
relative to the gapdh gene (GenBank accession no. KU041137.1).
The reaction efficiency was tested by gradual dilution of the

cDNA template (1, 5, 10, 20, and 40×). The amplification
efficiency of all primers was confirmed to be between 0.9 and
1.1, and the specificity of the amplification reaction was analyzed
by dissociation curve analyses. The primer sequences used are
as follows: lal2-F: 5′-ACGGTCCACCTGCACGAAT-3′; lal2-R:
5′-TTCACCTCCTTCATCAGTCCAA-3′. L-gapdh-F: 5′-AACC
AACTGCCTGGCTCCT-3′; L-gapdh-R: 5′-GTCTTCTGCGTT
GCCGTGT-3′.

Scanning Electron Microscopy (SEM) for
Bacterial Morphology
The bacteria were incubated with PBS and 5 µM LAL2 at 4◦C
for 12 h, fixed with 2.5% glutaraldehyde (Kemiou, China) at
4◦C overnight, and dehydrated at various ethanol gradients:
30, 50, 80, and 100%. In 100% ethanol, point samples on
tables were sprayed with gold and photographed using scanning
electron microscopy.

Enzyme Linked Immunosorbent Assay
(ELISA) Analysis of the Interaction Between
LAL2 Protein and Microbial Components
Plates were coated with various microbial components (0.2
µg/well) at 4◦C overnight, then were washed and incubated with
different concentrations of LAL2 (0, 10, 20, 50, 100, 200 nM)
at 37◦C for 3 h, 1% BSA was added, followed by detection
with 100 µL/well rabbit anti-LAL2 antibody (4µg/mL) and goat
anti-rabbit antibody (1.5µg/mL). ELISA substrate (100 µL/well,
Solarbio, USA) was added and incubated for 15min at 37◦C,
color development was halted through the addition of 2M
H2SO4 (50 µL/well). The plates were washed thrice with PBST
(PBS with 0.05% Tween-20) between steps. One representative
experiment of three is shown. Background absorbance without
LAL2 protein and with anti-LAL2 antibody was subtracted as a
negative control (NC).

Statistical Analysis
All calculations were performed using GraphPad Prism 7
(GraphPad Software Inc, USA). The data are presented as the
mean± S.E. The significance of the differences between themean
values was determined using Microsoft Excel 2007. In all cases,
∗P < 0.05 was considered a statistically significant difference, ∗∗P
< 0.01 was considered a very significant difference, and ∗∗∗P <

0.001 was considered an extremely significant difference.

RESULTS

Identification and Purification of Lamprey
LAL2
In our previous study, lamprey sera exerted important
cytotoxic effects on tumor cells (28). This is evidenced by
the morphological changes and cell organelle damage observed
in cervical cancer cells (HeLa) and acute promyelocytic leukemia
cells (NB4) treated with lamprey serum during a 15min
incubation (28). To identify this cytotoxic protein in the sera
(Figure 1A), lamprey sera was purified using a hydroxyapatite
column and a Q Sepharose Fast Flow column. The fraction of
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FIGURE 1 | Isolation and identification of LAL2 from lamprey serum. (A) Electrophoretic patterns of lamprey serum proteins via 15% SDS-PAGE. M, low

molecular-weight protein marker. Red arrow points to apolipoprotein LAL2. (B) Detection of killer components in lamprey sera via 12% SDS-PAGE. (C) Electrotransfer

atlas of LAL2 from lamprey serum that dyed with Ponceau S. M, Dual marker (Bio-Rad), bands for number 1 and 2 both represent LAL2. (D) Ten amino acid test

maps of LAL2 N-terminal sequence (number 1).

protein activity was determined by the degree of cell membrane
disruption. When these fractions with active protein were
collected and analyzed via 12% SDS-PAGE, a protein band was
observed at ∼34 kDa molecular-weight (Figure 1B). According
to the liquid chromatography-tandem mass spectrometry
(LC/MS/MS) analysis of tryptic-digested peptides, the purified
protein was identified as LIP. In addition, we observed two
protein bands positioned at ∼15–20 kDa. The two proteins were
identified as LAL2 by mass spectrometry (Tables S1, S2). To
detect the difference between the two LAL2 proteins (①② in
Figure 1C), N-terminal sequencing was performed by Edman
degradation and online analysis of High-Performance Liquid
Chromatography at the Shanghai Life Science Research Institute.
As shown in Figure 1D and Figure S1, the first ten amino acids
of the two bands were identical (NH2-Asp-Glu-Thr-Gln-Leu-
Val-Pro-Ala-Ser-Gly), which may be the result of glycosylation.
Of course, it may also be possible that the C-terminal peptide of
LAL2 was degraded. The open reading frame (ORF) of LAL2 has
576 bp and encodes a total of 191 amino acid residues. The first

23 amino acids coded after the initiation ATG are characteristic
of a signal peptide.

Evolutionary Analyses of LAL1 and LAL2
The LAL2 proteins were purified and identified in the “high-
density lipoprotein fraction” of plasma from Petromyzonmarinus
(1). However, high homology in amino acid sequences was
not observed between LAL2 and the apolipoproteins of other
species, and the domain in LAL2 were not found to be similar
to mammalian blood apolipoproteins. In the current study, the
amino acid sequence alignment results of LAL2 revealed that
LAL2 (Lampetra japonica) display more than 90% sequence
similarity to blood plasma LAL2 from Petromyzon marinus,
Lampetra fluviatilis, and Lethenteron reissneri (Figure S2). To
better understand the evolution of the lal2 gene family
during the vertebrate evolutionary process, the neighboring
gene environment of lamprey lal2 was compared among
fish, amphibian, bird, and mammals. Using the draft genome
assemblies of Lethenteron reissneri, we were able to assign
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FIGURE 2 | Continued

orthology of the lamprey genes based on conserved synteny
for genes directly surrounding the lal2 gene (Figure 2A). A
comparison of genomic regions containing lal2 genes shows

that there are eight lal2 loci on the L. reissneri scaffold_686,
no introns, and similar gene groups as sea lamprey in its
surrounding. Strong syntenic relationships among LAL2 gene
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FIGURE 2 | Evolutionary analyses of LAL2. (A,B) The conservation of genes neighboring apolipoprotein family genes, the arrowheads pointing in opposite directions

indicate genes located on opposite strands. Chr denotes the chromosome. (C) Model diagram of vertebrate apolipoprotein evolution. (D) The phylogenetic tree was

constructed based on the 39 full-length protein sequences of APOA, APOC, APOE, LAL1, and LAL2. The optimal tree with the sum of branch length = 12.09372528

is shown and the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches. The section on

the right indicates the corresponding domain composition of the sequence in left. (E) A motif composition of the apolipoprotein family. The motifs, which are

numbered 1–9, are shown in different colored blocks. The regions fenced by blue lines represent “apolipoprotein” domain, similarly the yellow represent “APO-CIII”

domain, the green represents “SMC-pork-B” domain.

orthologs were easily detected in three jawless vertebrates (L.
reissneri, P. marinus, and L. japonica) genome sequences that
we examined. Three genes (adar, kcnn, and rab) surrounding

lal2 are also found in the neighborhood of zebrafish apoa1,
apoa2, apoa4, apoc1, apoc2, apoc4, and apoe. In addition, this
analysis confirmed that orthologs and paralogs of mammalian
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apo are present in birds, amphibians, and bony fishes. Near to
the lal2 gene in the lamprey, the fxyd and cadm genes, although
undetectable, could be examined for syntenic relationship with
apo neighborhood in other vertebrates. Unfortunately, the
tandem LAL2 sequences were unidentified based on the current
sea lamprey genome data, thus, it is not possible to define the
quantity of LAL2 on the chromosome of sea lamprey. And the
adjacent genes of LAL2 are unable to determine perfectly because
of poor sequencing and splicing results in Lampetra japonica
genome. Furthermore, we also found lal1 and tom40 to be
evolutionarily linked, and located on the L. reissneri scaffold_555
(Figure 2B). And lal1 is always accompanied by bcl in lamprey,
zebrafish, frog, mouse, and human, the chromosome on which
it is located is relatively stable. However, we only find lal1 in
scaffold_05301 with no neighboring gene environment from
Petromyzon marinus Germline Genome. And there is no apoe
genomic information for reptiles and birds in genomics database.
In a word, it is possible that close genomic proximity of lal2 and
apoa evolved, while LAL1 is located in close proximity to apoe
in fish and mammals (Figure 2C), apoc1, 2, 4 were formed by
the replication and gene deletion of apoa and translocated to the
periphery of apoe (29).

The phylogenetic tree based on the alignment of
Branchiostoma belcheri APOA1, and other apolipoprotein
amino acid sequences, involved in co-linearity was drawn using
the NJ methods. Lepisosteus oculatus APOA1, APOA4, and
APOEb were added to ensure the stability of the phylogenetic
tree. As shown in Figure 2D, the BbAPOA1 was placed apart.
The overall topology supported two main clusters, which
corresponded to APOA/E and APOC vertebrate families, while
lamprey LAL2 sequence was considered closer to APOA/E
vertebrate family, similar to DrAPOA2 and equivalent to the
outgroups of distinct family 1 (DF1). Based on the results of
collinear analysis, this suggests that LAL2 is likely a common
ancestor of vertebrate APOA1, A4, A5, and E. Lamprey LAL1
sequence was similarly considered closer to the APOC vertebrate
family and formed distinct family 2 (DF2) with an improved
bootstrap value and compact structure. Notably, the branch
of LAL1 is also an outgroup equivalent to DF1. The results
of phylogenetic analysis demonstrated that lamprey LAL1
and LAL2 are likely to have common ancestors, and APOA/E
and APOC in the vertebrate lineage arose by duplication and
reorganization of LAL2 and LAL1, respectively.

Our predicted results using the PSIPRED website show that
the α-helix of the LAL2 and LAL1 secondary structures account
for 78.01 and 79.05% of the secondary structure, respectively
(Figures S3A,B). Furthermore, circular dichroism shows the
secondary structure of LAL2, similar to APOA1, to be comprised
primarily of α-helices (Figures S3C,D). To analyze conservation
of the amino acid sequence, after searching select representative
sequences to predict motif composition (Figure 2E, Table S3),
we observed that when MEME selects nine motifs to analyze
the apolipoproteins of each species, amphioxus and lamprey
display 2–3motifs, APOC3 possesses only twomotifs, while other
apolipoproteins of zebrafish, spotted gar, mouse, and human
possess 5–10 motifs. From the types of motifs is was found that
LrLAL1 has the same motif 1, 2, and 4 as zebrafish, spotted gar,

mouse, and human, while motifs 2, 4, and 5 exist in LrLAL2
and apolipoprotein A and E family sequences of most jaw
vertebrates. Furthermore, motifs 3, 6, and 7 evolved from fish
apolipoproteins, and motifs 8 and 9 are unique to mammalian
APOA5 and APOE, respectively. The apolipoprotein domain of
APOA1, APOA4, and APOE from jawed vertebrates, which is
associated with lipid particles and may function in lipoprotein-
mediated lipid transport, is primarily composed of motifs 4, 5, 6,
and 7. These proteins contain several 22 residue repeats which
form a pair of α-helices. Meanwhile the APOC3 “APO-CIII
apolipoprotein” domain is primarily composed of motifs 2 and
3, which inhibit lipoprotein lipase (LPL) activity and play roles in
triglyceride metabolism. It is obvious that LrLAL1 and LrLAL2
retain parts of the same motif as the above-mentioned domain,
however, they do not possess the integral apolipoprotein domain.
Therefore, it is suggested that the apolipoprotein superfamily
from lamprey LAL1 and LAL2 to mammal APOA, APOC,
and APOE has acquired most of its structural and functional
innovations throughout vertebrate evolution.

The Expression Pattern of LAL2 in Lamprey
Tissues and Cells
The relative expression levels of lal2 gene in the lamprey
gill, supraneural body, heart, liver, intestine, kidney, and
leukocytes were detected using Q-PCR (Figure 3A). LAL2 is
expressed in these tissues or cells, and the expression levels
in liver, leukocytes, and kidney were relatively high. To detect
the distribution of natural LAL2 protein in different tissues
of the lamprey, we purified rLAL2 migrated as a single
band using a 12% SDS-PAGE gel with a molecular mass of
∼38 kDa (Figure S4A), and prepared LAL2 rabbit polyclonal
antibody, which specifically recognized rLAL2 and native LAL2
(Figures S4B,C). The band around 40 kDa in the serum
sample was identified as LAL2-dimer using LC-MS/MS analysis
(Figure S4D). The localization analysis was performed using
immunohistochemistry as described previously (24), and LAL2
was primarily expressed in the epithelial cells and blood cells
of the gill, blood cells of the supraneural body, endothelial
cell area of the heart, venous areas of the liver, epithelial cells
of the intestine, and venous and epithelial cells of the kidney
(Figure 3B). The expression was relatively high in several tissues,
such as liver, kidney, and supraneural body. The lamprey liver
cells and leukocytes were fixed separately to further detect
LAL2 expression at the protein level. Furthermore, intracellular
localization of LAL2 was revealed using flow cytometry. Results
showed that LAL2was expressed in both liver cells and leukocytes
(Figure 3C, left), which was observed in the cytoplasm using
confocal microscopy (Figure 3C, right).

LAL2 Can Promote the Localization and
Killing Effect of LIP on MCF-7 and K562
Cells
LIP is a cytotoxic lamprey protein, which plays an important
role in tumor cell survival and growth (21–24). Previously,
during the process of purifying the cytotoxic protein in lamprey
serum, it was found that LIP and LAL2 were always present
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FIGURE 3 | The tissue distribution and cellular localization of LAL2. (A) The expression level of lal2, which was compared with gapdh in various lamprey tissues using

Q-PCR. (B) Distribution and localization of LAL2 as observed by immunohistochemical staining, in which rabbit IgG is an isotype control, LAL2 with antibody

incubating group (preabsorption) was used as a negative control, the upper parts of group anti-LAL2 are the corresponding enlarged view below. (C) Flow cytometry

and immunofluorescence was used to analyze the localization of LAL2 in lamprey liver cells and leukocytes, as compared to IgG. Images were taken by laser confocal

microscopy with the fluorescent cell-labeling dye DAPI (blue) and Alexa Fluor 488 goat anti-rabbit IgG (green). Scale bar: 5µm.

in an eluted sample (Figure 1B). To determine whether there
is a certain interaction between LIP and LAL2, rLAL2 or LIP
protein were anchored to the surface of the chip using surface
plasmon resonance technology, different concentrations of LIP
or rLAL2 were used as analytes, and affinity kinetics fitting
analysis was performed: rLAL2 protein flowed through the
anchored LIP chip, the affinity KD was 5.582E-8M, LIP flowed
through the anchored rLAL2 chip, and the affinity KD was
2.11E-8M. Both KD values reflect the same magnitude. This
fully demonstrates the strong interaction between rLAL2 and LIP
(Figures 4A,B), and suggests that LIP has no interaction with
TRX (Figure 4C).

LIP exerts a specific killing effect on certain tumor cells
(23, 24). The selective killing mechanism proposes that LIP
could bind to biantennary bi-sialylated non-fucosylated N-glycan
of cancer cells, such as MCF-7 and K562 cells, and not affect
normal cells (22). It was speculated that the interaction between
rLAL2 and LIP may also influence LIP killing activity, the
MCF-7 cells sensitive to LIP are plated in 96-well plates for
overnight culture, according to the experimental design. Results
of PI/Hoechst staining and high-content analysis indicated that
rLAL2 treatment alone had no impact on MCF-7 cells. However,

rLAL2 significantly promoted the killing effect of LIP on MCF-
7 cells in a dose-dependent manner (∗P < 0.05, Figures 4D,E),
regardless of whether rLAL2 protein was incubated with MCF-7
cells alone before LIP protein addition or a mixture of rLAL2 and
LIP was added to the cells. In order to further verify the synergy
of rLAL2 on the killing activity of LIP, K562 cells were analyzed,
showing results identical to those of MCF-7 cells. Furthermore,
the effect of rLAL2 on the killing activity of LIP was analyzed
using a combination of PI staining and flow cytometry, indicating
that the results are consistent with the above results (Figure 4F).
In summary, our findings show that LAL2 play a major role in
assisting LIP to kill tumor cells.

To investigate the localization of LIP on MCF-7 or K562
cells affected by the interaction of LAL2, immunofluorescence
assays were performed with LAL2 (labeled with Alexa 555) and
LIP (labeled with Alexa 488). Thereafter, MCF-7 or K562 cells
were incubated with LAL2 alone, LIP alone, or the combination
of LAL2 and LIP. The results revealed that rLAL2 could bind
to MCF-7 or K562 cells and was not affected by LIP. When
Alexa 555-LAL2 andAlexa 488-LIP were added together toMCF-
7/K562 cells, compared with Alexa 488-LIP treated alone, the
number of cells located by Alexa 488-LIP increased. As the
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FIGURE 4 | LAL2 plays a synergistic role in LIP killing the tumor cells. (A) Biacore analysis of the interactions between different concentrations of rLAL2 and

immobilized LIP [in resonance units (RU)]. (B) Biacore analysis of different concentrations of LIP and immobilized rLAL2 (in RU). (C) Biacore analysis of different TRX

concentrations and immobilized LIP. (D,E) High-content analyzed the killing effect of LIP on MCF-7 cells after incubation with rLAL2 (n = 3), scale bar: 100µm. The

statistical map is calculated from six fields randomly selected for each well. (F) Flow cytometry was used to analyze the killing effect of LIP on MCF-7/K562 cells after

incubation with rLAL2. (G,H) Effect of rLAL2 on the localization of LIP molecule on MCF-7/K562 cells with the Alexa 488-LIP (green) and Alexa 555-goat anti-rabbit

IgG (red).
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FIGURE 5 | LAL2 plays an important role in the antibacterial and antiviral process. (A) Q-PCR was used to determine the relative expression of lal2 genes after

stimulating (n = 3). (B) After 48 and 72 h stimulation with different immunogens, western blot detected LAL2 protein expression level in lamprey serum (n = 3). (C) The

summary graph of LAL2 relative expression by calculating the ratio of gray values. (D) Scanning electron microscope image of bacteria after LAL2 incubation. In the

LAL2 treatment group, the right picture is an enlarged view of the left picture. Scale bar: 1µm. (E) The binding of microorganisms by LAL2 proteins. Every living

microbial strain was incubated with 10 µg natural LAL2 proteins in PBS buffer for 12 h, and the washed pellets were subjected to 15% SDS-PAGE and detected using

western blot with an anti-LAL2 antibody. LAL2 protein 0.5 µg is used as positive control. (F) ELISA analysis of the interaction between LAL2 and microbial

components (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001.

concentration of LAL2 increased, the number of cells located by
Alexa 488-LIP gradually increased (Figures 4G,H).

LAL2 Involved in the Immune Response of
Bacteria and Poly I:C
Based on the above experimental results, it is speculated that
LAL2 plays a role in the lamprey immune response. To verify
this hypothesis, by means of Q-PCR, the temporal expression
of lal2 genes was detected after stimulating lamprey with gram-
positive bacterium, gram-negative bacterium, or Poly I:C virus
mimic for 0, 2, 8, 24, 48, or 72 h (Figure 5A). The results showed
that the expression of lal2 mRNA was up-regulated significantly
(P = 0.0005) in the S. aureus stimulation group, and reached
the maximal level at 2 h post-stimulation, which was 4.0-fold
compared with the 0 h group. In the V. anguillarum stimulation
group, the expression of lal2 was strongly up-regulated (P =

0.0214), and reached the maximal level at 24 h, which was
76.8-fold compared with the blank group. The expression of
lal2 was also significantly increased (P = 0.0134) with Poly
I:C stimulation and reached the maximal level at 8 h, which
was 12.2-fold compared with the control group. In the case of
the same amount of total serum protein, the protein levels of
LAL2 were significantly increased by stimulation of S. aureus, V.
anguillarum, and Poly I:C over 48 and 72 h (Figures 5B,C).

Subsequently, we used S. aureus and E. coli to detect the
antibacterial activity of LAL2 (Figure 5D). Different bacterial
strains were incubated with the purified natural LAL2 proteins in
PBS as the experimental group (Figure S5), the control group was
incubated with PBS. The morphological changes of the bacteria

were observed using scanning electron microscopy. After LAL2
incubation, S. aureus and E. coli had changed in morphology,
the cell surface appeared wrinkly and sunken, cell contents were
released into the culture media, compared with the control group
(areas indicated by red arrow). It was suspected that LAL2 could
play a role in antibacterial activity by combining with bacteria to
perform bacterial killing and clearance. Thereafter, four different
bacterial strains were incubated with natural LAL2 proteins,
including S. aureus, B. cereus, V. anguillarum, and E. coli, and
the bacterial pellets were washed and analyzed using western
blot with anti-LAL2 polyclonal antibody, indicating that LAL2
proteins could bind to gram-positive bacteria (S. aureus and
B. cereus) and gram-negative bacteria (E. coli) in the form of
a trimer. However, the combination with V. anguillarum was
weak (Figure 5E). To explore the mechanism of combination,
we used ELISA to evaluate the interaction between the natural
LAL2 protein and different bacterial cell wall components
(Figure 5F). The results showed that LAL2 could interact with
soluble peptidoglycan (PGN), LTA, and LPS in a dose-dependent
manner, and LAL2 could also bind specifically to minimal PGN
motif muramyl dipeptide (MDP).

DISCUSSION

In 1986, M. Pontes et al. suggested that a similar amino acid
composition exists for LrLAL1, LrLAL2, and MmAPOA4 (1).
Later in 1996, Le Wang et al. performed a practical analysis
of the systematic evolution of the apolipoprotein multigene
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family and found that the common ancestors of APOA1,
APOA2, APOA4, and APOE may have appeared 460 million
years ago in an ordovician vertebrate, which may be related
to the major apolipoprotein LAL1 and LAL2 in Lamprey (30).
Recently, Liu et al. postulated that the ancestral members of
apolipoprotein are likely APOA1 and/or APOA4, and that other
apolipoproteins emerged subsequently by gene duplication (31).
However, our study can trace back to their common vertebrate
ancestor, lamprey, indicating that LAL1 and LAL2 are indeed
apolipoproteins. Furthermore, LAL2 is located in an evolutionary
original position relative to LAL1, with motifs 4 and 5 in
LAL2 obtained from amphioxus APOA1, and LAL1 formed
by loss of motif 5, inversion, and insertion of the transposon
into another scaffold (Figure 2E). We, therefore, postulate the
following scenario: a series of duplication events beginning from
lal2 and lal1 (Figure 2C), produced on zebrafish chromosome
16, resulting in the following apolipoprotein genes: apoa1, apoa2,
and apoe. Subsequently, apoa1 underwent tandem duplications
and produced apoa4, while apoc is generated by apoa1/apoa4
fragments. A DNA transposition then resulted in the insertion
of the apoc3 gene in between the apoa1 and apoa4 genes (28).
The apoa2 gene moved to human chromosome 1 and the
genes for apoa1, a4, and c3 moved to human chromosome
11. During species evolution, apoc1, apoc2, and apoe were
lost in Aves. Eventually the other apolipoprotein genes, apoe,
c1, c2, and c4, remained as a cluster on human chromosome
19. In the current study, it is speculated that the ancestral
apolipoprotein gene may be subjected to different selection
pressures at the same time during early differentiation. The order
of evolution may be LAL2/LAL1—APOA1/APOA4/APOE—
APOA2/APOC1/APOC2—APOC3/APOA5—APOC4 (28, 30–
34).

Fitch et al. observed that human APOA1 contains multiple
repeats of 22 amino acids (22-mer), each repeat is a tandem
array of two 11-mers (28, 33). It is suggested that the repeat
unit of 22-mer has been a structural element that builds
an amphipathic α-helix. In addition, the existence of a 22-
mer periodicity has also been found in other apolipoproteins,
including APOA2, A4, C2, C3, and E, and an 11-mer has
been found in APOC1. Lamprey LALl has a repeat pattern
similar to those in human APOA1 and APOC3, while there is
no clear indication for the presence of internal duplication in
LAL2 sequence (28). Moreover, since there are a large number
of α-helices in LAL1 and LAL2, the segments 79–99 and
100–120 of LAL2 have the potential to form an amphipathic
helical structure. The hydrophilic residues on one side of the
amphipathic helix keep the apolipoproteins at the surface of
the lipoprotein particle to facilitate transfer between lipoprotein
particles and interaction with other molecules, such as enzymes
and specific cell surface receptors. New motifs are gradually
evolved in LAL1 and LAL2 to form the apolipoprotein functional
domain and conservative α-helix to ensure better survival, thus
producing several types of apolipoproteins with significantly
different structures.

Both the mRNA and protein levels of LAL2 were primarily
expressed in liver, leukocytes, and kidney of the lamprey, which
differed from the tissue distribution observed for apolipoprotein

expression in teleost fish. For example, most apolipoprotein
genes exhibited tissue-specific expression patterns in intestine,
liver, and skin of channel catfish (35). Moreover, human
apoa1, apoa4, and apoc3 have been cloned in fetal intestine
and adult liver but not in fetal liver, kidney, heart, brain,
or muscle (36). Hence, with evolution, the distribution of
apolipoproteins has gradually become regionalized to further
perform unique functions. However, liver, leukocytes, and
kidney are important immune tissues, indicating that LAL2 is
likely to play a critical role in immune defense. In fact, our
previous study demonstrated that LIP is primarily distributed
in the supraneural body and leukocytes of the lamprey (21),
while LAL2 is abundant in the sera (Figure 1A, indicated
by the red arrow), suggesting that LAL2 protein acts as a
secreted protein and participates extensively in blood circulation
to accomplish immune responses. Additionally, the unique
recognition mechanism of LIP is dependent on binding with
both N-linked glycans on GPI-Aps, and SM in lipid rafts
(29). We, therefore, expect that LAL2 can assist LIP in the
diagnosis and control of tumor cells via targeted human
cancer therapies.

Comprehensive functional analyses revealed the role of
lamprey LAL2 and immune responses (Figure 5). Insect
apolipoproteins were shown to cooperate against pathogens,
such as silkworm apolipophorins (13, 37–39). In respect
with the immune defense, LAL2 exerts unique biological
functions in synergy with LIP. Moreover, lal2 was up-regulated
after stimulating lamprey with gram-positive bacteria, gram-
negative bacteria, and Poly I:C virus mimic, respectively.
Scanning electron microscope (SEM) images show that
LAL2 can destroy the structure of S. aureus and E. coli
and influence bactericidal activity. This is similar to the
results highlighting that high-density lipoprotein (HDL) in
the carp epidermis is secreted into mucus and performs
antibacterial activity (40). This lipoprotein is mainly composed
of two major apolipoproteins (APOA1 and APOA2), which
correspond to the most abundant plasma proteins in several
bony fish and have antibacterial activity. Orange-spotted
grouper E. coioides APOA1 can inhibit the replication
of Singapore grouper iridovirus (SGIV), and up-regulate
the expression of its immune-related genes, ISG15 and
Mx-I (9).

Microbes express signature molecules known as pathogen-
associated molecular patterns (PAMPs), such as LTA, PGN,
and MDP in gram-positive bacteria, and LPS in gram-negative
bacteria (41). Wang et al. found that Branchiostoma belcheri
rAPOA1 can bind LPS and LTA of various gram-positive and
gram-negative bacteria and exhibits antibacterial activity against
gram-negative bacteria in vitro (42). Silkworm apolipophorin
protein inhibits hemolysin gene expression of S. aureus via
binding to cell surface LTA (13). Conserved high amphipathic
α-helical content between fish and mammal apolipoproteins
can neutralize LPS via the CD14/TLR4 (Toll Like Receptor 4)
pathway and intercalate into lipid bilayers to resist bacterial
invasion (16, 43, 44). To investigate the antibacterial mechanism
of lamprey LAL2, ELISA results show LAL2 can bind to LPS,
LTA, PGN, andMDP due to highly homologous α-helical content
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with human APOA1 (Figure S4). In fact, APO-II/I proteins
may either shuttle APO-III and other immune proteins to
microbial surfaces, contribute to microbial clearance, or detoxify
immune-stimulatory cell wall components (40). The lipid
particles nucleated by lipid carrier proteins in the hemolymph
may serve as platforms for recruiting immunity proteins (45).
Future studies are required to elucidate the interaction between
molecules in sera with LAL2 and the signaling pathway
involving LAL2 in order to further unravel immune defense
in lampreys.

In conclusion, this study identified the molecular evolution
and tissue distribution of lamprey LAL2. Furthermore,
we demonstrate that lamprey LAL2 can serve as an
effector molecule in sera for immune responses, pattern
recognition, and bactericidal activity. Our studies not only
help to expand on the evolutionary history of the vertebrate
apolipoprotein multigene family, but also provide new insight
into the important and diversified functional properties
of apolipoprotein.

DATA AVAILABILITY STATEMENT

Data can be found on Genbank—MN893307 and MN893306.
Other raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The animal experiments were performed in accordance with
the regulations of the Animal Welfare and Research Ethics
Committee of the Institute of DalianMedical University’s Animal
Care protocol (Permit Number: SCXK2008-0002).

AUTHOR CONTRIBUTIONS

QL, YP, and QH designed the experiments. Flow cytometry and
immunohistochemistry were finished by QH. HW, QH, and
YH analyzed the experimental results. QH and YP wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was funded by Chinese National Natural Science
Foundation Grant (No. 31772884), The Project of Department of
Ocean and Fisheries of Liaoning Province (No. 201805), Program
of Science and Technology of Liaoning Province (No. 2019-MS-
218), and Science and Technology Innovation Fund Research
Project (No. 2018J12SN079).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.01751/full#supplementary-material

Figure S1 | Ten amino acid test maps of LAL2 N-terminal sequence (number 2).

Figure S2 | Sequence alignment results of LAL2 in Lampetra japonica,

Petromyzon marinus, and Lampetra fluviatilis.

Figure S3 | The secondary structure of LAL2 and LAL1. (A) The predicted results

on PSIPRED website of LAL2 secondary structures. Alpha helix, extended strand,

beta turn, and random coil account for 78.01, 5.76, 3.14, and 13.09%,

respectively. (B) The predicted results on PSIPRED website of LAL2 secondary

structures. Alpha helix, beta turn, and random coil account for 79.05, 5.71, and
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positive peak in LAL2, which conform to the CD spectrum of the α-helix in the
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positive peaks near 190 nm). (D) Sequence alignment analysis of sequence
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sequence Helix3 (88–98), and it is also similar to the APOA1 sequence Helix4, 5,
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Figure S4 | Expression and purification of rLAL2 protein and preparation of

antibodies. (A) Prokaryotic expression and purification of rLAL2. M, low

molecular-weight protein marker; lane 1, non-induced Rosetta/pET32a-lal2 cells;

lane 2, induced Rosetta/pET32a-lal2 cells using IPTG; lane 3, purified LAL2

recombinant protein, black line points at the target protein. (B) ELISA assay to

assess the serum anti-LAL2 polyclonal antibody titer from two rabbits. (C)

Analysis of the specificity of the rabbit anti-LAL2 polyclonal antibody using

western blot. lane 1, LAL2 recombinant protein; lane 2, lamprey serum. (D)

LC-MS/MS analysis trypic-digested peptides of LAL2-Dimer.

Figure S5 | Purification of natural LAL2 protein with anion exchange

chromatography. (Left) The map of natural LAL2 protein purification process with

anion exchange chromatography from UNICORN 7.0; (Right) Purification of natural

LAL2 protein. M, low molecular-weight protein marker; lane 1, No. 46 serum

sample; lane 2, Flow-through fluid; lane 3, Equilibrium fluid; lane 4, Eluent 20; lane

5, Eluent 25; lane 6, Eluent 30.
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The buccal mucosa (BM) of vertebrates is a critical mucosal barrier constantly exposed
to rich and diverse pathogens from air, water, and food. While mammals are known to
contain a mucosal associated lymphoid tissue (MALT) in the buccal cavity which induces
B-cells and immunoglobulins (Igs) responses against bacterial pathogens, however, very
little is known about the evolutionary roles of buccal MALT in immune defense. Here
we developed a bath infection model that rainbow trout experimentally exposed to
Flavobacterium columnare (F. columnare), which is well known as a mucosal pathogen.
Using this model, we provided the first evidence for the process of bacterial invasion
in the fish BM. Moreover, strong pathogen-specific IgT responses and accumulation
of IgT+ B-cells were induced in the buccal mucus and BM of infected trout with
F. columnare. In contrast, specific IgM responses were for the most part detected in
the fish serum. More specifically, we showed that the local proliferation of IgT+ B-cells
and production of pathogen-specific IgT within the BM upon bacterial infection. Overall,
our findings represent the first demonstration that IgT is the main Ig isotype specialized
for buccal immune responses against bacterial infection in a non-tetrapod species.

Keywords: evolution, mucosal immunoglobulins, B-cells, buccal mucosa, bacterial infection

INTRODUCTION

Due to its broad geographic distribution and ability to adhere to mucosal tissues, Flavobacterium
columnare (F. columnare) is considered as one of the most harmful bacterial pathogens that
occurs worldwide and causes columnaris disease in most freshwater fish species, including rainbow
trout (Oncorhynchus mykiss) (1–3). The pathogen is a long Gram-negative rod in the family
Flavobacteriaceae, one of the main phyletic lines within the Bacteroidetes group from the domain
(4). Columnaris disease generally begins as an external infection on the skin, fins, gills, or oral
cavity (5), resulting in massive mortalities and economic losses. Previous studies have showed that
interaction with mucosal surfaces is critical for the pathogenesis and pathological symptoms of
F. columnare (6, 7). Therefore, it’s necessary to understand the mechanisms responsible for mucosal
immune responses to columnaris disease.

The buccal cavity (BC) represents the gateway of the gastrointestinal (GI) and respiratory tracts
in vertebrates (8), and it is covered by a critical mucosal barrier (buccal mucosa, BM) that separates
and protects the underlying tissues from the environment (9). Since the BM is continuously exposed
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to a plethora of triggers including diverse commensal microbial
communities and dietary and air- or waterborne antigens that
may cause infection, vertebrates have evolved an effective innate
and adaptive immune system to protect the BM surface (8). In
mammals, extensive and organized mucosa-associated lymphoid
tissue (MALT) has been characterized in the BM (10), which
contains abundant immune cells (macrophages, dendritic cells,
natural killer cells, and leukocytes) and effective molecules
[immunoglobulins (Igs), cytokines, chemokines, antibacterial
peptides, and complement factors] (11). Interestingly, in contrast
with mammals, teleost BM lacks keratinization and salivary
glands (12). In addition, our previous studies have shown that
diffuse MALT appears in teleost BM and contains B-cells and Igs
against waterborne antigens (13).

In mammals, secretory IgA (sIgA) is produced by local
plasma cells (PCs) in the stroma of the salivary glands and
is then transported to the oral mucosal surface mediated by
polymeric Ig receptor (pIgR) (14). Moreover, sIgA, one of the
principal antibodies present in saliva, could act against cariogenic
bacteria and periodontopathic bacteria as well as maintain the
homeostasis of the oral microbiota by limiting the colonization
of microorganisms and their invasion of the buccal epithelium
(11, 15, 16). Therefore, these results indicate that sIgA is the
main humoral component involved in immune responses against
oral bacterial pathogens (14). Interestingly, as there are many
more bacterial pathogens in water than in air, aquatic vertebrates
like teleost fish must have evolved an effective mucosal immune
system to protect their BC. However, the teleost fish immune
response against bacterial infection in the BM remains unknown.

In contrast to mammals (mainly containing IgM, IgG, IgA,
IgD, and IgE), only three Ig isotypes have been identified
in teleosts (IgM, IgT/IgZ, and IgD) (17). Teleost IgM is the
prevalent Ig class in serum and it appears to have strong immune
responses in systemic immunity (17, 18). Although secreted
IgD (sIgD) has been described coating a low percentage of
the bacteria in gill and buccal mucosal surface, and a high
percentage in gut of rainbow trout (O. mykiss) (13, 19, 20),
its function remains unknown. In contrast, teleost IgT (also
named IgZ) was identified in 2005 (21, 22), and it was proven
to play a predominant role in the mucosal immunity of teleosts,
resembling the IgA in mammals (18). Recently, the research has
shown the specialization of sIgT in protection of mucosal sites
from pathogens and preservation of microbiota homeostasis (23).
Notably, our previous studies have shown parasite-specific IgT
and IgM titers in teleost buccal mucus and serum, respectively,
indicating a specialized role of IgT in BM immune responses
(13). However, after bacterial infection, the local responses of
mucosal B-cells and specific responses mediated by IgT in teleost
BM are thus far unknown. Interestingly, bacteria-specific IgA
antibodies have been detected in saliva after bacterial infection
in mammalians (24, 25). Since teleost IgT and mammalian IgA
have evolved through a process of convergent evolution, we
hypothesize that sIgT plays a key role in fish buccal immune
responses to bacterial infection. To gain evidence for this
hypothesis and further insight into the evolution of buccal
B-cell responses, here, we developed a bath infection model with
F. columnare in rainbow trout, a species often used in the field

of evolutionary and comparative immunology. Furthermore,
severely pathological changes and pathogen loads were found
in trout BM after infection. Importantly, similar to the previous
studies on salivary IgA, we showed that IgT is the main buccal
Ig class in responses to bacterial pathogens. Moreover, we found
that the local proliferation of IgT+ B-cells and production of IgT
occurred in trout BM resistance to bacterial infection, and thus
characterized the unrecognized vital role of sIgT antibacterial
infection in the BM of teleost fish.

MATERIALS AND METHODS

Fish Maintenance
Rainbow trout (mean weight, 3–5 g) were obtained from a
fish farm in Shiyan (Hubei, China), and maintained in the
aquarium tanks (1 m × 1 m × 1 m) using a water recirculation
system involving thermostatic temperature control and extensive
biofiltration. Fish were acclimatized for at least 2 weeks at 16◦C
and fed daily with commercial trout pellets (Efico) at a rate of 0.5–
1% body weight during the whole experiment periods. Animal
procedures were approved by the Animal Experiment Committee
of Huazhong Agricultural University.

F. columnare Strain and Infection
The bacteria used in this study was F. columnare G4 strain
that obtained from Professor Pin Nie’s lab in the Institute of
hydrobiology Chinese academy of sciences. F. columnare strain
G4 was streaked from −80◦C freezer and routinely cultured in
Shieh broth as described previously (7). For F. columnare G4
infection, two types of challenges were performed. In the first
challenge, 60 fish (∼3–5 g) were challenged with F. columnare
G4 via immersion at a final concentration of 1 × 106 CFU
ml−1 for 4 h at 16◦C for each challenge experiment, and then
transferred into the aquarium (1 m × 1 m × 1 m) containing
new aquatic water. Tissue samples including BM, head kidney
and spleen were collected from 6 individuals at days 1, 2, 4,
7, 14, 21, 28, and 75 after infection. Moreover, fluids (serum
and buccal mucus) were taken from 12 individuals after 28 days
post-infection (28 dpi, infected group). In the second challenge,
another 60 fish were infected at 30 and 60 days post primary
infection, and samples were taken at 75 days post-infection
(75 dpi, immune group). Both experiments were performed at
least three independent times. As a control (mock infected),
the same number of fish were maintained in a similar tank
(1 m × 1 m × 1 m) with the same culture medium without
bacteria. The samples from control fish were also collected at
days 1, 2, 4, 7, 14, 21, 28, and 75 post the medium culture mock
challenge. Throughout this time, the fish were maintained in a
flow through aquaria at 16◦C, and fed daily with dry pellets at
0.5–1% biomass.

Distribution of F. columnare in Trout After
Infection
To observe the invasion of F. columnare in BM and the
distribution in trout tissues, we used green fluorescent protein
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(GFP) labeled F. columnare G4 strain (with green fluorescent
protein, offered by Professor Pin Nie’s lab) infected as described
above. Tissue samples (BM, gill, skin, and fin) were collected
at days 1, 2, and 4 after infection. On the one hand, samples
were washed three times with PBS to remove the bacteria on
surface. Each sample was placed into sterile sample tube and
then diluted with PBS at final concentration of 0.1 g ml−1

and homogenized by TissueLyser II (Jingxin Technology) using
steel beads and shaking (60 HZ for 1 min) following the
manufacturer’s instructions. Then the homogenates were diluted
tenfold and plated onto Shieh culture containing tetracycline,
incubated at 28◦C for 48 h. Bacterial counts were done in a
double-blind fashion by two independent researchers using the
fluorescence microscope as described previously (26). On the
other hand, tissue samples (BM, gill, skin, and fin) were dissected
and processed for routine histology to detect the localization
of F. columnare used by fluorescence microscope as described
previously (27). All images were acquired and analyzed using
an Olympus BX53 fluorescence microscope (Olympus) and the
iVision-Mac scientific imaging processing software (Olympus).

Histology, Light Microscopy and
Immunofluorescence Microscopy
Studies
The tissues of rainbow trout were dissected and fixed in
4% neutral buffered formalin overnight at 4◦C, embedded in
paraffin, and 4 µm thick sections stained with hematoxylin
and eosin (H&E) or alcian blue (AB) as described previously
(13). Images were acquired in a microscope (Olympus) using
the Axiovision software. For the detection of IgT+ and IgM+
B-cells, sections were double stained with polyclonal rabbit anti-
trout IgT (pAb; 0.5 µg ml−1) and monoclonal mouse anti-
trout IgM (IgG1 isotype; 1 µg ml−1) overnight at 4◦C. After
washing three times, sections were stained with Alexa Fluor 488-
conjugated AffiniPure Goat Anti-Rabbit IgG (H + L) and Cy3-
conjugated AffiniPure Goat Anti-Mouse IgG (H + L) (Jackson
ImmunoResearch Laboratories Inc.) at 2.5 µg ml−1 each for
40 min at room temperature to detect IgT+ and IgM+ B-cells,
respectively. For detection of pIgR+ cells in trout BM, we used
the same methodology described previously by using polyclonal
rabbit anti-pIgR antibody (pAb; 0.8 µg ml−1) (18). Before
mounting, all sections were stained with DAPI (4’, 6-diamidino-
2-phenylindole; 1 µg ml−1; Invitrogen). All images were acquired
and analyzed using an Olympus BX53 fluorescence microscope
(Olympus) and the iVision-Mac scientific imaging processing
software (Olympus).

RNA Isolation and Quantitative
Real-Time PCR Analysis
Total RNA was extracted by homogenization in 1 ml TRIZol
(Invitrogen) using steel beads and shaking (60 HZ for 1 min)
following the manufacturer’s instructions. A spectrophotometry
(NanoPhotometer NP 80 Touch) was used to quantitate the
extracted RNA and agarose gel electrophoresis was used to
determine the integrity of the RNA. To normalize gene
expression levels equivalent amounts of the total RNA (1000 ng),

each sample was used for cDNA synthesis with the SuperScript
first-strand synthesis system for Quantitative PCR (qPCR;
Yeasen) in a 20 µl reaction volume. The synthesized cDNA was
diluted 4 times and then used as a template for qPCR analysis.
The total volume of qRT-PCR amplification system were 10 µl,
containing 5 µl Master mix, 0.25 µl forward primer, and 0.25 µl
reverse primer (10 µM), 1 µl diluted cDNA (200 ng), and 3.5 µl
nuclease-free water. The internal control gene elongation factor
1α (EF1α) was employed as reference gene. The qPCRs were
performed on a 7500 qPCR system (Applied Biosystems) using
the EvaGreen 2 × qPCR Master mix (Yeasen). All samples were
performed the following conditions: 95◦C for 5 min, followed by
40 cycles at 95◦C for 10 s and at 58◦C for 30 s. A dissociation
protocol was carried out after thermo cycling to confirm a band
of the correct size was amplified. Ct values determined for each
sample were normalized against the values for housekeeping
gene (EF1α). The relative expression levels of immune-related
genes were shown as −11Ct while the relative abundance of
F. columnare were shown as 2−11Ct. Primer sequences can be
found in Supplementary Table S1. The relative expression level
of the genes was determined using the Pfaffl’s method (28).

DNA Extraction and PCR Amplification
To detect F. columnare in trout BM of different time points
of experimental group, BM pieces with mucus were collected.
About 10 mg BM sample was collected and homogenized
by beads beating for 2 min at 60 Hz. DNA was extracted
by using the E.Z.N.A. R© soil DNA Kit (Omega Bio-tek,
Norcross, GA, United States) according to manufacturer’s
protocols and assessed photometrically using a NanoDrop
2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington,
United States). The 16S rRNA specific primer was used to amplify
the extracted DNA by thermocycler PCR system (GeneAmp
9700, ABI, United States). PCR reactions were performed in
triplicate 20 µl mixture containing 4 µl of 5× FastPfu Buffer, 2 µl
of 2.5 mM dNTPs, 0.8 µl of each primer (5 µM), 0.4 µl of FastPfu
Polymerase, and 10 ng of template DNA. The PCR reactions were
conducted using the following program: 3 min of denaturation
at 95◦C, 27 cycles of 30 s at 95◦C, 30 s for annealing at 55◦C,
and 45 s for elongation at 72◦C, and a final extension at 72◦C
for 10 min. The PCR products were extracted from a 2% agarose
gel and further purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, United States) and
quantified using QuantiFluorTM-ST (Promega, United States)
according to the manufacturer’s protocol.

Proliferation of B-Cells in the BM of Trout
For proliferation of B-cells studies, we modified the methodology
as previously reported by us (13, 19, 29). Briefly, control and
immune fish (∼15 g) were anesthetized with MS-222 and
intravenously injected with 200 µg EdU (Invitrogen). After 24 h,
the BMs from control and survival fish were dissected, fixed
and embedded in paraffin as described above. Subsequently,
the paraffin sections of BM were incubated at 4◦C overnight
with rabbit anti-trout IgT (pAb; 0.5 µg ml−1) and mouse
anti-trout IgM (IgG1 isotype; 1 µg ml−1). After washing with
PBS, paraffin sections were incubated for 45 min at room
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temperature with Alexa Fluor 488-conjugated AffiniPure Goat
anti-rabbit IgG and Cy3-conjugated AffiniPure Goat anti-mouse
IgG (Jackson ImmunoResearch Laboratories Inc.) at 2.5 µg
ml−1 each. EdU+ cell detection was performed according to
the manufacturer’s instructions (Click-iT EdU Alexa Fluor 647
Imaging Kit, Invitrogen). Cell nuclei were stained with DAPI
(1 µg ml−1) before mounting with fluorescent microscopy
mounting solution. Images were acquired and analyzed using
an Olympus BX53 fluorescence microscope (Olympus) and the
iVision-Mac scientific imaging processing software (Olympus).

Collection of Serum and Buccal Mucus
For sampling, trout were anesthetized with MS-222, and serum
was collected and stored as described previously (29). To obtain
the buccal mucus, we used the method described by Yu et al.
(13). Fish BM tissue was excised and rinsed with PBS to remove
the remaining blood. Thereafter BM tissue was incubated for
12 h at 4◦C, with slightly shaking in protease inhibitor buffer
(1 × PBS, containing 1 × protease inhibitor cocktail [Roche],
1 mM phenylmethylsulfonyl fluoride [Sigma]; pH 7.2) at a ratio
of 250 mg of BM tissue per ml of buffer. The suspension
(buccal mucus) was collected into an Eppendorf tube, and then
vigorously vortexed and centrifuged at 400 g for 10 min at 4◦C to
remove trout cells. Then the cell-free supernatant was centrifuged
at 10,000 g for 10 min at 4◦C to remove the buccal bacteria from
mucus. The resulting supernatant (containing buccal mucus) was
harvested, filtered with 0.45 µm syringe filter (Millipore) and
stored at 4◦C prior to use.

SDS-PAGE and Western Blot
Buccal mucus and serum samples were resolved on 4–15% SDS-
PAGE Ready Gel (Bio-Rad) under non-reducing conditions as
described previously (13, 19). For western blot analysis, the gels
were transferred onto PVDF membranes (Bio-Rad). Thereafter,
the membranes were blocked with 8% skim milk and incubated
with anti-trout IgT (rabbit polyclone antibody, pAb), anti-trout
IgM (mouse monoclonal antibody, mAb), or biotinylated anti-
trout IgD (mouse mAb) antibodies followed by incubating with
peroxidase-conjugated anti-rabbit, anti-mouse IgG (Invitrogen)
or streptavidin (Invitrogen). Immunoreactivity was detected with
an enhanced chemiluminescent reagent (Advansta) and scanned
by GE Amersham Imager 600 Imaging System (GE Healthcare).
The captured gel images were analyzed by ImageQuant TL
software (GE Healthcare). Thereafter, the concentration of IgT,
IgM, and IgD were determined by plotting the obtained signal
strength values on a standard curve generated for each blot using
known amounts of purified trout IgT, IgM, or IgD.

Trout BM Explants Culture
Trout BM explants culture were used the similar method as
previously described (13, 19). Briefly, control and immune fish
were killed with an overdose of MS-222, and blood was removed
through the caudal vein to minimize the blood content in the BM.
Thereafter, approximately 20 mg of BM was submerged in 70%
ethanol for 1 min to eliminate possible bacteria on their surface
and then washed twice with PBS. Thereafter, tissues were placed
in a 24-well plate and cultured with 400 µl DMEM medium

(Invitrogen), supplemented with 10% FBS, 100 U ml−1 penicillin,
100 µg ml−1 streptomycin, 200 µg ml−1 amphotericin B, and
250 µg ml−1 gentamycin sulfate, with 5% CO2 at 17◦C. After
7 days culture, supernatants were harvested, centrifuged and
stored at 4◦C prior to use the same day, otherwise, stored at
−80◦C until further analysis.

Binding of Trout Immunoglobulins to
F. columnare
To access whether infected and immune fish had generated
F. columnare-specific immunoglobulins, we measured the
capacity of IgT, IgM, and IgD from serum, buccal mucus or
BM tissue explant supernatants to bind to F. columnare using
a pull-down assay as described previously (13, 19). Initially, the
F. columnare suspensions (1× 108 CFU ml−1) were preincubated
with a solution of 0.5% BSA in PBS (pH 7.2) at 4◦C for 2 h.
Subsequently, 40 µl F. columnare were incubated with diluted
fluids samples (buccal mucus, serum, or BM tissue explant
supernatants) separately from infected, immune and control fish
at 4◦C for 4 h with continuous shaking in a 300 µl volume with
PBS containing 1% BSA (pH 7.2). After incubation, the bacteria
were washed three times with PBS and bound proteins were
eluted with 2× Laemmli Sample Buffer (Bio-Rad) and boiled for
5 min at 95◦C. The eluted material was resolved on 4–15% SDS-
PAGE Ready Gel (Bio-Rad) under non-reducing conditions, and
the presence of IgT, IgM, or IgD was detected by western blotting
using the anti-trout IgT, IgM, or IgD antibody as described above.

Statistics
An unpaired Student’s t-test and one-way analysis of variance
with Bonferroni correction (Prism version 6.01; GraphPad)
were used for analysis of differences between groups. All data
were expressed as mean ± SEM. Differences were considered
significant when P < 0.05.

RESULTS

Pathological Changes in Trout BM After
Bacterial Infection
Here, we showed the morphological structure of trout BM
containing epithelium and an underlying layer of dense
connective tissue (lamina propria; Supplementary Figure S1).
To observe the invasion and distribution of bacterial pathogens
in trout BM, we successfully constructed a bath infection model
with F. columnare labeled by GFP (Figure 1 and Supplementary
Figure S2). At 2 days post-infection, we clearly detected that the
classical phenotype of columnaris disease appeared in the trout,
characterized by gill necrosis and fin rot, and we saw yellow
dots suspected to be F. columnare on the surface of the fins and
skin (Figure 1A). Interestingly, we detected a large number of
bacteria with green fluorescence in trout BM from 2-day-infected
fish by fluorescence microscope (Supplementary Figure S2C).
Notably, the tissue homogenates of trout BM from control and
2-day-infected fish were both cultured on Shieh agar, and the
bacterial colonies that were rhizoid and flat with yellow centers
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FIGURE 1 | Detection and visualization of F. columnare in rainbow trout. (A) The phenotype (e.g., gill necrosis and fin rot) of rainbow trout was observed at days 2
after infection with F. columnare. (B) The culture plates from trout BM of control fish and infected fish at days 2 post-infection. Colony image: a magnified view of
circled colony from infected fish by fluorescence microscope (original magnification, ×10), Scale bar, 200 µm. Bacteria image: the observation of bacterial solution
obtained by circled colony expansion (original magnification, ×40), Scale bar, 10 µm. (C) Numbers of F. columnare (CFU g−1) was calculated by plate counting in
trout BM, gill, skin, and fin tissue samples of infected fish at days 2 post-infection, respectively (n = 6) were 8.73 × 104, 7.83 × 104, 1.57 × 105, and
5.51 × 103 CFU g−1. (D) Histological examination by hematoxylin/eosin staining (top) and immunofluorescence staining (bottom) of trout BM, gill, skin and fin
paraffinic sections from 2 days infected fish. Differential interference contrast (DIC) images showing merged staining with F. columnare (green) and nuclei (blue).
(E) Heat map demonstrated results from qRT-PCR of mRNAs for F. columnare in infected fish versus control fish measured on days 1, 2, 4, 7, 14, 21, 28, and 75
post-infection in BM of rainbow trout (n = 6). (F) Localization of F. columnare in trout BM of control fish and infected fish at days 1, 2, and 4 after infection. The white
arrow indicates invasion process of F. columnare in BM. BE, buccal epithelium; Lp, lamina propria; SM, submucosa; PL, primary lamellae; SL, secondary lamellae;
Ep, epidermis; SC, scales; De, dermis; and Le, lepidotrichia. Scale bar, 20 µm. Data are representative of three independent experiments (mean ± SEM).

were detected only in infected trout. In addition, these single
colonies were isolated to grow in pure culture, and characteristic
elongated rod-shaped bacteria with green fluorescence were
clearly observed by fluorescence microscope (Figure 1B), which
further verified the successful invasion of F. columnare in trout
BM after infection.

Next, we measured the amount of F. columnare by plate
counting in trout BM, gill, skin, and fin tissue samples of 2-
day-infected fish. Interestingly, high numbers of bacteria were
detected in the BM (8.73 × 104 CFU g−1), gill (7.83 × 104 CFU
g−1), skin (1.57 × 105 CFU g−1), and fins (5.51 × 103 CFU
g−1; Figure 1C). Moreover, using H&E and immunofluorescence
microscopy analysis, we observed the F. columnare mainly
located on the epithelium of trout BM, gill, skin, and fins after
infection (Figure 1D). By quantitative real-time PCR (qRT-PCR)
and PCR, we detected the expression of F. columnare 16S rRNA
in the BM of both trout after bacterial infection and control

fish (Figure 1E and Supplementary Figure S2B). A time-series
study of F. columnare 16S rRNA expression showed that the
bacteria accumulated in trout BM mainly in the first 7 days after
challenge. Importantly, we observed that F. columnare gathered
especially on the mucus cells of the buccal epithelium on the
first day after challenge, and the localization of this bacterial
pathogen gradually moved down to the middle layer of the
buccal epithelium over time (Figure 1F), suggesting the invasion
pathway of F. columnare in trout BM.

Bacterial Infection Elicits Strong Immune
Responses in Trout BM
To assess the immune responses in trout BM after infection with
F. columnare, we detected morphological changes and analyzed
the expression of immune-related genes at each sampling time
point. By AB staining, morphological changes were easily
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FIGURE 2 | Pathological changes and immune response in the trout BM after infection with F. columnare. (A) Histological examination by AB staining of BM from
trout infected with F. columnare after 1, 2, 4, 7, 14, 28, and 75 days and uninfected control fish (n = 6 fish per group). (B) The number of mucus cells per millimeter in
the buccal epithelium of F. columnare-infected rainbow trout at 1, 2, 4 7, 14, 21, 28, and 75 days and control fish (n = 6 fish per group), counted in 25 fields from (A).
(C) Heat map illustrates results from quantitative real-time PCR of mRNAs for selected immune markers in F. columnare-infected fish versus control fish measured at
days 1, 2, 4, 7, 14, 21, 28, and 75 post-infection (n = 6 per group) in the BM of rainbow trout. Data are expressed as mean fold increase in expression. (D) Relative
expression of IgT, IgM, and IgD at days 1, 7, 28, and 75 post-infection with F. columnare in trout BM (n = 6 fish per group). BC, buccal cavity; BE, buccal epithelium;
and LP, lamina propria. Scale bars, 20 µm. **P < 0.01, ***P < 0.001 (unpaired Student’s t-test). Data are representative of three independent experiments
(mean ± SEM).

observed in the BM epithelium (Figure 2A), and the number of
mucus cells decreased significantly at different time points post-
infection, particularly at 28 days (Figure 2B). To study the mRNA
expression levels of immune-related genes and cell markers in
trout BM after infection, we measured 16 immune-related genes,
including the cytokines [interleukin (IL) 8 and 1β], chemokine
gene (chemokine-like 19), antimicrobial peptides [cathelicidin
(CATH) 1 and 2], complement factors (C2 and C1s), signal
transducer and activator of transcription 1 (STAT1), retinoic acid
inducible gene 1 (RIG1), heterochromatin protein 1 (HP1), nitric
oxide synthase 2 (NOS2), pIgR, and Ig heavy chain genes (IgT,
IgM, and IgD; Figure 2C and Supplementary Figures S3A,B;
primers used in this study are shown in Supplementary Table S1)
by qRT-PCR. Importantly, through our studies, we characterized
that strong immune responses occurred in trout BM, head
kidney and spleen after challenge with F. columnare. Notably,
in agreement with the highest level of F. columnare in the
BM, the significantly upregulated mRNA expression of immune-
related genes (e.g., CATH-2, HP1, IL-8, IL-1β, and RIG1) was

detected at days 1, 2, 4, and 7 post-infection (Figure 2C).
Interestingly, the expression of IgT (∼4-fold) and IgD (∼3-
fold) was upregulated significantly at 28 days post-infection
(Figure 2D). Moreover, in the trout head kidney and spleen,
the similar expression regulation of immune-related genes was
seen in the early stages of infection, while the expression of IgM
was upregulated significantly at days 28 and 75 post-infection
(Supplementary Figures S3A,B).

Responses of B-Cells and Igs in Trout
BM After Bacterial Infection
By immunofluorescence microscopy analysis, we observed few
IgT+ and IgM+ B-cells in the buccal epithelium of control fish
(Figure 3A; isotype-matched control antibodies, Supplementary
Figure S4A). Interestingly, in the F. columnare-infected group,
a moderate increase (∼4-fold) in the number of IgT+ B-cells
was observed in the trout buccal epithelium at day 28 post-
infection (Figures 3A,B). Notably, we detected substantially
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FIGURE 3 | Accumulation of IgT+ B-cells in the BM of trout infected with F. columnare. (A) Representative DIC images of immunofluorescence staining on paraffinic
sections of BM from uninfected control fish (left), infected fish (28 dpi, middle), and immune fish (75 dpi, right). IgT+ and IgM+ B-cells were stained with rabbit
anti-trout IgT (green) and mouse anti-trout IgM (red), respectively; nuclei were stained with DAPI (blue; isotype-matched control antibody staining, Supplementary
Figure S4 in Supporting Information). (B) The number of IgT+ and IgM+ B-cells in paraffinic sections of BM from uninfected control fish, infected fish, and immune
fish (n = 6 per group), counted in 20 fields from (A) (original magnification, × 20). (C,D) Concentration of IgT, IgM, and IgD in buccal mucus (C) and serum (D) of
control, infected, and immune fish (n = 12 per group). BC, buccal cavity; BE, buccal epithelium; and LP, lamina propria. Scale bar, 20 µm. *P < 0.05, **P < 0.01,
and ***P < 0.001 (one-way ANOVA with Bonferroni correction). Data in (B–D) are representative of at least three independent experiments (mean ± SEM).

more accumulation (∼6-fold) of IgT+ B-cells on the trout buccal
epithelium of immune fish (75 dpi) when compared with those
of control fish (Figures 3A,B). However, the abundance of IgM+
B-cells did not change significantly in the infected and immune
fish when compared with the controls (Figures 3A,B).

The high accumulation of IgT+ B-cells in trout BM after
F. columnare challenge led us to hypothesize a critical role of
IgT protein in BM. To address this hypothesis, by immunoblot
analysis, we found that the IgT concentration in the buccal
mucus of infected and immune fish increased by ∼3-fold and
∼11-fold when compared with control fish, respectively, which
is consistent with the results of immunofluorescence. However,
the concentration of IgM increased by ∼4-fold only in the
immune group (Figure 3C). In serum, ∼3-fold increases of
IgT concentration were detected in both infected and immune
fish. Conversely, in serum, ∼ 2-, and 3-fold increases of IgM
concentration were detected in infected and immune fish,
respectively, when compared with control fish (Figure 3D).
In contrast, the IgD protein concentration did not change

significantly in either the buccal mucus or serum of the same fish
groups (Figures 3C,D).

Bacteria-Specific Ig Responses in Trout
BM
The results of large increases of IgT protein levels in the buccal
mucus of infected and immune fish led us to hypothesize a
key role of bacteria-specific IgT in trout BM. To verify this
hypothesis, we measured the capacity of Igs from buccal mucus
and serum to bind to F. columnare with a pull-down assay
(Figure 4). In buccal mucus, we detected a significant increase
in bacteria-specific IgT binding in up to 1/40 dilution from
both infected (∼2.9-fold) and immune fish (∼4.8-fold) when
compared to control fish (Figures 4A–C). Interestingly, we
did not find any bacteria-specific IgM binding in the buccal
mucus (Figures 4A–C). In serum, we found a significant
increase in bacteria-specific IgT binding only in the 1/10
dilution (∼4.3-fold) and only in immune fish (Figures 4D–F).
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FIGURE 4 | Immunoglobulin responses in the buccal mucus and serum from infected and immune trout. (A) Western blot analysis of IgT-, IgM-, and IgD- specific
binding to F. columnare in buccal mucus (dilution 1:2) from infected and immune fish. (B,C) IgT-, IgM-, and IgD- specific binding to F. columnare in dilutions of buccal
mucus from infected (B) and immune (C) fish, evaluated by densitometric analysis of immunoblots and presented as relative values to those of control fish (n = 12
per group). (D) Western blot analysis of IgT-, IgM-, and IgD- specific binding to F. columnare in serum (dilution 1:10) from infected and immune fish. (E,F) IgT-, IgM-,
and IgD- specific binding to F. columnare in dilutions of serum from infected (E) and immune (F) fish, evaluated by densitometric analysis of immunoblots and
presented as relative values to those of control fish (n = 12 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired Student t-test). Data are representative of
three independent experiments (mean ± SEM).

In contrast, bacteria-specific IgM binding was found in up to
1/100 dilution (∼5.9-fold) of the diluted serum from immune
fish (Figures 4D–F). However, bacteria-specific IgD binding was
not detected in buccal mucus or serum from infected or immune
fish (Figure 4).

Local Proliferation of B-Cells and Ig
Responses in Trout BM After Bacterial
Infection
To evaluate whether there was an increase of IgT+ B-cells
in the trout BM of immune fish, we performed in vivo
proliferation studies of B-cells stained with 5-Ethynyl-2’-
deoxyuridine (EdU), which can incorporate into DNA during
cell division. Immunofluorescence microscopy analysis showed
a significant increase in the percentage of proliferating cells
in the trout BM of immune fish (∼5.88 ± 0.70%) when
compared with that of control animals (∼3.49 ± 0.85%;
Figures 5A,B). Interestingly, we detected a significant increase
in the proliferation of EdU+ IgT+ B-cells in immune fish
(∼5.76 ± 0.96%) when compared with that of control fish
(∼2.29 ± 1.32%; Figures 5A,C). However, no difference was

detected in the percentage of EdU+ IgM+ B-cells of control
fish and immune fish (Figures 5A,C). Next, we measured
bacteria-specific Igs titers from the medium of cultured BM
(Figures 5D,E). We detected a significant increase in bacteria-
specific IgT binding in up to 1/10 diluted medium (∼3.1-fold)
of cultured trout BM explants of immune fish when compared
to control fish (Figures 5D,E). Interestingly, negligible bacteria-
specific IgM and IgD titers were detected in the medium of
cultured trout BM explants from control and immune fish
(Figures 5D,E). Together, our results of the proliferation of IgT+
B-cells and production of IgT suggest that bacteria-specific IgT in
trout BM is locally generated after bacterial challenge.

Responses of pIgR in Trout BM After
Bacterial Infection
Our previous studies have shown that pIgR exists in trout
BM and mediates the transepithelial transport of secretory
Igs (13). Thus, we hypothesized that pIgR might conduct the
transportation of sIgs to the buccal mucus during the immune
responses to F. columnare. Using immunofluorescence analysis,
we observed that few of the buccal epithelial cells from naïve
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FIGURE 5 | Local Igs-specific responses in BM explants and proliferative responses of IgT+ and IgM+ B-cells in the BM from immune fish. (A) Immunofluorescence
analysis of EdU incorporation by IgT+ or IgM+ B-cells in the BM of control and immune fish. Paraffinic sections of BM were stained for EdU (magenta), trout IgT
(green), trout IgM (red), and nuclei (blue) detection. White arrowheads point to cells double stained for EdU and IgT. BC, buccal cavity; BE, buccal epithelium; and LP,
lamina propria. Scale bars, 20 µm. (B) Percentage of EdU+ cells from total BM cells in control or immune fish (n = 12 per group), counted in 20 fields from (A).
(C) Percentage of EdU+ cells from the total BM IgT+ and IgM+ B-cell populations in control and immune fish (n = 12 per group), counted in 20 fields from (A).
(D) The BM explants (∼20 mg each) from control and immune fish were cultured in medium (400 µl) for 7 days. Immunoblot analysis of IgT-, IgM-, and IgD-specific
binding to F. columnare in the culture medium of buccal mucosa (dilution 1:2) from control and immune fish. (E) IgT-, IgM-, and IgD-specific binding to F. columnare
in dilutions of buccal culture medium from control and immune fish, evaluated by densitometric analysis of immunoblots and presented as relative values to those of
uninfected control fish (n = 12 per group). *P < 0.05 and ***P < 0.001 (unpaired Student t-test). Data in (B,C,E) are representative of at least three independent
experiments (mean ± SEM).

fish were stained by the anti-trout pIgR polyclonal antibody
(Figure 6A). Interestingly, a significantly increased number
of pIgR+ cells was observed in the epidermis of trout BM
from infected (28 dpi, ∼1.7-fold) and immune (75 dpi, ∼2.0-
fold) fish (Figures 6A,B; isotype-matched control antibodies,
Supplementary Figure S4B), respectively, when compared with
those of control fish. Moreover, using qRT-PCR, the expression of
pIgR was found to be significantly upregulated in the trout BM of
infected (∼2.9-fold) and immune fish (∼2.9-fold), respectively,
when compared with that of control fish (Figure 6C).

DISCUSSION

The BM is a critical first line of defense in terrestrial vertebrates
(8, 11, 30). While mammals’ BC is known to contain a MALT,
which plays a key role in the control of bacterial pathogens
(10, 31), very little is known about the evolutionary origins
of buccal MALT and its primordial roles in immune defense.

Here, we report for the first time that F. columnare can infect
the BM of rainbow trout when the fish are exposed to this
type of bacteria by bath, the natural route of exposure, and
elicit local mucosal immune responses in trout BM. Moreover,
we show the critical role of sIgT and B-cell responses in
response to F. columnare infection in trout BM, which indicates
the evolutionary conserved functions of mucosal Igs in the
BM of vertebrates.

Previous studies have shown that columnaris disease is caused
by the Gram-negative bacterium F. columnare and severely
affects the global production of many fish species (2, 32). As
a mucosal bacterial pathogen, F. columnare infection results in
the damage of mucosal tissues, with a high degree of mortality
(2, 5, 32). In the present study, we successfully conducted a
waterborne challenge model of rainbow trout with F. columnare
G4. Notably, after 2 days of infection, clinical signs (frayed
fins, depigmented lesions on the skin, and necrotic gill lesions)
of columnaris disease were easily recognized, and rod-shaped
bacteria that form rhizoid colonies with green fluorescence on
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FIGURE 6 | Accumulation of pIgR+ cells in the BM of trout after infected with F. columnare. (A) DIC images of immunofluorescence staining on trout BM paraffinic
sections from control (top), infected (28 dpi, middle), and immune (75 dpi, bottom) fish, stained for pIgR (green) and nuclei with DAPI (blue; n = 12 fish per group;
isotype-matched control antibody staining, Supplementary Figure S4 in Supporting Information). (B) The number of pIgR+ cells in trout BM paraffin sections of
control, infected (28 dpi), and immune (75 dpi) fish (n = 12 fish per group), counted in 20 fields from (A). (C) Relative mRNA expression of pIgR in the BM of control,
infected and immune fish were detected by qRT-PCR (n = 6 fish per group). BC, buccal cavity; BE, buccal epithelium; and LP, lamina propria. Scale bar, 20 µm.
*P < 0.05 and ***P < 0.001 (one-way ANOVA with Bonferroni correction). Data in (B,C) are representative of at least three independent experiments (mean ± SEM).

solid growth medium could only be seen in the infected group.
Moreover, by culture plate counting and histological observation,
we found that the quantity and localization of F. columnare were
different in trout BM, gills, skin, and fins, suggesting that the
infection capacity and invasion rate of this bacterium vary in
different mucosal tissues. These results are in agreement with
the finding in mammalian BM after infection with bacterial
periodontal pathogens (Aggregatibacter actinomycetemcomitans,
Porphyromonas gingivalis, Tannerella forsythia, and Treponema
denticola), which can induce inflammatory responses that lead to
attachment loss and periodontal destruction (33, 34). Strikingly,
we described that bacteria loads were highest in the BM along
with the skin and similar to gill, which strongly indicates that
the buccal route of infection may be one of the main targets
of F. columnare, like skin and gill. It is interesting to note
that F. columnare gathered especially on the mucus cells of
the buccal epithelium on the first day after challenge, and the
localization of this bacterial pathogen gradually moved down to

the middle layer of the buccal epithelium over time. Moreover,
with the occurrence of infection, significantly decreased numbers
of mucus cells were observed in trout BM. These findings parallel
those obtained in a former study in which the membranes of
mucus cells ruptured and then the vesicle content was released,
forming mucus holding antimicrobial activity and offering
defense against bacterial pathogens (35–37). Overall, our results
represent a unique example of a bacterial pathogen that could
enter the BM of non-tetrapods.

In mammals, the buccal epithelium forms part of an
intercommunicating network of the immune system, in which
signals are regularly exchanged in dynamic interactions (11).
However, the immune responses against bacterial pathogens
in the BM of teleost fish have not yet been investigated.
Here, we showed that 16 immune-related genes, including
antibacterial peptides, cytokines, chemokines and complement
factors, were significantly upregulated in trout BM at the early
stages following F. columnare infection. These results correlated
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FIGURE 7 | Proposed model of local IgT and IgT+ B-cell induction in the BM after F. columnare infection. The trout BM contains mucus layer, epithelium layer and
lamina propria. The proposed model contains two partitions: control (left) and infected/immune (right). Induction of local IgT responses in the trout BM based on our
findings. The number of IgT+ B-cells in control fish BM is low. IgT are produced by IgT-secreting B cells and transported from the epithelium into the mucus layer via
pIgR. And the secreted IgT coats the majority of commensal bacteria in the BM surface (5). When F. columnare invaded the BM, antigen (Ag) can be taken up by
antigen-presenting cells (APC) and presented to naive CD4+ T-cells. Ag-specific CD4+ T-cells then produce cytokines to activate B cells. Activated B cells start
proliferating and may differentiation to plasma cells to locally produce F. columnare-specific IgT, which will be transported by pIgR into buccal mucus where can
specially binding to the F. columnare. Alternatively, some IgT+ plasma cells may differentiate into memory IgT+ B-cells. When F. columnare invade the host again, the
memory IgT+ B-cells would directly proliferate and differentiate into plasma cells, and then rapidly produce specific-IgT to bind F. columnare.

with the noteworthy histopathological changes in the BM of
the same animals. Importantly, we found significantly increased
mRNA expression levels of antimicrobial peptides, CATH-1 and
CATH-2, in trout BM immediately after F. columnare infection,
which form the first line of host defense against infectious
microorganisms prior to stimulating animals’ adaptive immune
systems (38–40). In addition, we described that the mRNA
expression levels of proinflammatory cytokines IL-8 and IL1-
β increased significantly after bacterial infection, which were
induced similarly in mammal gingival epithelial cells against
bacterial pathogens, P. gingivalis and Lactobacillus acidophilus
(41). Combined with those of previous studies, our results
indicate that F. columnare infection induces drastic inflammatory
reactions as well as strong immune responses in the trout

buccal epidermis, which is similar to what happens in the
mammalian BM (10).

It has been well established that mammalian sIgA is the
predominant Ig in saliva and is considered the main specific
defense molecule in the BM. Notably, previous studies have
shown a positive relationship between the concentration of
salivary IgA and periodontal disease, which is caused by bacterial
pathogens (14, 15). Interestingly, our previous report proved the
presence of a diffuse MALT in trout BM, which is characterized by
an epithelial layer containing a higher percentage of IgT+ B-cells
than IgM+ B-cells, similar to what was previously described
in other mucosa tissues of teleost (18, 19, 42–44). However,
whether the IgT+ B-cells and sIgT play predominant roles in
the BM of fish after bacterial infection is presently unknown. In
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this study, we found significant increases in the concentration
of IgT but not IgM or IgD in the buccal mucus of infected
and immune fish exposed to F. columnare, in accordance with
the large accumulation of IgT+ but not IgM+ B-cells in the
trout BM of the same individuals. Our results parallel those
obtained in a previous study that indicated that trout surviving
infection with the parasite Ichthyophthirius multifiliis exhibited
large accumulations of IgT and IgT+ B-cells in the trout BM (13).
Interestingly, similar dramatic increases of IgA secretion as well
as IgA-positive cells in the salivary glands have been described
in mammals following infection with the bacteria Streptococcus
mutans (45). Interestingly, we found that the protein levels and
mRNA expression of Igs were inconsistent and showed poor
correlations, especially at days 75 post infection (the protein
levels of IgT and IgM increased significantly while the mRNA
expression not changed), this result might due to different
infection methods. A constant stimulation for fish (75 dpi) made
them obtain high immunity, performed as increased protein
levels of Igs. However, the detection of mRNA expression was
based on challenge once. Since there were many complicated
and varied post-transcriptional mechanisms involved in turning
mRNA into protein that were not yet sufficiently well-defined
to be able to compute protein concentrations from mRNA. In
addition, proteins might differ substantially in their in vivo
half-lives (46), and these reasons caused different performance
between protein and mRNA expression. Importantly, our study
for the first time showed the detection of bacteria-specific titers
of all three-existing teleost Igs in the buccal mucus and found
pathogen-specific IgT titers mainly in the buccal mucus and
to a much lesser degree in the serum of immune fish. In
contrast, pathogen-specific IgM titers were detected only in the
serum. Similarly, it was shown that P. gingivalis infection elicited
P. gingivalis-specific IgA responses in saliva as well as IgG and
IgA in serum (47). Moreover, experiments with animal models
have also shown that salivary IgA specific to Candida albicans has
an inhibitory effect on the adherence of C. albicans yeast cells to
oral surfaces (24, 25). Overall, our results indicate that mucosal
Ig (sIgT) play a key role in the BM immunity against bacterial
pathogens of fish.

By in vivo proliferation assays, we found significant
proliferative IgT+ B-cell responses in trout BM, suggesting
that the accumulation of IgT+ B-cells in the BM after bacterial
infection is due to local proliferation, although this remains
to be fully demonstrated. In addition, the production of
high titers of bacteria-specific IgT in buccal explant cultures
confirmed the local production of bacteria-specific IgT and
further demonstrated the presence of specific PCs in the local
BM. These results parallel our previous findings on the trout
gills and olfactory organ (19, 44) and suggest that trout BM
acts as both an inductive and effector site of IgT responses. In
contrast, mammalian BM works only as an effector site (48, 49),
and most activated B-cells in the salivary glands of mammalians
mainly migrate from gut-associated lymphoid tissue (GALT) and
nasopharynx-associated lymphoid tissue (NALT), and the sIgA
is produced by local PCs in the stroma of the salivary glands
(14, 50). Hence, based on the results from previous studies in
mammals and our study in trout, it suggested that although there

are different molecules (sIgT versus sIgA) and cell types/glands
(mucus-secreting cells versus salivary glands) in the BM of fish
and mammals, functionally analogous strategies can be used to
fight bacterial pathogens under evolutionary selective force.

It is well established that the transepithelial transport of
secretory Igs into the mucosal surfaces is mediated by pIgR in
both mammals and teleosts (17, 19, 51). Previous studies have
shown that the putative trout secretory component (tSC) of
pIgR is associated with sIgT in buccal mucus (13). However, the
contribution of pIgR to the bacterial infection is unclear. Here,
we found that trout pIgR (tpIgR) was mainly expressed in the
epithelial layer of the trout BM, and we detected significantly
increased numbers of pIgR+ cells and transcript levels of pIgR in
the BM from bacterial-infected trout when compared with that
in the control group. Interestingly, in a study of germ-free mice
implanted with Bacteroides thetaiotaomicron, the expression of
pIgR was upregulated (52). Thus, together with previous studies,
our results strongly suggest an important role of pIgR in the
transport of Igs into the buccal mucus in both mammals and
teleosts after bacterial infection.

In conclusion, our results provide the first evidence for the
process of bacterial invasion in trout BM. Moreover, following
bacterial infection, pathological changes, immune-related gene
upregulation, as well as B-cell proliferation and bacteria-specific
IgT production events occur within trout BM (Figure 7). Thus,
from an evolutionary viewpoint, our results not only expand our
view of buccal immune systems from a novel perspective but also
reinforce the idea of mucosal Igs (sIgT and sIgA) specialized in
fish and mammalian mucosal immunity through primordially
conserved principles. In addition, since many pathogens invade
fish through the BM, our findings suggest that buccal vaccination
may be an effective way to prevent aquatic bacterial diseases.
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Supplementary Figure 1 | An overview of rainbow trout buccal area. (A) The
image representing the anatomical location and morphology of trout buccal area.
(B,C) Histological examination by Hematoxylin/eosin (H&E) staining of trout BM

(B) and enlarged images (C) of the areas outlined. BE, buccal epithelium; LP,
lamina propria; and SM, submucosa. Scale bar, 20 µ m.

Supplementary Figure 2 | Successful infection with F. columnare in BM of trout.
(A) Percentage survival of control and fish infected with F. columnare (n = 60 fish
per group). (B) Detection of F. columnare by PCR in trout BM at days 1, 2, 4, 7,
14, 21, 28, and 75 after infection. (C) Representative DIC images of trout BM
tissues isolated from infected fish at days 2 post-infection. The respective images
were obtained and merged as illustrated. Scale bars, 100 µm. P < 0.01 (unpaired
Student’s t-test). Data are representative of three independent experiments
(mean ± SEM).

Supplementary Figure 3 | Kinetics of the immune response in head kidney and
spleen of trout after infected with F. columnare. (A,B) Heat map illustrates results
from qRT-PCR of mRNAs for selected immune markers in F. columnare-infected
fish versus control fish measured at days 1, 2, 4, 7, 14, 21, 28, and 75
post-infection in trout head kidney (A) and spleen (B; n = 6 fish per group) Data
are representative of three different independent experiments (mean ± SEM).

Supplementary Figure 4 | Isotype control staining for anti-IgT, anti-IgM, and
anti-pIgR antibodies in trout BM paraffin-sections. DIC images of buccal
paraffin-sections from control fish, with merged staining of isotype control
antibodies for anti-trout IgT pAb (green) and anti-trout IgM (red) mAb (A), or
anti-trout pIgR (green) mAb (B). Nuclei were stained with DAPI (blue). BC, buccal
cavity; BE, buccal epithelium; LP, lamina propria. Scale bars, 20 µm. Data are
representative of three independent experiments.

Supplementary Table 1 | Primers used in this study.
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J, et al. Cathelicidins: family of antimicrobial peptides. A review. Mol Biol Rep.
(2012) 39:10957–70. doi: 10.1007/s11033-012-1997-x

40. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature. (2002)
415:389–95. doi: 10.1038/415389a

41. Zhao JJ, Feng XP, Zhang XL, Le KY. Effect of Porphyromonas gingivalis
and Lactobacillus acidophilus on secretion of IL1B, IL6, and IL8 by gingival
epithelial cells. Inflammation. (2012) 35:1330–7. doi: 10.1007/s10753-012-
9446-5

42. Xu Z, Parra D, Gómez D, Salinas I, Zhang Y-A, von Gersdorff JL, et al. Teleost
skin, an ancient mucosal surface that elicits gut-like immune responses. Proc
Natl Acad Sci USA. (2013) 110:13097–102. doi: 10.1073/pnas.1304319110

43. Tacchi L, Musharrafieh R, Larragoite ET, Crossey K, Erhardt EB, Martin SAM,
et al. Nasal immunity is an ancient arm of the mucosal immune system of
vertebrates. Nat Commun. (2014) 5:5205. doi: 10.1038/ncomms6205

44. Yu YY, Kong W, Yin YX, Dong F, Huang ZY, Yin GM, et al. Mucosal
immunoglobulins protect the olfactory organ of teleost fish against parasitic
infection. PLoS Pathog. (2018) 14:e1007251. doi: 10.1371/journal.ppat.
1007251

45. Colombo NH, Pereira JA, da Silva ME, Ribas LF, Parisotto TM, Mattos-
Graner Rde O, et al. Relationship between the IgA antibody response against
Streptococcus mutans GbpB and severity of dental caries in childhood. Arch
Oral Biol. (2016) 67:22–7. doi: 10.1016/j.archoralbio.2016.03.006

46. Greenbaum D, Colangelo C, Williams K, Gerstein M. Comparing protein
abundance and mRNA expression levels on a genomic scale. Genome Biol.
(2003) 4:117–117. doi: 10.1186/gb-2003-4-9-117

47. Shimizu Y, Iwasaki T, Tajima T, Yuba E, Kono K, Watarai S. Induction
of antibody response in the oral cavity of dogs following intraocular (eye
drop) immunization with Porphyromonas gingivalis cell lysate incorporated
in pH-sensitive fusogenic polymer-modified liposomes. J Vet Med Sci. (2017)
79:290–8. doi: 10.1292/jvms.16-0338

48. Brandtzaeg PER. Do salivary antibodies reliably reflect both mucosal and
systemic immunity? Ann N Y Acad Sci. (2007) 1098:288–311. doi: 10.1196/
annals.1384.012

49. Novak N, Haberstok J, Bieber T, Allam JP. The immune privilege of the oral
mucosa. Trends Mol Med. (2008) 14:191–8. doi: 10.1016/j.molmed.2008.03.
001

50. Hashizume-Takizawa T, Shibata N, Kurashima Y, Kiyono H, Kurita-Ochiai T,
Fujihashi K. Distinct roles for Peyer’s patch B cells for induction of antigen-
specific IgA antibody responses in mice administered oral recombinant
Salmonella. Int Immunol. (2019) 31:531–41. doi: 10.1093/intimm/dxz029

51. Proctor GB, Carpenter GH. Neural control of salivary S-IgA secretion. Int Rev
Neurobiol. (2002) 52:187–212. doi: 10.1016/s0074-7742(02)52010-9

52. Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, Gordon JI. Molecular
analysis of commensal host-microbial relationships in the intestine. Science.
(2001) 291:881–4. doi: 10.1126/science.291.5505.881

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer, FT, declared a past co-authorship with one of the author, ZX, to the
handling editor.

Copyright © 2020 Xu, Dong, Zhai, Meng, Han, Cheng, Wu, Li and Xu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org 14 September 2020 | Volume 11 | Article 56279566

https://doi.org/10.1038/ni1166
https://doi.org/10.1038/ni1166
https://doi.org/10.1126/sciimmunol.aay3254
https://doi.org/10.1111/odi.12397
https://doi.org/10.1111/odi.12397
https://doi.org/10.1590/S1806-83242013005000031
https://doi.org/10.1016/j.aquaculture.2008.03.009
https://doi.org/10.1016/j.micpath.2004.03.001
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.4049/jimmunol.1900863
https://doi.org/10.4049/jimmunol.1900863
https://doi.org/10.1111/prd.12094
https://doi.org/10.3390/antib4040295
https://doi.org/10.3390/antib4040295
https://doi.org/10.1186/1297-9716-44-27
https://doi.org/10.1016/j.cden.2005.03.001
https://doi.org/10.1034/j.1600-051x.2002.291107.x
https://doi.org/10.1034/j.1600-051x.2002.291107.x
https://doi.org/10.1016/j.acthis.2007.03.002
https://doi.org/10.1002/jmor.10713
https://doi.org/10.1016/j.tice.2013.08.001
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1007/s11033-012-1997-x
https://doi.org/10.1038/415389a
https://doi.org/10.1007/s10753-012-9446-5
https://doi.org/10.1007/s10753-012-9446-5
https://doi.org/10.1073/pnas.1304319110
https://doi.org/10.1038/ncomms6205
https://doi.org/10.1371/journal.ppat.1007251
https://doi.org/10.1371/journal.ppat.1007251
https://doi.org/10.1016/j.archoralbio.2016.03.006
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1292/jvms.16-0338
https://doi.org/10.1196/annals.1384.012
https://doi.org/10.1196/annals.1384.012
https://doi.org/10.1016/j.molmed.2008.03.001
https://doi.org/10.1016/j.molmed.2008.03.001
https://doi.org/10.1093/intimm/dxz029
https://doi.org/10.1016/s0074-7742(02)52010-9
https://doi.org/10.1126/science.291.5505.881
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Monica Hongroe Solbakken,
University of Oslo, Norway

Reviewed by:
Jorge Galindo-Villegas,

Nord University, Norway
David Parra,

Hipra Scientific, Spain

*Correspondence:
Zhen Xu

zhenxu@mail.hzau.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Comparative Immunology,
a section of the journal

Frontiers in Immunology

Received: 31 May 2020
Accepted: 16 September 2020

Published: 02 October 2020

Citation:
Yu Y, Wang Q, Huang Z, Ding L and

Xu Z (2020) Immunoglobulins,
Mucosal Immunity and

Vaccination in Teleost Fish.
Front. Immunol. 11:567941.

doi: 10.3389/fimmu.2020.567941

REVIEW
published: 02 October 2020

doi: 10.3389/fimmu.2020.567941
Immunoglobulins, Mucosal Immunity
and Vaccination in Teleost Fish
Yongyao Yu1†, Qingchao Wang1†, Zhenyu Huang1†, Liguo Ding1† and Zhen Xu1,2,3*

1 Department of Aquatic Animal Medicine, College of Fisheries, Huazhong Agricultural University, Wuhan, China, 2 Laboratory
for Marine Biology and Biotechnology, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China,
3 Key Laboratory of Marine Biotechnology of Fujian Province, Institute of Oceanology, Fujian Agriculture and Forestry
University, Fuzhou, China

Due to direct contact with aquatic environment, mucosal surfaces of teleost fish are
continuously exposed to a vast number of pathogens and also inhabited by high densities
of commensal microbiota. The B cells and immunoglobulins within the teleost mucosa-
associated lymphoid tissues (MALTs) play key roles in local mucosal adaptive immune
responses. So far, three Ig isotypes (i.e., IgM, IgD, and IgT/Z) have been identified from the
genomic sequences of different teleost fish species. Moreover, teleost Igs have been
reported to elicit mammalian-like mucosal immune response in six MALTs: gut-associated
lymphoid tissue (GALT), skin-associated lymphoid tissue (SALT), gill-associated lymphoid
tissue (GIALT), nasal-associated lymphoid tissue (NALT), and the recently discovered
buccal and pharyngeal MALTs. Critically, analogous to mammalian IgA, teleost IgT
represents the most ancient Ab class specialized in mucosal immunity and plays
indispensable roles in the clearance of mucosal pathogens and the maintenance of
microbiota homeostasis. Given these, this review summarizes the current findings on
teleost Igs, MALTs, and their immune responses to pathogenic infection, vaccination and
commensal microbiota, with the purpose of facilitating future evaluation and rational
design of fish vaccines.

Keywords: evolution, immunoglobulins, mucosal immunity, mucosa-associated lymphoid tissues, teleost
INTRODUCTION

Aquatic environments, which are inhabited by teleost fish, provide more nutrients to microbes than
land ecosystems and therefore are more conducive to bacterial growth (1). Therefore, potential
pathogens mostly enter the bodies of fish across their mucosal epithelial barriers including the gills,
gastrointestinal system or skin lesions (2). Unlike invertebrates, teleost fish has evolved both innate
and adaptive immunity to protect themselves against pathogens residing in their aquatic environment.
Similar to mammals, teleost fish also produce B- and T-cells, which constitute the first adaptive
immunity mechanisms in all bony vertebrates. Particularly, B-cells and immunoglobulins (Igs) in
mucosal-associated lymphoid tissues (MALTs) are thought to mediate mucosal homeostasis, given
that secretory Igs (sIgs; i.e., antibodies) are known to neutralize pathogens or promote their
elimination in the mucosa, thereby preventing further infection (3). Recent studies have
demonstrated that B-cells within the mucosal tissues, including the gills, buccal mucosa (BM),
pharyngeal mucosa (PM), and olfactory organ, exhibit potent local proliferation (4–6). Additionally,
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the large commensal microbiota populations that colonize fish
mucosal surfaces can be recognized by Igs (7). So far, three main Ig
isotypes have been identified in teleosts including IgM, IgD, and
IgT/Z (8, 9), of which IgT/Z is thought to be specialized in mucosal
immunity. The predominant roles of IgT/Z antibodies and IgT+ B-
cells have been elucidated in six different teleost MALTs, including
GALT (10), SALT (11), GIALT (4), NALT (12), and buccal (5) and
pharyngeal MALT (6).

The present review aims to summarize the regulatory functions
of Igs in teleost mucosal immunity. First, we will review the basic
current information on the three known teleost Igs at both the gene
and protein levels. Afterward, we will describe the six different
MALTs in teleosts. We will then discuss teleost Ig responses to
pathogens and microbiota in mucosal surfaces and finally teleost Ig
responses to immunization. Altogether, the information compiled
herein will provide insights into the fundamental mechanisms of Igs
in fish mucosal tissues and aid in the development of novel teleost
mucosal vaccines.
IMMUNOGLOBULINS

Igs are highly specialized recognition glycoproteins that can
recognize a great variety of antigens from bacteria, viruses, and
other disease-causing organisms and recruit other cells and
molecules to destroy these pathogens (13). Igs are composed of
two heavy (H) chains and two light (L) chains, with the exception
of certain antibodies in camelids and nurse shark that lack L
chains (14). The constant region within the heavy chain
determines the effector function of a specific antibody, which in
teleosts includes Cm, Cd, and Ct/Cz, encoding IgM, IgD, and IgT/
IgZ, respectively (8, 9). Four L chain types have been identified in
bony fish, of which Igk and Igs are found in most teleost species,
Igl has been lost in most teleost lineages during species divergence
(cod, catfish, and rainbow trout are notable exceptions), and Igs-2
was also recently identified in the coelacanth (15).

In tetrapods, naïve B-cells tend to produce IgM before any
other isotype, but the germinal centers of secondary lymphoid
tissues can induce B-cells to express a different antibody isotype
via class switching when activated by antigens (16). However,
class switching does not exist in any fish species including
teleosts and cartilaginous fish, as there are no distinct switch
regions in the gene locus (17) despite the identification of an
activation-induced cytidine deaminase (AID) (18). Two forms of
Igs are reported in both teleosts and tetrapods, a membrane-
bound form of Igs, also known as the B-cell receptor (BCR),
which serves as the cell’s antigen receptor, and the secreted form
of Igs, which is produced by terminally differentiated B-cells,
plasmablasts, and plasma cells, and functions as the main effector
of B-cells in adaptive immunity (19). Here, we mainly focus on
the secreted teleost forms IgM, IgD, and IgT/Z.

IgM
IgM is nearly universal in all jawed vertebrates, with only the
exception of the African coelacanth that carries exclusively IgW
H chain loci (20). In teleosts harbouring IgZ/T, the Cµ domain is
not the first constant region after the VDJ domain, and
Frontiers in Immunology | www.frontiersin.org 268
additional Dt-Jt-Ct/z domains are located before the Dµ/d-Jµ/
d-Cµ-Cd domains in the gene locus of the teleost IgH chain (8,
9). During V(D)J rearrangement in teleosts, the upstream VH
could merge with the aforementioned Dµ/d-Jµ/d-Cµ-Cd
domains via Dt-Jt-Ct/z domain deletion, which results in
IgM synthesis.

Tetrameric IgM is widely accepted as the prevalent serum Ig
type in most teleosts (13). Teleost IgM lacks the J chain, and its
monomers are mainly associated by covalent (disulfide) bonds.
Increased disulfide polymerization has been reported to correlate
with a greater affinity of trout IgM to antigens, and this trout IgM
was also reported to remain active for longer periods (21).
Teleost serum IgM concentration may vary (0.6–16 mg/ml)
depending on water temperature and quality, as well as fish
species, size, stress, stimulation, and immunization (22). During
parasitic infection, both the total serum IgM concentration and
parasite-specific IgM binding capacity of trout were significantly
increased, in addition to an increased IgM+ B-cell proliferation in
head kidney (5, 6), which demonstrated the regulatory functions
of IgM in teleost systemic immunity. IgM has also been shown to
occur as a tetramer in the different mucus types of rainbow trout
at different concentrations, including gut mucus (~0.075mg/ml),
skin mucus (~0.0046 mg/ml), gill mucus (~0.02mg/ml),
pharyngeal mucus (~0.072mg/ml), and nasal mucus (~0.28mg/
ml), all of which exhibited lower IgM concentrations than serum
(~2.5mg/ml). Nonetheless, IgM still comprises the largest
fraction among all three Igs in all teleost mucus, and parasite-
specific IgM binding in pharyngeal mucus has been shown to
increase after parasitic infection. IgM has also been found to coat
bacteria in different mucus types, albeit at a lower rate than IgT
(4–7, 11). Moreover, IgM expression exhibits some general
features in teleosts. For instance, cytoplasmic IgM is normally
expressed earlier than surface IgM, and Ig-producing cells appear
in different tissues in the following order: head kidney, spleen,
and finally MALT (23). In zebrafish, ontogenic IgM expression
patterns occur in the following order: surface Ig transcript [7
days post-fertilization (dpf)], IgH chain transcript in the
pancreas (10 dpf), sIg transcript (13 dpf), IgH chain transcript
in the head kidney (19 dpf), and detectable humoral Ig (28 dpf)
(8, 24).

IgD
Compared to the limited (i.e., normally two or three) Cd
domains in mammals, the number of Cd domains varies
widely in different fish species (25). Unlike eutherian d chains,
in which two domains are connected by a hinge, the higher
number of Cd domains in teleosts may provide a wider variety of
structural options to synthesize more flexible H chain products.
Moreover, d in bony fish was found to be uniquely formed by
splicing Cµ1 between rearranged VDJ and Cd1, producing a
chimeric H chain sequence (26). Notably, this inclusion of Cµ1
has been observed in almost every teleost Igd transcript (27). In
channel catfish, membrane bound and secreted IgD is
transcribed from two different IgH genes. Interestingly, the
secreted delta form is encoded by an IgH transcript lacking a
V-region (25). A germline-recombined VDJ is present in the
second gene, but the signal sequence is directly spliced to Cd1 in
October 2020 | Volume 11 | Article 567941
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the mRNA, indicating that the secreted d form may not perform
antigen recognition functions (17).

In teleosts, IgD was found to be to co-expressed with IgM in
rainbow trout B-cells (4); however, an IgM-/IgD+ B-cell
population was also identified in channel catfish (28) and a
European trout line (29). In channel catfish, IgM-/IgD+ B-cells
isolated from peripheral blood lymphocytes (PBLs) likely expand
in response to certain pathogens, functioning as pattern
recognition molecules. And a recent intriguing study in the
trout identified a preponderant IgT- B cells, i.e. IgD+ IgM-

cells, to secrete IgDs which were reactive to the commensal
microbiota in both gut and gills but not skin (29). However, the
immunoprotective role of IgD in teleosts remains largely
unknown. Although some reports have hypothesized the role
of IgD in teleost gills (26), this antibody is known to be
uninvolved in specific immunity in the gills and PM of
rainbow trout during parasitic infection (4, 6). Additionally,
teleost sIgD can coat a subset of commensal microbiota in
mucosal tissues, including the gut mucosa, gill mucosa, BM,
and PM. Nonetheless, mucosal bacteria coating by sIgD occurs
significantly less than sIgT coating (4–6). These results suggest
that teleost sIgD may also be involved in mucosal homeostasis.

IgT
IgT acts as a mucosal-associated Ig in bony fish, similar to IgA in
mammals and IgX in frogs (10). Besides the salmonids fish (8, 9,
30, 31), IgT subclasses are also reported in other teleosts such as
stickleback (Gasterosteus aculeatus) (32, 33) and carp (Cyprinus
carpio). Differential immune responses have been observed
which may vary depending on both species and the route of
pathogens/vaccination used in the study. Similar results have
been observed for other ig isotypes (34). In teleost B cells, the IgH
V domain is known to rearrange either to Dt-Jt-Ct/z to encode a
t/z chain or to Dm/d-Jm/d-Cm-Cd to encode m and d chains (19).
Similar to IgD, the number of t/z domains varied in different
teleost species. For instance, four domains have been identified in
most analyzed species (35); three domains in stickleback (33) and
Antarctic fish (36); and two domains in fugu (37). Two separate
IgZ loci encoding IgZ1 and IgZ2 have been identified in
zebrafish (38) and common carp (39). IgZ1 represents a typical
Frontiers in Immunology | www.frontiersin.org 369
teleost IgHt/z feature, whereas the Cm 1 and Cz 4 domains
constitute a chimeric transcript of IgZ2. Moreover, very recent
study has reported that multiple independent rounds of
duplication and deletion of the teleost-specific antibody class
IGHZ in the cyprinodontiform lineage, demonstrating the
extreme volatility of IGH evolution (40).

In rainbow trout serum, IgT mainly occurs in monomeric
form and is eluted at ~180 kDa, as determined from standard
curve analysis. Within the multiple types of mucus, a great
portion of IgT is present in polymeric form, whereas a small
portion of IgT is still present in monomeric form during elution.
Unlike the tetrameric IgM which is associated by covalent (i.e.,
disulfide) bonds, gut polymeric IgT is composed of non-covalent
associated monomeric subunits. The concentration of IgT in the
serum of rainbow trout is 4–10 mg/ml, whereas it is ~7 mg/ml,
~0.31 mg/ml, ~1.55m g/ml, ~1.7 mg/ml, and ~3.46 mg/ml in the
gut mucus, skin mucus, gill mucus, nasal mucus, and pharyngeal
mucus, respectively. It is important to note that teleost mucus
possesses a much higher ratio of IgT/IgM than serum. Moreover,
mucosal microbiota is mainly coated with IgT in the gut, skin,
gills, and olfactory organ (4–7, 10–12). Among the different
mucosal tissues, it was also observed that, compared to the gills
and gut, skin mucosa showed lower IgT concentrations, lower
IgT titers, and a lower percentage of coated microbiota which
were correlated with lower percentages of IgT+ B-cells in the skin
of the same fish (4, 10). The abundance of IgT+ B-cells within a
specific mucosal surface may be driven by its commensal
microbiota, which then modulates humoral immune response
potency (7).
MUCOSA-ASSOCIATED LYMPHOID
TISSUE (MALT)

So far, six different MALTs (classified based on their localization
in the body) have been identified in teleost fish (Figure 1), which
contain diffuse MALTs (D-MALTs) but lack the organized
MALTs (O-MALTs) such as Peyer’s patches and tonsils that
are found in mammals. These organized structures are the
inductive sites for the selection of high-affinity B-cells and are
FIGURE 1 | The MALTs in teleost. “?” indicates the potential MALTs in teleost fish which remain to be clearly delineated.
October 2020 | Volume 11 | Article 567941

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yu et al. Mucosal Immunoglobulins in Fish
believed to facilitate antibody response maturation (41). Teleost
MALTs harbor abundant myeloid and diffuse lymphoid cells,
which can work together to initiate both innate and adaptive
immunity to maintain mucosa homeostasis.

Gut-Associated Lymphoid Tissue (GALT)
The digestive tract is directly connected with the external
environment and could be a main portal of pathogen entry in
both mammals and teleost fish, among which gut is the largest
part (42). As a crucial component of the mucosal immune
system in teleost fish, GALT constitutes a local immune
response environment for protection against pathogens.
Although the gut structure varies in different teleost species, it
can be generally divided into three main segments (43). The
enterocytes of the first segment act as absorptive cells for
dietary protein uptake. The second segment is involved in
macromolecule and enterocyte uptake. The third segment is
thought to have osmoregulatory functions. In addition to the
digestive function of the teleost gut, studies have shown that the
posterior segment of the teleost intestine contains several
immune cell types (10, 17, 44), which suggests that this section
is involved in immune responses against pathogen invasion.
Research on gut-associated immune responses in fish have
been primarily investigated in the study of T-cell function (45);
Moreover, three B-cell populations (IgM+IgD+, IgM-IgD+, and
IgT+ B-cells) in the intestine of rainbow trout have been
described (10, 29). Particularly, IgM+ and IgT+ B-cells have
mostly been located in the lamina propria (LP), whereas some
studies have shown that IgT+ B-cells in carp and sea bass are
primarily localized in intraepithelial lymphocytes (IELs) (10).
This suggests that due to the privileged population of IgT+ B-
cells, differential immune responses can be effortlessly generated
upon infection or vaccination.

Gill-Associated Lymphoid Tissue (GIALT)
Unlike terrestrial animals that acquire oxygen from the air and
possess invaginated breathing structures (i.e., lungs), aquatic
organisms possess evaginated gas-exchange structures. In the
case of teleost fish, four pairs of gill arches consisting of many gill
filaments constitute a highly efficient way to increase contact
surface to acquire oxygen from water. However, in addition to
the respiratory function of the gills, they also possess
osmoregulation, pH balance regulation, ammonia excretion,
hormone regulation, and detoxification functions (46).
Notably, because of their direct exposure to water, teleost gills
are continuously challenged with environmental pollutants/
toxins and pathogens, both of which trigger an immune
response in the teleost GIALT (47). Moreover, several studies
have demonstrated that numerous innate and adaptive immune
molecules or cells involved in immune-related pathways are
present in teleost gills, such as Igs and antibody-secreting cells
(4, 48). It has been noted that the IgT+ B-cell locus on the
epithelial layer plays an essential role in the defense against
pathogens (4). Moreover, unlike IgM+IgD+ B-cells, IgM-IgD+ B-
cell populations are also present in the gills of rainbow trout (29),
but the function of these cells remains to be clearly characterized.
Frontiers in Immunology | www.frontiersin.org 470
Skin-Associated Lymphoid Tissue (SALT)
The skin of teleost fish also acts as the first line of defense against
invading pathogens and it contains SALT, which can elicit gut-
like immune responses against pathogen infection/antigen
stimulation (11, 49). Compared with GALT, SALT might play
a key role in defense against pathogens during the earlier
developmental period of the teleost fish. Recently, a model of a
germ-free zebrafish embryo challenged with osmotic stress
showed that the embryo skin acts as the first organ to protect
the organism from bacterial infection during the early
developmental period when GALT was not yet functional (50).
In general, all vertebrates possess two main skin layers: the
epidermis and the dermis. However, unlike mammals, teleost
skin is not keratinized and therefore their epithelial cells with
abundant mucus-producing cells are in direct contact with the
water medium (13, 51). Additionally, the skin surface of
teleosts generates numerous molecules including lysozymes,
complements, lectins, and Igs, all of which attach to the skin
mucus to protect the host (52). Skin mucus in most fish contains
numerous innate immune components, which can be produced
continuously to prevent the entry of pathogens to the underlying
tissues. Importantly, fewer IgT+ and IgM+ B-cells are found in
teleost SALT than in GALT. However, teleost skin B cells are
dominantly located in the epidermis, and almost none of them
are found in the basal dermis layer (11).

Nasal-Associated Lymphoid Tissue (NALT)
Olfaction is an essential ancient sensory system prevalent in all
animals. Interestingly, the olfactory systems of teleost fish
resemble those of land-based animals in terms of anatomical
features (53). Given their distinctive environment, teleosts have
developed different mechanisms to discriminate odors.
Terrestrial vertebrates breathe and sense their environment
through inhalation, whereas teleost fish actively draw water
containing dissolved gases into their olfactory organs (54).
Additionally, teleost olfactory organs are continually stimulated
with pollutants/toxins or pathogens in the water (55). Therefore,
teleost NALTs are similar to other teleost MALTs, containing
diffuse lymphoid cells without organized structures, and IgT+-B
cells play a crucial role in pathogenic invasion defense.

Buccal Mucosa-Associated
Lymphoid Tissue
The buccal cavity, located between the gastrointestinal and
respiratory tracts, is a vital mucosal surface in vertebrates. In
mammals, the BM contains numerous salivary glands to produce
saliva, which subsequently translocates into the salivary layer
(SL). Moreover, the buccal cavity (BC) is covered with a
keratinized stratified epithelium associated with the gingiva,
hard palate, and outer lips and a non-keratinized stratified
epithelium in other areas (56). Conversely, the BC of teleost
fish is lined with abundant mucus-secreting cells that replace the
function of the salivary glands in mammals to produce the
mucus to coat their buccal epithelium (57). Furthermore, only
non-keratinized buccal epithelia have been observed in teleost
fish, which exhibit similar characteristics to those of the
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mammals. Specifically, this epithelium consists of two main
layers: the stratified squamous epithelium and the LP (58, 59).
Given that aquatic environments are far more complex than air,
teleost fish are subject to more stimuli. A recent study reported
that fish BC also contains MALTs as in other mucosal tissues
such as skin and has evolved an effective mucosal immune
system to protect itself from parasite infection (5).

Pharyngeal Mucosa-Associated
Lymphoid Tissue
The pharynx is connected with the digestive and respiratory
tracts in vertebrates (60). In mammals, the pharyngeal cavity
(PC) contains a choana which is connected with the nasal cavity
(NC). However, in teleost fish, the PC (which is located between
the mouth and esophagus) is a separate compartment from the
NC and does not contain a choana. The PC of teleosts is coated
with mucosa, and contains the stratified squamous epithelium
and the LP (61). Unlike the PC of mammals, which possesses
both mucus-secreting cells and mucus glands to secrete mucus
into the mucus layer (62), aquatic animals lack mucus glands and
instead possess numerous mucus-secreting cells in the PM.
Similar to the buccal MALT, IgT+ B-cells are chiefly located in
the pharyngeal epithelium (PE), where their numbers increase
significantly upon pathogenic invasion (6).

The Potential Mucosa-Associated
Lymphoid Tissues Which Might
Present in Teleosts
In addition to the six MALTs mentioned above, four potential
extra MALTs might be present in the teleosts. Ocular mucosa of
the teleost fish is directly exposed to the water medium. As one of
the mucosa-associated lymphoid tissues in mammals, ocular
mucosa plays an important role in defense against the
pathogen invasion. From an evolutionary perspective, ocular
mucosa in teleost fish might also have a role in protecting the
individual from environmental pathogens. The stomach is
another component of the digestive tract that has a potential
role as MALT. Recent research has shown that IgA plays an
important role in maintaining homeostasis of the stomach
mucosa in mammals (63). In contrast, whether IgT/IgZ in
teleosts perform a similar role as IgA in stomach remains to be
demonstrated. The gallbladder is also an accessory organ of the
digestive tract, and it greatly influences bile inflow into the
intestine and thereby the enterohepatic circulation of bile
acids. Therefore, it is closely connected to the intestine and
might defense against pathogen invasion together with the
intestine. Finally, the swim bladder which connects with the
esophagus via the pneumatic duct is a homologous structure to
the tetrapod lung (64). Its primary function is to control whole-
body density and buoyancy. Recently, swim bladder-associated
microbiota in rainbow trout was investigated and the result
showed that Arthrobacter and Cellulosimicrobium were the
major genera located in the swim bladder mucosa (65). The
cross-talk between resident bacteria and host, and whether a
connection exists between the swim bladder and the gut
microbiota, is a highly interesting hypothesis.
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IMMUNOGLOBULIN RESPONSES TO
PATHOGENS IN MUCOSAL SURFACES

Fish are continuously exposed to an aquatic environment that
contains abundant pathogens such as bacteria, viruses, and
parasites, all of which can break through the immune barrier of
the body. The mucosal immune system of fish is highly efficient
and plays a critical role in resisting various pathogens, as previously
reported in mammals. Many functions of mammalian IgA in
mucosal secretions have been confirmed, such as preventing
pathogens from adsorbing to the mucosal epithelium, mediating
virus neutralization in infected cells, and promoting the death of
pathogens by activating the alternative complement system
pathway (66). To date, IgM, IgD, and IgT/IgZ have been
identified in teleost fish and IgT/Z are the main immunoglobulin
isotypes specialized in mucosal immunity (4, 7, 10).

Immunoglobulin Responses to Pathogens
in the Gut
The Igs in the teleost gut play an important role in resisting the
invasion of potential pathogens through its epithelium (67). In
2010, Zhang et al. identified IgT as the most ancient known Ig
specialized in mucosal immunity (10). In their report, more IgT+

B-cells were detected in the GALT of fish infected with
Ceratomyxa shasta (a gut parasite) than that of control fish;
however, the percentage of IgM+ B-cells was not higher than that
of control fish. Importantly, the authors identified parasite-
specific IgM titers in serum, whereas IgT-specific responses to
the parasite were confined to the gut mucus, which demonstrated
that IgT might play a major role in pathogen inhibition in the
fish gut. The above results suggest that teleost IgT contributes
exclusively to gut mucosal immune responses, which is similar to
the role of mammalian IgA, whereas IgM plays a major role in
systemic immunity. In mammals, the secondary lymphoid
follicles in the gut (e.g., Peyer’s patches; PP) are responsible for
the proliferation and enrichment of IgA+ B-cells (68). However,
unlike mammals, teleosts lack PP, suggesting that the
proliferation of IgT in the GALT of trout occurs through other
pathways. In a later study on gilthead seabream (Sparus aurata),
increased IgM expression in the posterior intestine was found in
fish infected with Enteromyxum leei. Additionally, an increased
number of IgM+ B-cells was also detected in the intestine of
infected fish (69). Natalia et al. described that after rainbow trout
were orally infected with infectious pancreatic necrosis virus
(IPNV), the transcript levels of many immune-related genes
significantly changed and the gene expressions of IgM and IgT
were higher in the pyloric ceca than that in kidneys (70). So far,
reports on Ig responses in intestinal mucosa after viral infection
are still scarce. To further clarify the critical role of Igs against
pathogens in the intestine of fish, additional bacterial and viral
studies should be conducted.

Immunoglobulin Responses to Pathogens
in Gills
Previous studies have demonstrated that gill tissues contain
abundant immune cells, which are regulated by several
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immune genes and pathways (71–73). A later study examined
the specific Ig responses to pathogens in fish gills (4). In this
study, Ichthyophthirius multifiliis (Ich) trophonts in the gills
were overwhelmingly coated with IgT and slightly coated with
IgM at 25 days post-infection (dpi), whereas parasites coated
with IgD could not be detected. Moreover, a significantly
increased number of IgT+ B-cells in the gills could be detected
in infected and survivor fish compared to control fish. In
contrast, IgM+ B-cell numbers did not show obvious changes.
Additionally, at the protein level, IgT protein concentration also
increased significantly in the gill mucus of infected and survivor
fish, whereas the IgM and IgD protein concentrations remained
unchanged. Conversely, the concentration of IgM in serum
showed a significant increase (unlike IgT). Moreover, high
titers of parasite-specific IgT and parasite-specific IgM were
detected in gill mucus and serum, respectively. Similar results
were obtained when detecting the titers of bacteria-specific IgT/
IgM in gill mucus of fish infected with Flavobacterium
columnare. More details about the Ig responses in trout gills
infected with F. columnare were provided in that study (74).
Additionally, significant upregulation of genes encoding IgM and
IgT was induced by immunization and challenge with Ich in
teleost fish gills (75). Moreover, upon bath immunization, the
expression of the IgT gene in the gills could be induced by
treating Epinephelus coioides with a nervous necrosis virus
vaccine (34). To elucidate the roles of Igs against different
pathogens in fish gills, further studies should be conducted to
provide insights into the gill responses in virus-infected fish.

Immunoglobulin Responses to Pathogens
in Skin
Previous studies have found that IgT protein concentration
significantly increases in skin mucus upon Ich infection and
coats the surface of the invasive parasite (Ich), suggesting the
critical function of IgT in skin infection resistance (11). In this
study, rainbow trout infected with Ich presented a significant
increase in IgT+ B-cells in the skin at 3 months post-infection.
However, IgM+ B-cell numbers remained largely unchanged in
infected groups. Additionally, all parasites localized within the
skin epidermis were largely covered with anti-IgT antibodies. At
the protein level, the IgT protein concentration in the skin mucus
of infected and survivor fish was significantly higher, whereas
IgM levels remained unchanged. Similar to the results in fish gut,
the presence of parasite-specific Igs was discovered in skin mucus
and serum. Moreover, when fish treated with mucosal
vaccination were bath-challenged with pathogens, the IgM
titers in serum and IgT responses in skin mucus were strongly
induced (34). Furthermore, in Ich-infected fish, a significant
upregulation of IgT, IgM, and IgD levels was observed in the skin
at 24 h post-infection (76).

Immunoglobulin Responses to Pathogens
in the Olfactory Organ
The nasal mucosa is known to inhibit and neutralize pathogens
and participates in both local innate and adaptive immune
responses (12, 77). In Ich-infected trout, parasites in the
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olfactory organ were mostly coated with IgT, slightly coated
with IgM, and hardly coated with IgD. The nasal epithelium also
produced notable IgT+ B-cell accumulation when the fish
survived the parasite. Moreover, in agreement with the
results that nasal IgT+ B-cells increased in infected fish, the IgT
protein concentration in the nasal mucosa of these fish was
also noticeably increased, whereas IgM and IgD protein
concentrations did not show any significant changes. Contrary
to the results in the nasal mucosa, the IgM concentration in the
serum of infected fish significantly increased. A later study
determined that parasite-specific IgT was secreted in the nasal
mucosa in response to Ich infection. Additionally, Magadan et al.
reported that enteric red mouth (ERM) intranasal administration
resulted in a significant perturbation of the IgM (IgH m)
repertoire in trout spleen, and the IgT repertoire showed a
lower diversity and higher relative IGHV2 usage compared
with the controls. However, no ERM-specific IgT was detected
in serum after intranasal immunization, suggesting a lower
capacity to activate plasmatic B-cell differentiation or to
stimulate their migration to the head kidney (78). Interestingly,
Sepahi et al. reported that the percentage of IgT+ B cells markedly
decreased in the olfactory organ of IHNV-treated trout, whereas
IgM+ B cells did not change significantly (79). Therefore, to
further our knowledge of Ig responses to pathogens in fish nasal
mucosa, immune responses induced by bacterial and viral
infections in the nasal mucosa should be further studied.

Immunoglobulin Responses to Pathogens
in BC
In tetrapod species, sIgA plays a critical role in adaptive immune
responses to prevent the invasion of oral pathogens as a pivotal
humoral component (80). Recently, studies of Ig responses to
pathogens in the BM of fish have also been conducted (5). The
highest innate immune response intensity in fish was detected at
days 14 and 28 post-Ich infection, including the expression of IgM,
IgT, and IgD heavy chain genes. Moreover, similar to other fish
MALTs, the accumulation of IgT+ B-cells could also be observed
in the buccal epithelium of surviving fish and, similar to previous
studies, the number of IgM+ B-cells did not change significantly.
In line with the increased number of IgT+ B-cells in the buccal
epithelium, a significantly increased IgT protein concentration was
detected in the buccal mucus of infected and surviving fish. In
contrast, the concentrations of IgM and IgD did not significantly
change in the buccal mucus of the infected group. However, the
concentration of IgM increased significantly in the serum of
infected fish. Moreover, compared to the Igs concentration of
control fish, the titers of parasite-specific IgT were much higher in
the buccal mucus of infected fish, as demonstrated by a pull-down
assay, whereas the titers of parasite-specific IgM increased mainly
in the serum. However, no parasite-specific IgD was detected in
either the buccal mucus or the serum.

Immunoglobulin Responses to Pathogens
in PC
B cells and Ig are present in the PM of teleost fish (6). In fish
challenged with Ich for 28 days, IgT+ B-cells increased
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dramatically in the PE and were found to secrete IgT. In contrast,
the number of IgM+ B-cells in the pharynx of the infected group
remained at the same level as that of the controls. Moreover, the
IgT concentration in the pharyngeal mucus was also obviously
upregulated, whereas the protein concentrations of IgM and IgD
in the pharyngeal mucus remained unchanged after Ich
infection. However, in the serum, higher IgM and IgT but not
IgD concentrations were detected in infected fish. Upon further
pull-down experiments, the titers of parasite-specific IgT and
IgM were tested in both pharyngeal mucus and serum. The titers
of parasite-specific IgT were higher in pharyngeal mucus,
whereas the titers of parasite-specific IgM were mainly
detected in serum.
IMMUNOGLOBULIN RESPONSES TO
MICROBIOTA AT MUCOSAL SITES

Commensal microbes are very important to overall fish healthy,
some of which have been demonstrated to be involved in the
protection of fish against infectious agents (81). Fish MALTs have
developed a complex immune system to interact with microbiota at
mucosal sites, and the relationship between them provides mutual
benefits at homeostatic conditions. Maintaining the mucosal
microbial homeostasis is critical for the maintenance of the
mucosa and ultimately whole-body health. Thus, understanding
the mechanisms by which teleosts MALTs are involved is of critical
importance. In the teleost experiments described above, three Igs
have been characterized in their mucosal secretions (IgM, IgD, IgT),
where IgT is the most ancient antibody class specialized in mucosal
immunity (10). Interestingly, it has been found that the interaction
between teleost Igs and microbiota via coating (Figure 2) is similar
to that in mammals (80), whereas the percentage of Ig-coated
bacteria varies at individual mucosa sites. This demonstrates that
Frontiers in Immunology | www.frontiersin.org 773
microbiota control at mucosal sites has emerged early in the
evolution of vertebrates and is conserved. Here, we review some
current studies on teleost fish Ig immune responses to microbiota.

Immunoglobulin Responses to Microbiota
in the Gut
The intestinal mucosal surface interfaces of vertebrates,
including teleost fish, are colonized with large and complex
microbial populations. Although microbiota composition in
teleost intestines is influenced by the aquatic environment or
the diet, microbial content is generally maintained at
approximately 107–108 bacteria per gram, among which
aerobic and facultative anaerobic organisms are dominant (17).
In some cases, the teleost-gut-associated microbiota is also
essential for body health, as zebrafish devoid of microbiota
showed impaired innate immune functions when compared to
normal fish (82). Alternatively, under the effects of a stressor,
symbiotic bacteria can also turn into pathogenic bacteria, thereby
causing disease or even death (83). Therefore, the role of GALT
in the control of homeostasis of commensal microorganisms is
crucial to support fish health (84, 85).

In mammals, the involvement of IgA in the coating of both
beneficial bacteria and opportunists promote the preservation of
microbiota homeostasis on mucosal surfaces (84, 86). Given that
IgT appears to be a dedicated mucosal Ig in teleosts, IgT not only
plays a key role in pathogen response but is also implicated in
intestinal homeostasis by recognizing and coating bacterial
microbiota (10). In a previous study, almost half of the
microbiota present on the intestinal surface were found to be
coated with IgT, whereas IgM and IgD could only bind to a small
and similar percentage of bacteria (10, 29). As the Ig-bacteria
interaction in teleosts is currently unclear, further studies are
needed to shed light on the function og IgT, IgM and IgD with
respect to bacterial coating and gut homeostasis.
A B

FIGURE 2 | Teleost IgT, IgM and IgD are produced by IgT+, IgM+IgD+ and IgM-IgD+ B-cells mainly located in lamina propria in GALT (A) and epithelial layer other
MALTs, such as GIALT, SALT, NALT, PM and buccal MALT (B). Igs are transported from the epithelium into the mucus layer by the teleost pIgR to maintain the
homestasis of microbiota at mucosal sites. The symbiotic bacteria in the mucus is predominantly coated by sIgT.
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Immunoglobulin Responses to Microbiota
in Gills
Similar to the function of sIgs in mammal lungs (87), Igs in gill
mucus can maintain immune homeostasis by limiting microbial
antigen access to the fish body, thereby keeping the epithelial
barrier’s integrity and shaping the composition of the symbiotic
microbiota (4, 7, 74). One study demonstrated a large population
of bacteria in the gill mucosa was predominately coated by sIgT
and to a much lesser degree by IgM and IgD, indicating the
conserved role of a specialized mucosal Ig in vertebrates that
recognize commensal bacteria on the gas-exchange surface (4).
Upon IgT depletion, it was clearly observed that the percentage
of IgT-coated microbiota decreased significantly and recovered
when IgT was re-produced in the fish gill mucosa. Moreover, a
set of microbes translocated from the mucus layer across the
gill epithelium and invaded the systemic circulation in sIgT-
depleted fish. IgT-seq demonstrated that IgT coats a broad
but well-defined range of bacteria with both beneficial
and pathogenic characteristics and microbiota composition
changed significantly, which demonstrated the loss of
potentially beneficial bacteria that produce short-chain fatty
acids (SCFAs) and pathobiont expansion after IgT depletion.
Interestingly, when the level of IgT was restored to its original
state, the balance of microbiota was reestablished in the gill
surfaces (7). Thus, these observations strongly imply that teleost
IgT is essential to maintain microbiota homeostasis in the gills.

Additionally, Flectobacillus major, a bacterial species that
dominates trout gill, can induce specific IgT secretion in the
gills of healthy rainbow trout (55). It is assumed that F. major
modulates Igs and then regulates the symbiotic homeostasis in
the gill surface. However, its specific mechanisms still need to be
determined. Thus, future studies should investigate not only the
functional mechanisms by which Igs regulate the commensal
microbiota and the role of IgT/IgZ in targeting specific bacteria
in teleost fish gills, but also the mechanisms by which certain
components of the commensal microbiota affects mucosal and
systemic immunity.

Immunoglobulin Responses to Microbiota
in Skin
The skin of teleosts contains a layer of live cells covered by a rich
mucous layer with high densities of bacterial microbiota (88, 89).
Under normal circumstances, the skin mucosal immune
system of teleosts is in a dynamic equilibrium with symbiotic
microorganisms, and skin homeostasis is critical to preserve
teleost health in vertebrates. However, once the original balance
is disturbed by external factors such as parasitic infection, bacterial
community composition changes significantly, thereby leading to
pathobiont proliferation and secondary infection (76). Thus, an
understanding of the mechanism by which microbial homeostasis
is maintained is necessary for the study of skin immunity in
teleosts. So far, it has been demonstrated that teleost sIgs,
especially sIgT, play a significant role in the control of skin
symbiotic flora homeostasis. In a study on rainbow trout, IgT
was found to be bound to a large fraction of skin bacteria (∼38%),
whereas only a small proportion (∼12%) was coated with
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IgM (11), which is consistent with the mammalian sIgA coating
of skin bacterial microbiota (90). The targeting of skin microbes by
mammalian sIgA plays a key role in immune exclusion (90);
however, mucosal Ig can promote the colonization of certain
bacteria on the skin surface (91). Therefore, considering that
teleost skin is a unique mucosal surface that elicits gut-like
immune responses, future research should determine whether
teleost sIgT is involved in immune exclusion or assists with
bacterial colonization.

Immunoglobulin Responses to Microbiota
in the Olfactory Organ
The olfactory organs of vertebrates are extraordinary
chemosensory structures that harbor a variety of symbiotic
microorganisms in the NC (12). In mammals, nasal symbiotic
bacteria play an important role in controlling immunological
development via different mechanisms including inhibiting
pathogen colonization on the mucosal surface and stimulating
the host immune system (92). In contrast, the function of
microbiota in the NC of teleost fish has not been determined
in the olfactory organ of teleost fish; however, the bacterial
community in NC of rainbow trout is dominated by
Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes
(93), among which Proteobacteria and Firmicutes may be the
most conserved taxa in the olfactory organ of vertebrates (55).

The nasal bacteria of teleosts are also anchored by sIgs, similar
to those in the gul, gill and skin, to the mucus layer through a
mechanism known as immune exclusion (12, 55). However, sIgT
and sIgM in the olfactory organ coat equal proportions of
microbiota in contrast to skin, gut and gills where IgT is
specialized in coating, and IgM coats significantly lower
numbers of bacteria (10, 11). This may be because the isotypes
of Ig coating mucosal bacteria on MALTs are different due to the
diversity of local microbiota (93). Alternatively, as the percentage
of nasal commensal bacteria coated with both IgM and IgT is
much higher than that of other mucosal sites, it is possible that
the extent of Ig binding-microbiota varies in trout depending on
genetic lines or ages, and some of the bacterial taxa coated by
sIgM are those bacteria found initially coated by sIgT. Thus, a
future Ig-seq study of the species of microbiota coated by IgT/IgZ
and IgM may confirm the aforementioned possibilities.

Immunoglobulin Responses to Microbiota
in BC
The BC is covered with a critical layer of mucus that is constantly
exposed to microorganisms from air, water, and food in vertebrates.
Similar to humans, Proteobacteria and Actinobacteria are dominant
in the BC of teleosts (94, 95). However, the bacterial communities
differed post-infection when challenged with hematopoietic necrosis
virus (IHNV); that is, the abundance of Pseudomonas significantly
decreased, while the abundance of Clostridiales, Bacteroidales, and
Escherichia-Shigella increased, all of which are related to human
intestinal diseases (96–98). As previously described for skin sites,
pathogenic infection may break the homeostasis of microbiota in
the BM, facilitate the colonization of opportunistic bacteria, and
then cause secondary bacterial infections in the BC (95). Thus, the
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microbial homeostasis of the teleost BM is necessary for
buccal health.

It is important to point out that the BMs of vertebrates have
evolved an efficient immune system to maintain homeostasis (5).
Moreover, the mucosal molecular responses of fish and mammals
(i.e., sIgT versus sIgA) utilize different but functionally analogous
strategies to initiate a response to microbiota in the BC (5). Due to its
constant interaction with the water environment, the homeostasis of
fish BMmicrobiota may be prone to frequent adverse effects. Among
the three teleost Igs, sIgT is also the main Ig class that binds to BM-
associated bacteria, and significantly lower percentages of the
microbiota are coated by sIgM and sIgD, similar to those in the
gut, skin, and gills of trout (4, 5, 10, 11). So far, previous studies have
demonstrated that some salivary sIgA predominantly coating
commensal bacteria, such as Streptococcus mutans, Actinobacillus
actinomycetemcomitans, and Porphyromonas gingivalis, are associated
with mammalian buccal diseases (99, 100). However, the type of
buccal microbiota species coated by IgT/IgZ, IgM, and IgD is still
unknown, which is critical to gain insights into the role of Igs in the
homeostasis of the BM in teleosts.

Immunoglobulin Responses to
Microbiota in PC
The PM, as well as the ML covering the teleost PC, contains D-
MALT with abundant symbiotic bacteria, but without the tonsils
found in mammals (6, 101). Microbial community compositions
were analyzed via 16S rRNA sequencing, and it was found that
Proteobacteria and Actinobacteria were dominant in the pharynx
of naive fish (95). However, although many studies have
demonstrated the role of pharyngeal sIgA in pathogen
elimination in vertebrates, limited studies have elucidated the
interaction between mucosal Igs and PM microbiota. Our
previous study on rainbow trout showed that pharyngeal Igs
occur in response to commensal bacteria in PC, demonstrating
that pharyngeal IgT coated a large population of bacteria while
IgM and IgD do so to a lesser degree. Moreover, the study
showed that sIgT is generated by IgT+ B-cells located in the PM,
transferred by pIgR secreted by pIgR-expressing epithelium cells
onto the pharyngeal surface, and finally binds to the microbiota
(6). This fascinating similarity of IgT microbiota targeting in
different MALTs may corroborate the notion that teleost MALTs
form an interactive network structure and communicate with
each other (4, 5, 10, 11).
IMMUNOGLOBULIN RESPONSES
FOLLOWING MUCOSAL IMMUNIZATION

Compared to systemic immunization, mucosal immunization
efficiently induces a local mucosal immune response (102), which
can induce “frontline immunity” with local Igs production in the
MALT, neutralizing pathogens and finally preventing infection
(103). Additionally, mucosal vaccines are superior to systemic
vaccines from a production and regulatory standpoint (104).
Mucosal immunization is simple and suitable for farmed fish
immunization. Additionally, immunization via injection inflicts
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minor trauma on the body through which pathogens may easily
break through and induce an inflammatory response. In contrast,
mucosal immunization does not have this potential drawback.
Therefore, understanding the Igs response in teleosts following
mucosal immunization will be helpful for the design and
development of novel fish vaccines.

Immunoglobulin Responses Following
Oral Immunization
In mammals, sIgA plays an important role in humoral immunity,
which participates in adaptive immune responses to inhibit oral
pathogens (80); recently, the BM of fish was proven to be a type
of MALT (5). However, compared to oral immunization in
mammals, oral vaccination methods in fish are still in
development. Many new attempts to develop new fish
immunization strategies such as the use of pathogen-coding
DNA and pathogen recombinant proteins have established the
basis for the potential development of oral immunization in the
future (105–107). After orally treating trout with an alginate-
encapsulated antigen (i.e., oral vaccination), increased numbers
of IgT+ and IgM+ B-cell were observed in the pyloric caeca,
which correlated with an increased expression of IgT and IgM in
the same area (108). Later on, Iván et al. demonstrated that high
levels of specific IgM antibodies could be detected in fish serum
when oral immunizations were administered (109). Importantly,
it has been proved that recombinant tumor necrosis factor a
(rTNFa) could significantly improve a commercial sea bass oral
vaccine against V. anguillarum. And during the response, gut IgT
transcripts were detected to increase (110). Overall, future
studies should characterize Ig responses following oral
immunization in more detail.

Immunoglobulin Responses Following
Immersion Immunization
Immersion immunization is considered to be the simplest and
most practical method of vaccination in aquaculture. Amend and
Fender first described the method of immersion immunization in
small fish, and they found that when the fish were exposed to a
bovine serum albumin (BSA) solution with hyperosmotic
treatment, the BSA would penetrate the juvenile trout blood,
highlighting the effectiveness of immersion immunization (111).
Although abundant studies on immersion immunization have
been reported in different fish species, the involvement of Ig
responses is relatively limited. In one study, after the fish were
immersion-vaccinated with a Danish strain of Y. ruckeri serotype
O1, biotype 2, the concentration of Y. ruckeri -specific IgM
hardly changed compared to that of unvaccinated fish. However,
after 3 weeks of exposure to live bacteria, the antibody level in
vaccinated fish increased significantly (112). Similarly, another
study also detected significantly increased IgM antibody levels in
vaccinated rainbow trout challenged with 1 × 109 CFU mL−1 Y.
ruckeri bacterin for 1 h (113). Moreover, the titers of bacteria-
specific antibody in rainbow trout increased when immersion
vaccinated with a 2.0 × 108 CFU mL−1 live F. psychrophilum
suspension (114). These results suggest that immersion
immunization can induce the adaptive immune response to
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protect the body. Additionally, upregulated mRNA expression of
IgM and pIgR could be detected in vaccinated fish after
V. anguillarum bacterin exposure and the pIgR expression levels
were higher in somemucosal tissues (gills, skin, and hindgut) (115).
Importantly, the delivery of live attenuated vaccines can improve
the immuneabilityoffish (116). For instance, afterfish frywere bath
vaccinated with a live F. columnare vaccine, the survival rate of
channel catfish (Ictalurus punctatus) increased between 57% and
94% (117). Moreover, another study reported that zebrafish
vaccinated with live attenuated Vibrio anguillarum possessed
more strong mucosal immune responses (118). However, despite
these observations, further studies on teleost IgT/IgZ response and
IgM and IgD response in fish lacking IgT following immersion
immunization are still needed.

Immunoglobulin Responses Following
Anal Immunization
The presentation of M-like cells in the intestine suggest that
antigens could be uptaken (119), thereby inducing strong
immunity in the infected or vaccinated fish. A recent study
showed that, compared with oral vaccination, single-dose anal
bacterin intubation following bath challenge with Y. ruckeri
rendered a high survival rate in teleost fish, suggesting that
immunizing antigens might have been destroyed in the
stomach of the oral vaccination group. However, in the same
study, no significant differences in the IgM antibody levels were
detected in the plasma of the two vaccination groups at any of the
sampling time points (120). A later study also demonstrated that
there were no significant differences in IgM levels of anally-
intubated fish, yet the expression of sIgD and IgT were
upregulated in both the intestines of fish immunized via anal
intubation and in the gills offish immunized by immersion (121).
Recently, the anal administration of thymus-independent (TI)
antigens without additional adjuvants was investigated in
rainbow trout. An efficient B-cell response was induced, which
facilitated the production of specific IgM in serum and the
differentiation of antigen-specific ASCs (122).

Immunoglobulin Responses Following
Nasal Immunization
Compared with other vaccination types, nasal vaccination, which
is an accessible method to control infectious diseases (123), has
the advantages of using a needle-free delivery system and a lower
dosage of antigen to elicit an immune response. Nasal vaccines
are widely used in many animals such as cats, dogs, and cattle.
Nasal vaccination in mammals induces IgA-specific responses in
O-NALT and D-NALT (124). Recently, the discovery of NALT
in rainbow trout prompted studies concerning nasal vaccines for
use in aquaculture (12). Thereafter, it was found that nasal
vaccination can effectively protect fish against viral and
bacterial pathogens (125). Furthermore, the nasal vaccinated
group with live attenuated IHNV could significantly reduce
mortalities of the trout after the IHNV infection, whereas nasal
vaccinated group with formalin killed Y. ruckeri appear to fully
protect fish against enteric red mouth (ERM) disease (126).
Moreover, nasal vaccination with ERM bacterin also generated
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different IgM and IgT repertoire dynamics at systemic and
mucosal levels and induced striking IgT responses in the
spleen of rainbow trout (78).
CONCLUDING REMARKS

This review sought to gather recent advances that have shed some
light on the immune responses of Igs in teleost fish to
microorganisms or immunization, including mucosal pathogens,
vaccines and microbiota. Teleost sIgM, sIgT, and sIgD coexist at
all mucosal sites, including the gut, gills, olfactory organ, skin, BC,
and PC. During pathogenic infection, specific sIgT can be locally
produced in mucosal secretions, and mucosal sensitivity increases
in IgT-depleted fish, while large quantities of specific sIgM are
generated in the serum. These findings suggest that the IgT-
mediated immune response is crucial in all mucosal sites,
whereas IgM responses are typically systemic in all teleosts and
also functional inmucosal sites of teleosts which lack IgT/Z (7, 77).
Considering that IgM has the highest protein concentration
among teleost Igs on mucosal surfaces and that the specific IgM
also can be induced in the mucosal surfaces by parasites as in the
serum, it is worth investigating whether sIgM has an auxiliary
effect on sIgT to eliminate pathogens at mucosal sites.
Additionally, mucosal responses of Igs in fish, mainly trout,
have been demonstrated after parasitic and bacterial infection (4,
5, 10, 11, 74, 77), but fish mucosal responses after infection by
other pathogens such as virus or fungi are still unclear. In
vertebrates, the common mucosal immune system (CMIS),
which means that antigens administration induces humoral
immune responses not only at the mucosal site of antigen
application but also in other external mucosal tissues due to the
dissemination of antigen-sensitized cells, is vitally important.
Specifically, mammalian has been found to produce specific IgA
or IgM responses in other MALTs upon stimulation of one
mucosal site (127); however, data on the CMIS in teleosts
remains currently limited. Therefore, our current understanding
of the mechanisms underlying teleost Ig responses at mucosal sites
remains nascent. Especially, the humoral immune responses in
teleosts which lack IgT/Z remain much unknown. Future studies
need to consider the role of IgT, IgM, and IgD in mucosal
immunity to different pathogens by infection or immunization
and explore the CMIS in teleosts, which will contribute to the
development of fish vaccines.

Another very important point is that the mucosal microbiota is
predominantly coated by teleost IgT at mucosal sites. IgT
depletion induces a profound dysbiosis, the expansion of
pathobionts, tissue damage, the translocation of mucosal
bacteria, and inflammation. These findings demonstrate the
previously unrecognized ability of IgT in immune exclusion to
protect the mucosa frommicrobiota (7). However, information on
the role of teleost sIgT in bacterial colonization remains scarce.
Understanding how sIgT coating of bacteria mediates bacterial
colonization under homeostatic conditions may improve the
efficiency of aquatic probiotics. Moreover, it is worth noting that
teleost IgM can bind a subset of microbiota, especially in the
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teleost olfactory organ, and the percentage of IgM-coating bacteria
in fish is notably higher than that in mammals (10, 12, 96).
Importantly, in fish devoid of IgT, the percentage of microbiota
coated by IgM is significantly higher, suggesting that compensatory
sIgMmight then coatmicrobiota that was originally coated by sIgT
(7). Thus, the function of sIgM in teleost commensal homeostasis
has not yet been determined, and future studies based on IgM
depletion experiments may provide important insights into this
matter. Additionally, mammalian IgA-derived antibodies are
commonly polyreactive and show low-affinity to numerous
microbial antigens. Although teleost mucosal Ig (IgT) has been
found to target a taxonomically distinct subset of microbiota at the
gill surface (7), the extent of themicrobe recognition capacity of IgT
as well as its mucosal-specific pathogen-binding capacity during
infection are still unknown.

Overall, it seems clear that Igs in teleosts, similar to those of
mammals, can defend mucosa against pathogens for elimination
and interact with microbiota to maintain commensal homeostasis;
Frontiers in Immunology | www.frontiersin.org 1177
however, many aspects of their responses remain poorly
understood. Thus, the inner mechanisms of Igs regulating both
the pathogenic clearance and commensal homeostasis should be
determined in the future research.
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81. Galindo-Villegas J, Garcıá-Moreno D, de Oliveira S, Meseguer J, Mulero V.
Regulation of immunity and disease resistance by commensal microbes and
chromatin modifications during zebrafish development. Proc Natl Acad Sci
U S A (2012) 109(39):E2605–14. doi: 10.1073/pnas.1209920109

82. Kanther M, Rawls JF. Host-microbe interactions in the developing zebrafish.
Curr Opin Immunol (2010) 22:10–9. doi: 10.1016/j.coi.2010.01.006

83. Kelly C, Salinas I. Under Pressure: Interactions between Commensal
Microbiota and the Teleost Immune System. Front Immunol (2017) 8:559.
doi: 10.3389/fimmu.2017.00559

84. Bunker JJ, Bendelac A. IgA Responses to Microbiota. Immunity (2018) 49
(2):211–24. doi: 10.1016/j.immuni.2018.08.011
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122. Martıń-Martıń A, Simón R, Abós B, Dıáz-Rosales P, Tafalla C. Rainbow
trout mount a robust specific immune response upon anal administration of
thymus-independent antigens. Dev Comp Immunol (2020) 109:103715.
doi: 10.1016/j.dci.2020.10371

123. Birkhoff M, Leitz M, Marx D. Advantages of Intranasal Vaccination and
Considerations on Device Selection. Indian J Pharm Sci (2009) 71:729–31.

124. Yanagita M, Hiroi T, Kitagaki N, Hamada S, Ito HO, Shimauchi H, et al.
Nasopharyngeal-associated lymphoreticular tissue (NALT) immunity:
fimbriae-specific Th1 and Th2 cell-regulated IgA responses for the
inhibition of bacterial attachment to epithelial cells and subsequent
inflammatory cytokine production. J Immunol (1999) 162:3559–65.

125. LaPatra S, Kao S, Erhardt EB, Salinas I. Evaluation of dual nasal delivery of
infectious hematopoietic necrosis virus and enteric red mouth vaccines in
rainbow trout (Oncorhynchus mykiss). Vaccine (2015) 33:771–76.
doi: 10.1016/j.vaccine.2014.12.055

126. Salinas I, LaPatra SE, Erhardt EB. Nasal vaccination of young rainbow trout
(Oncorhynchus mykiss) against infectious hematopoietic necrosis and enteric
red mouth disease. Dev Comp Immunol (2015) 53:105–11. doi: 10.1016/
j.dci.2015.05.015

127. Brandtzaeg P, Pabst R. Let’s go mucosal: communication on slippery ground.
Trends Immunol (2004) 25(11):570–7. doi: 10.1016/j.it.2004.09.005. Erratum
in: Trends Immunol. 2005 Jan;26(1):12.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Yu, Wang, Huang, Ding and Xu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
October 2020 | Volume 11 | Article 567941

https://doi.org/10.3389/fimmu.2015.00244
https://doi.org/10.1016/j.fsi.2013.07.046
https://doi.org/10.1126/science.1265480
https://doi.org/10.1111/jfd.12682
https://doi.org/10.1371/journal.pone.0018832
https://doi.org/10.1016/j.fsi.2009.11.025
https://doi.org/10.3389/fimmu.2018.01562
https://doi.org/10.1016/s0264-410x(03)00497-3
https://doi.org/10.1016/s0264-410x(03)00497-3
https://doi.org/10.1016/j.fsi.2010.11.001
https://doi.org/10.1016/j.fsi.2014.06.030
https://doi.org/10.1016/j.dci.2010.02.007
https://doi.org/10.1371/journal.pone.0093845
https://doi.org/10.1371/journal.pone.0093845
https://doi.org/10.1016/j.fsi.2015.02.003
https://doi.org/10.1016/j.dci.2020.10371
https://doi.org/10.1016/j.vaccine.2014.12.055
https://doi.org/10.1016/j.dci.2015.05.015
https://doi.org/10.1016/j.dci.2015.05.015
https://doi.org/10.1016/j.it.2004.09.005
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Gyri T. Haugland,

University of Bergen, Norway

Reviewed by:
Chenghua Li,

Ningbo University, China
Mark D. Fast,

University of Prince Edward
Island, Canada

*Correspondence:
Qinghui Ai

qhai@ouc.edu.cn

Specialty section:
This article was submitted to

Comparative Immunology,
a section of the journal

Frontiers in Immunology

Received: 05 May 2020
Accepted: 17 August 2020

Published: 06 October 2020

Citation:
Li Q, Cui K, Wu M, Xu D, Mai K and

Ai Q (2020) Polyunsaturated Fatty
Acids Influence LPS-Induced

Inflammation of Fish Macrophages
Through Differential Modulation of
Pathogen Recognition and p38

MAPK/NF-kB Signaling.
Front. Immunol. 11:559332.

doi: 10.3389/fimmu.2020.559332

ORIGINAL RESEARCH
published: 06 October 2020

doi: 10.3389/fimmu.2020.559332
Polyunsaturated Fatty Acids
Influence LPS-Induced Inflammation
of Fish Macrophages Through
Differential Modulation of Pathogen
Recognition and p38 MAPK/
NF-kB Signaling
Qingfei Li1, Kun Cui1, Mengjiao Wu1, Dan Xu1, Kangsen Mai1,2 and Qinghui Ai1,2*

1 Key Laboratory of Aquaculture Nutrition and Feed (Ministry of Agriculture) & Key Laboratory of Mariculture (Ministry of
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Polyunsaturated fatty acids (PUFAs) not only serve as essential nutrients but also function
as modulators of the immune response in marine fish. However, their immunomodulatory
mechanism is poorly understood given that the underlying regulation of the innate immune
response in fish has not been fully elucidated. Hence, study of the innate immunity of fish
could help elucidate the mechanism by which PUFAs affect the fish immune response.
Here, we used combined transcriptome analysis and in vitro experimentation to study the
mechanism of LPS-induced inflammation. Transcriptome profiling indicated that LPS
elicited strong pro-inflammatory responses featuring high expression levels of pathogen
recognition receptors (PRRs) and cytokines along with the activation of NF-kB and MAPK
signaling pathways. The transcription factor p65 alone could increase the transcription of
IL1b by binding to the promoter of IL1b, and this promoting effect disappeared after
mutation or deletion of its binding sites. We then examined the effects of PUFAs on the
levels of gene expression and the abundance of proteins of critical kinases associated with
LPS-induced inflammation. We found that LA exerts pro-inflammatory response while
ALA, EPA, and DHA induced anti-inflammatory effects by modulating the expression of
PRRs, phosphorylation of IKK and p38, and the nuclear translocation of p65. Overall, this
study advances our understanding of the regulatory mechanisms by which PUFAs
regulate LPS-induced inflammation in a non-model fish species.

Keywords: large yellow croaker, LPS, polyunsaturated fatty acids (PUFAs), inflammatory responses, signaling
transduction, immunomodulatory effects
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INTRODUCTION

Currently, the aquaculture industry is facing global shortfalls in
the supply of fish oil. With its relatively considerable output,
lower price, and relatively high content of polyunsaturated fatty
acids (PUFAs), vegetable oil is a promising alternative to fish oil
(rich in w-3 PUFAs). However, replacing fish oil with vegetable
oil in fish diets can result in substantial variation in the dietary
composition of fatty acids, altering the immunological responses
of fish to infections (1). Because of the potency and economic
benefits of PUFAs, study of the immunomodulatory effects of
PUFAs has become a major focus of research, and a central goal
of this research is to improve the health of fish and their
resistance to pathogens. w-6 PUFAs are widely known to exert
pro-inflammatory effects, while w-3 PUFAs are known to have
anti-inflammatory properties through a wide range of
mechanisms, including (i) differential modulation of the
expression of pathogen recognition receptors (PRRs) (2); (ii)
regulation of signaling pathway activities; and (iii) production of
lipid mediators that modify the functions of immune cells.
Despite an abundance of seemingly robust data, a majority of
studies have only demonstrated “associations” but not “cause
and effect,” and in some cases, results are even “confliction” (3).
As a result, the mechanism by which individual fatty acids affect
fish inflammation remains unclear.

Generally, elucidating the detailed mechanism governing
fish immune responses is important, as the establishing
mechanisms lay the molecular foundation for understanding
the immunomodulatory roles of PUFAs (4). Recently, advances
in genomic research in fish have benefited studies of the
molecular mechanisms of fish immunity, as new genomic
techniques have been widely applied in fish immune studies (5,
6). Nevertheless, few experimental validations have been made to
support the raised working model. An in vitro approach is
considered a promising tool for exploring the molecular events
related to immunity for advantages including its simplification,
convenience, and specificity together with exclusion of cell-cell
interactions and environmental interference (7). Macrophages
are the major immune effector cells in fish and are capable of
detecting and responding robustly to various pathogen-
associated molecular patterns (PAMPs) to execute protective
functions against intruding pathogens (8). Functional immune
responses can be recapitulated in vitro using macrophages
derived from fish, and these results have been validated
through observation of a “highly directed response and more
generalized state of activation” (9–11). Hence, the combination
of transcriptome sequencing and in vitro assays should provide
sensitive and efficient analyses for exploring how pathogen
recognition, signaling transduction, and gene expression are
orchestrated during the response of fish to specific stimuli.

Large yellow croaker is an economically important marine
fish in China, but its susceptibility and vulnerability to bacterial
disease is considered a main constricting factor for its expansion
in the aquaculture industry. In aquatic environments, infectious
bacteria with the capacity to reproduce independently of their
host can cause severe inflammation, increased morbidity, and
Frontiers in Immunology | www.frontiersin.org
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even mortality (5, 12). Moreover, the ubiquitous replacement of
fish oil in the diets of large yellow croaker negatively alters their
immune capacity against disease and their resilience to stress
(13). In addition, the availability of the draft genome of large
yellow croaker permits study of gene function and the molecular
mechanisms underlying biological responses. Thus, large yellow
croaker could serve as an excellent model for studying the
immunity-PUFA interactions in fish. The objective of this
present study was to elucidate the mechanism by which the
innate immune system of fish responds to bacterial infection. In
doing so, this study sheds light on the mechanism underlying
PUFAs-mediated inflammation in the macrophages of large
yellow croaker. These insights advance our understanding of
host-pathogen relationships in fish and contribute to the
development of nutritional strategies mediated by PUFAs for
treatment against bacterial infections.
MATERIALS AND METHODS

Fish, Macrophage Culture, and Treatments
Large yellow croaker (weight 750 ± 50 g) of the Daiqu strain
were purchased from a commercial fish farm in Ningbo,
China, and were kept in a flow-through water system at 20–
22°C. Macrophages were isolated from fish head kidney and
maintained according to a modified procedure described
previously (14). Macrophage-rich cells were adjusted to
2.0×105 cells/mL and seeded in cell culture plates (Nunc,
Denmark). After overnight incubation at 26°C, unattached
cells were removed after two vigorous washes, and the
resultant macrophage monolayer was primed in DMEM/F12
medium supplemented with 5% FBS (Gibco, USA) for the
experiments described below.

Experiment 1: In transcriptome sequencing, macrophages
were stimulated by LPS (from Escherichia coli O55:B5, Sigma,
USA) for 2 h, and cells cultured in DMEM/F12 medium were
used as controls. Cells were prepared in triplicate for sequencing.
Experiment 2: In kinetics of gene expression and protein
synthesis associated with LPS-induced innate immune
response, macrophages were exposed to LPS stimulation for 1,
3, 6, and 18 h before harvest for RNA or protein extraction.
Experiment 3: In inhibition assay, macrophages were exposed to
30 min of incubation with 2.5 mMNF-kB inhibitor BAY11-7082
(InvivoGen, USA), 5 mMMEK inhibitor PD98059 (Sigma, USA),
p38 MAPK inhibitors SB3580 (Sigma, USA), or JNK inhibitor
SP600125 (MCE, USA) prior to 6 h of stimulation with LPS. Cells
were then later sampled for RT-PCR analyses. Experiment 4: In
immunomodulatory effects of PUFAs on the LPS-induced
inflammatory response in macrophage, macrophages were
incubated with 100 mM PUFAs, namely linoleic acid (LA),
linolenic acid (ALA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA), for 12 h before LPS stimulation
for 3 h (for western blot analysis) and 6 h (for gene expression).
Notably, the final working concentrations of LPS, PUFAs, and
inhibitors were determined when significant changes in the
expression of representative genes were observed and when cell
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viability was not compromised through time and dose-
dependent assays.

RNA Extraction, cDNA Library
Construction, and Sequencing
TRIzol reagent (Takara, Japan) was used for RNA extractions as
per the manufacturer’s instructions. RNA integrity and purity
were assessed by 1% agarose gel electrophoresis and NanoDrop
UV spectrophotometry analysis, respectively. According to the
NEBNext Ploy(A) mRNA Magnetic Isolation Module (NEB)
protocol provided by Novogene, RNA samples were used to
construct RNA-seq libraries followed by quantification with a
Qubit 2.0 Fluorometer and Agilent 2100 bio-analyzer. Then
libraries were sequenced on an Illumina NovaSeq6000
platform and 150bp pair-end reads were generated.

Differential Gene Expression Analysis
After removing reads containing adaptor sequences, reads with
an N, and low-quality reads (> 50% of bases with a quantity score
Q-phred ≤ 20), clean reads were subsequently aligned to the
genome and mapped to the coding sequences of the large yellow
croaker genome using Hisat2 (v2.0.5). The DESeq2 R and edgeR
R package were used to perform DEGs analysis, respectively.
Gene expression levels were calculated based on the FPKM
method (expected number of Fragments Per Kilobase of
transcript sequence per Millions base pairs sequenced).
Differences between the LPS treatment and the control were
assessed by a strict Poisson distribution algorithm. DEGs were
defined when the adjusted P-value ≤0.05 determined by DESeq2
and edgeR, and absolute value of log2 (fold change) ≥ 1.5
were obtained.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Analysis
All DEGs were mapped to the GO database (http://www.
geneontology.org) (15). For GO enrichment analysis, all P-
values were Bonferroni corrected. A corrected P-value of 0.05
was used as the threshold for determining the significant
enrichment of gene sets. The large-scale molecular datasets
generated by genome sequencing were processed by the KEGG
database (http://www.genome.jp/kegg). We used the clusterProfiler
R package to test for the statistical enrichment of DEGs in
KEGG pathways.

Quantitative RT-PCR
RT-PCR was performed using a Roche LightCycler® 96 system
(USA) and SYBR Premix Ex Taq (Tli RNaseH Plus) (Takara,
Japan) as described previously (16). The sequence-specific
primer sets were designed based on the coding sequences of
identified genes in the large yellow croaker genome
(Supplementary Table 1). In the current study geNorm
algorithm was used to determine the most stable reference
genes (17). We found that the most stable genes in the samples
determined by geNorm analysis with an acceptable M value < 0.5
were b-actin = 18S rRNA < ubiquitin < GAPDH.Validation of
Frontiers in Immunology | www.frontiersin.org 383
the geNorm reference gene rankings for each sample type was
confirmed following the re-analysis of data using BestKeeper
software (18). Hence, b-actin was the most stable transcript
across all of the samples and was used as the internal control.
Each sample was run in triplicate, and the fold change was
calculated using the comparative 2-DDCT method (19).

Western Blot Analysis
Cells were harvested by adding RIPA reagent (Solarbio, China)
along with supplementation of protease inhibitors (Thermo
Fisher Scientific, USA). Nuclear protein was extracted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo) per the instruction manual. Protein concentration
was evaluated by BCA protein assays (Beyotime Biotechnology,
China) for adjustments. Western blot experiments were
performed as described previously (20). Denatured protein was
separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and was then transferred to
polyvinylidene fluoride membranes (Millipore, USA). After
blocking with 5% skimmed milk at room temperature for 2 h,
the membrane was incubated with primary antibodies overnight
at 4°C. Finally, the membrane was incubated with secondary
antibodies for 2 h, which were then visualized by an
Electrochemiluminescence kit (Beyotime Biotechnology).
Signals generated on the western blot were recorded using a
densitometer to scan the film. Image J software (USA) was then
used to quantify the generated bands. The rabbit polyclonal
antibodies targeting IKKb (Cell Signaling Technology, Cat#
2678, RRID : AB_2122301) and lamin B1 (Santa Cruz
Biotechnology, Cat# sc-374015, RRID : AB_10947408) as well
as rabbit p-IKKa/b mAb (Cell Signaling Technology, Cat# 2697,
RRID : AB_2079382) were diluted at 1:1000. Rabbit monoclonal
antibodies against p65 (Cell Signaling Technology, Cat# 8242,
RRID : AB_10859369), p38 (Cell Signaling Technology, Cat#
8690, RRID : AB_10999090), p-p38 (Cell Signaling Technology,
Cat# 9215, RRID : AB_331762), JNK (Cell Signaling Technology,
Cat# 9252, RRID : AB_2250373), and p-JNK (Cell Signaling
Technology, Cat# 4668, RRID : AB_823588) were diluted at
1:2000. Rabbit ERK mAb (Cell Signaling Technology, Cat# 4695,
RRID : AB_390779) and p-ERK mAb (Cell Signaling
Technology, Cat# 4370, RRID : AB_2315112) were diluted at
1:4000. Mouse anti-GAPDH mAb (ZSGB-Bio, Cat# TA-08,
RRID : AB_2747414), secondary antibodies including HRP-
labeled goat anti-rabbit IgG polyclonal antibody (ZSGB-Bio,
Cat# ZB-2301, RRID : AB_2747412) and HRP-labeled goat
anti-mouse IgG polyclonal antibody (Beyotime Biotechnology,
#A0216, RRID : AB_2860575) were diluted at 1:5000.

Plasmid Construction and Luciferase
Reporter Assays
Specific primers were designed based on large yellow croaker
genomic data to construct luciferase reporters and expression
plasmids (Supplementary Table 2). The primers for truncated
promoters were designed to amplify the shortened sequences
extending from ATG translation start codon to different sites
upstream of IL1b. Primers for the mutant Luc-IL1b promoters
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were designed using a site-directed mutagenesis method (Takara,
Japan). All generated PCR products were inserted into pGL3-
basic plasmid (Promega, USA) as reporter plasmids using the
homologous recombination method provided by ClonExpress II
One Step Cloning Kit (Vazyme Biotech, China). To construct
expression plasmids of transcription factors (TFs), including
P50, P65, C-JUN, C-FOS, and STAT4, PCR products were
ligated into pcDNA3.1 plasmids (Invitrogen, USA) using the
method described above. All plasmids for transfection were
prepared using the EasyPure HiPure Plasmid MiniPrep Kit
(TransGen Biotech, China) and were verified by sequencing at
Sangon Biotech Co., Ltd. (Shanghai, China).

For luciferase assays, reporter plasmids, expression plasmids,
and pRT-TK renilla luciferase plasmids were co-transfected into
HEK293T cells. After 24 h of transfection, cells were harvested
and detected by the Dual-Luciferase Reporter Assay System
(TransGen Biotech, China). The firefly and Renilla luciferase
activities were read by a SpectraMax i3x multifunctional
detection station (Molecular Devices, USA). Transfections were
performed in triplicate.

Chromatin Immunoprecipitation Assay
To determine the in vitroDNA-binding activity of p65 with IL1b
promoter, HEK293T cells were transfected with plasmids
containing IL1b promoter and plasmids containing FLAG (as
vector control) or p65-Flag followed by 36 h of culture at 37°C.
Next, cells were harvested after cross-linking of the target protein
and genomic DNA in 1% formaldehyde. Immunoprecipitation of
chromatin (ChIP) assay was performed according to the protocol
provided by a commercial ChIP kit (Thermo). TheDYKDDDDK
Tag (D6W5B) rabbit mAb (Cell Signaling Technology, Cat#
14793, RRID : AB_2572291) was used to immunoprecipitate and
isolate the target from other nuclear components, and rabbit
mAb IgG (Cell Signaling Technology, Cat# 3900, RRID :
AB_1550038) served as the control in this study. The resultant
purified chromatin was amplified by PCR for 40 cycles with
specific primer pairs for the detection of genomic regions
corresponding to the promoter and the control.

Statistical Analysis
All raw data were subjected to one-way ANOVAs followed by
Tukey’s multiple-range tests, and the results were presented as
means ± SEM. The threshold for statistically significant
difference between means was P < 0.05.
RESULTS

Transcriptome Analysis of LPS-Treated
Macrophages
Illumina pair-end sequencing technology generated two
transcriptomes for the control group and the LPS-treated
group, resulting in a total of 75,241,451 and 69,006,809 clean
reads, respectively. Data were then mapped to the L. crocea
genome with mapping coverage falling within 85%–86%. Raw
sequencing reads data have been deposited in NCBI under the
Frontiers in Immunology | www.frontiersin.org 484
accession number SRX7427103–SRX7427108. Two well-
established statistical analysis methods (DESeq2 and edgeR)
were applied to identify DEGs. Compared with the control
group, a total of 465 DEGs consisting of 415 up-regulated
genes and 50 down-regulated genes were identified by DEseq2
method, while 554 up-regulated genes and 84 down-regulated
genes totaling 638 DEGs were found by edgeR method in the
LPS-treated group (Supplementary Figure 1).

GO analysis showed that DEGs were highly enriched into
two major functional categories: biological process and
molecular function. The biological category was characterized
by immune responses and immune system process terms. The
molecular function category was abundant in cytokine receptor
binding, receptor binding, tumor necrosis factor receptor
binding, chemokine activity, and chemokine receptor binding
(Supplementary Figure 1). KEGG analysis revealed that LPS-
stimulated DEGs were associated with the following pathways:
C-type lectin receptor signaling pathway, Toll-like receptor
signaling pathway, Cytokine-cytokine receptor interaction,
RIG-I-like receptor signaling pathway, etc. (Supplementary
Figure 1).

Annotation of DEGs Associated With the
Innate Immune Response
Functional annotation further classified DEGs into three clusters:
pattern recognition receptor; adaptors and signal transduction
protein; and chemokines, cytokines, and receptors (Supplementary
Table 3).

Expression Kinetics of Innate Immunity-
Related Genes in Response to LPS
Several genes were selected for further analysis based on their
functional annotations. Following exposure to LPS, the mRNA
expressions of TLR2, TLR5, and NOD1 increased significantly up
to 18 h relative to the control group (Figures 1A–C). Increase in the
expression of TLR13, CD209, and peptidoglycan recognition protein
5 (PGLYRP5) were sustained up to 6 h, followed by a marked drop
at 18 h (Figures 1D–F). LPS promoted a significant increase in
myeloid differentiation factor 88 (MyD88) expression (Figure 1G),
but not in TIR-domain-containing adapter-inducing interferon-b
(TRIF) transcription (data not shown). LPS markedly increased the
expression of P65 and JUN (Figures 1H, I). In addition, LPS
significantly up-regulated the expression of IL1b, IL6, and CCL2
compared with the control group (Figures 1J–L).

Activation of NF-kB and MAPK Signaling
Pathways Induced by LPS
BAY11-7082, the NF-kB pathway inhibitor, significantly down-
regulated IL1b and IL6 transcription by~ 90% and ~80%,
respectively, relative to the LPS positive treatment. ERK inhibitor
PD98059 showed no inhibitory effects, whereas SB23580, the p38
inhibitor, was able to reduce LPS-induced expression of IL1b and
IL6 substantially. The expression-promoting effects of LPS were
partially attenuated by JNK inhibitor SP600125, which had a less
pronounced effect than BAY11-7082 and SB23580 in decreasing
IL1b expression (Figure 2A).
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LPS could significantly upregulate the activity of the NF-kB
pathway, as levels of phosphorylated-IKK increased 1 h and 3 h
post-stimulation and then declined gradually thereafter. Despite
this slight increase, no significant differences were noted in either
ERK or JNK pathway after LPS stimulation, whereas levels of
phosphorylated-p38 protein were significantly increased (Figure
2B). Overall, LPS strongly activated NF-kB and MAPK signaling
pathways featuring phosphorylation cascades.

p65 Alone Controls Transcription of IL1b
by Binding to Its Promoter
IL1b was chosen as the representative effector for the pro-
inflammatory response because of its high expression upon
Frontiers in Immunology | www.frontiersin.org 585
LPS stimulation. Dual-luciferase reporter assays showed that
p65 alone could significantly activate IL1b luciferase activities,
which was highlighted by the significant increase (~10 fold) in
IL1b promoter activity compared with the control group
(Figure 3A).

To locate the putative binding sites of the critical transcriptional
factor p65 in the promoter of IL1b, we constructed luciferase
plasmids containing truncated sequences and mutated putative
binding sites in the promoters according to the computational
prediction made by the Jasper (21) and Promo (22) algorithms.
Truncated promoter analyses revealed that the binding sites of
p65 were located from 494 to 1384 bp upstream from the start
codon ATG of IL1b (Figure 3B). Furthermore, a significant
A B

D E F

G IH

J K L

C

FIGURE 1 | Kinetics expression of TRL2 (A), TRL5 (B), NOD1 (C), TLR13 (D), CD209 (E), PGLYRP5 (F), MyD88 (G), P65 (H), JUN (I), IL1b (J), IL6 (K), and CCL2
(L) in macrophages of large yellow croaker following 50 mg/mL LPS stimulation. Values are presented as mean ± SEM (n=4). Means with different superscript letters
are significantly different (P < 0.05, Tukey’s test) relative to the 0 h time point within the same treatment. *P <0.05 and **P <0.01 indicate significant difference
compared with the control at each time point.
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A

B

FIGURE 2 | Analysis of NF-kB and MAPK signaling activation. (A) Effects of various inhibitors on mRNA expression of LPS-induced inflammation related genes in
large yellow croaker head kidney macrophages. Data are expressed as mean ± SEM (n=4). #P < 0.05 indicates significant differences relative to the DMEM group as
the negative control; *P < 0.05 and **P < 0.01 indicate significant differences compared with the LPS treatment as the positive control. (B) Western blot analysis of
relevant protein expression in the macrophages. Data are expressed as A.U. of the western blots, and signaling activation is depicted as the ratio of phosphorylated
protein to total protein. Data are presented as mean ± SEM (n = 3). *P < 0.05, **P < 0.01 when compared with the control group at each time point. Means with
different superscript letters are significantly different (P < 0.05, Tukey’s test) within the same treatment.
A

B

D

E

C

FIGURE 3 | Transcriptional analysis of large yellow croaker IL1b. (A) HEK293T cells were co-transfected with IL1b promoter construct plasmids, pRL-TK renilla
luciferase plasmid, and with expression plasmids of transcription factors, including C-JUN (CJ), C-FOS (CF), P50, P65, STAT4 (S4). The negative control (NC)
consisted of empty plasmids (pGL3-basic), and cells transfected with IL1b luciferase reporter plasmids were the control (Con). (B) A series of truncated promoter
plasmids containing various lengths of the promoter regions starting from ATG and (C) mutant promoter reporters with specific site-directed mutagenesis in the IL1b
promoter (ATG-1384) were constructed. (D) HEK293 cells were co-transfected with truncated or mutant promoter plasmids and p65-pcDNA3.1 expression
plasmids, cells transfected with luciferase reporter and empty vector pcDNA3.1 represented the control. At 36 h post-transfection, luciferase activity was measured.
(E) ChIP assay identified p65 binding sites in the promoter of IL1b. The luciferase activities are normalized to the NC group and presented as means ± SEM (n = 3).
*P < 0.05; **P < 0.01 when compared with the control.
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decline in promoter activity was observed after the predicted
binding sites were mutated, indicating that the distant p65
binding site (p65 site 1, -561) in the IL1b luciferase reporter
ATG-1384 was essential for transcriptional activity (Figures 3C,
D). Next, ChIP assays coupled with PCR data showed that
fragments of DNA sequences amplified by specific primers
contained the binding site of p65 in the IL1b promoter
(Figure 3E).
Fatty Acids Differentially Regulated LPS-
Induced Inflammation through MAPK and
NF-kB Pathways in Macrophages
LA had pro-inflammatory effects by increasing LPS-induced
expression of pro-inflammatory cytokines, including IL1b and
CCL2 (Figure 4A). ALA, EPA, and DHA appeared to possess
anti-inflammatory functions; DHA exerted the strongest
inhibitory effects followed by EPA and ALA. Patterns of
expression of cytokines correlated well with those of PRRs
genes, namely TLR2, TLR5, and PGLYRP5 (Figure 4B).
Furthermore, western blot analysis indicated that LA treatment
increased the abundance of phosphorylated p38 and IKKa/b
with concomitant increases in nuclear p65 content. Conversely,
ALA, EPA, and DHA had pronounced inhibitory effects, and the
inhibitory effect of DHA on the LPS-induced phosphorylation of
IKKa/b and the unclear translocation of p65 was stronger than
that of EPA and ALA. Specifically, DHA appeared to exert its
inhibitory effect on the synthesis of phosphorylated p38 induced
by LPS, while ALA and EPA showed no effects of phosphorylated
p38 synthesis (Figures 4C, D).
Frontiers in Immunology | www.frontiersin.org 787
DISCUSSION

Bacterial diseases are one of the most important problems in
current aquaculture; fish tend to rely more on their innate
responses to combat invading bacteria because of their
evolutionarily less-well-developed adaptive immune function
(23). Innate immunity is the first line of defense against
microbial pathogens, and the study of innate immunity to
bacteria has focused heavily on the mechanisms by which
immune cells deal with LPS, the conserved PAMP of Gram-
negative bacteria (24). In mammals, LPS can be well recognized
by toll-like receptor 4 (TLR4) (25). Immune signals are then
transmitted downstream through MyD88 dependent and TRIF-
dependent pathways, which activates a series of key TFs
including NF-kB, interferon regulatory factors (IRFs), and
mitogen-activated protein kinases (MAPKs), leading to the
induction of pro-inflammatory cytokines, chemokines, and
antimicrobial responses (20, 26). Fish share similar
components of the immune system as mammals and thus
possess innate immune responses similar to mammals.
However, given that fish occupy a different portion of the
evolutionary tree from mammals, accumulating evidence
suggests that some detailed mechanisms are specific to fish
(23). Unlike mammals, most fish lack TLR4 receptors
according to the genomic data; even though TLR4 has been
found in some fish, such as zebrafish, the function of LPS
recognition is missing because of the absence of the
costimulatory molecules MD2 and CD14-like constituents in
mammals (27, 28). Overall, fish immunology is less well studied
compared with mammals; consequently, the general principles
A B

D

C

FIGURE 4 | Effects of PUFAs on the innate immune response of large yellow croaker macrophages. (A, B) Expression of TLR2, TRL5, PGLYRP5, IL1b, IL6, and
CCL2 in macrophages of large yellow croaker by LPS (50 mg/mL) stimulation after incubation with PUFAs for 12 h. (C, D) The ratios of p-IKKa/b to IKKb, p-p38 to
p38, nucleus p65 to total p65 were determined; GAPDH or Lamin B were used as the total and nucleus reference protein, respectively. Data are expressed as A.U.
of the western blots and are depicted as the ratio of target protein to reference protein. All data are presented as mean ± SEM (n= 3). Means with different
superscript letters are significantly different (P < 0.05, Tukey’s test).
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underlying signal generation and the mediation of downstream
signaling cascades in the immune regulatory network have yet to
be fully elucidated.

Cytokines are biologically potent immune molecules secreted
by stimulated immune cells that act to protect against pathogens
(29). Irrespective of the type of immune cells, cytokine profiles
released from activated cells primarily depend on the type of
stimulus (30). In the current study, large yellow croaker head
kidney macrophages could respond strongly to LPS stimulation,
resulting in an increase in the mRNA transcripts of IL1b, IL6,
and CCL2. Similar patterns of gene expression have also been
described in rainbow trout (Oncorhynchus mykiss) (10) and
Atlantic cod (Gadus morhua L.) (31). The impacts of PUFAs
on the inflammation of macrophages have been extensively
investigated both in vitro and in vivo, and these studies have
generally shown that LA is the typical n-6 PUFA eliciting pro-
inflammatory effects while ALA, EPA, and DHA possess anti-
inflammatory properties (13, 32, 33). These findings are
consistent with the results of the present study. We found that
the reduction in the expression of pro-inflammatory genes in
cells pretreated with DHA was more pronounced than that
observed in other groups following LPS exposure. This finding
is consistent with data obtained from human macrophages (34)
and fish hepatocytes by our team (unpublished data).

The initiation of the innate immune response depends on the
ability of the host to sense various PAMPs in pathogens through
PRRs. Previous in vivo studies have suggested that the
transcriptional levels of TLRs are increased after flagellin, poly
(I:C), peptidoglycan (PGN), and pure LPS challenge in large
yellow croaker, and flagellin and peptidoglycan had the strongest
ability to stimulate TLR2 (35). This observation is roughly
similar to the present result showing that LPS induced higher
levels of TLR2 and PGLYRP5 mRNA expression in large yellow
croaker head kidney macrophages. One possibility is that the
crude LPS used in the present experiment was contaminated
with the TLR2 and PGRPs ligands flagellin and PGN from
bacteria (5, 10). In addition, a recent study has shown that
NOD1 was able to identify LPS (36); thus, the NLRs in teleost
were considered partially responsible for LPS recognition. Here,
LPS appeared to stimulate the transcription of NLRs, suggesting
the role of fish NLRs in interactions with LPS. Given that fatty
acids can affect the immune response by altering TLRs in large
yellow croaker (20), we examined whether PUFAs could affect
inflammation by PRR-mediated pathways. Pretreatment of LPS-
induced macrophages with LA induced the expression of TLR2,
TLR5, and PGLYRP5, whereas ALA, EPA, and DHA decreased
these mRNA transcripts. Accumulating evidence in mammals has
revealed that PUFAs can modulate PRR-mediated inflammation
through a variety of strategies (37). However, existing literature on
teleost PRRs has primarily focused on transcriptional responses to
dietary factors, but few studies examined the function of signaling
transduction. Further research is needed to fill this gap.

Typically, the transcription of target genes stems from the
specific transduction of signaling cascades (38). Teleost NF-kB
and MAPK pathways have been shown to govern the
transcription of a variety of cytokine genes induced by LPS
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(25, 39, 40). Our results were consistent with these observations,
as a cohort of signal transducers consisting of NF-kB pathways
components, mitogen-activated protein kinase kinase kinase 8
(MAP3K8) were activated upon LPS stimulation. We next
identified the roles of both pathways in pro-inflammatory
responses and found that the inhibition of NF-kB and
p38MAPK dampened the expression of IL1b and IL6.
Furthermore, increased levels of phosphorylated IKKa/b and
p38 MAPK proteins induced by LPS were also indicative of
activation of the NF-kB and MAPK pathways, respectively. LPS
did not increase the level of phosphorylated ERK at any of the
assayed time, which was comparable to the results obtained on
macrophages of salmon (41) and trout (42). Although no
significant difference in phosphorylated JNK was detected, the
expression of IL1b and IL6 mRNA was suppressed after
treatment with the JNK inhibitor SP600125. These
observations altogether reinforce the previous conclusion that
the p38 module plays an important role in inflammatory
responses, that JNK can regulate the transcription of
inflammatory genes directly or indirectly, and that ERK
activity favors, but is not strictly necessary for, LPS-induced
cytokine transcription in fish (42).

Activation of signaling pathways results in the nuclear
translocation of central TFs that control gene expression
through their direct or indirect interactions with binding sites
in the promoters of target genes (43). As the downstream target
of the NF-kB pathway, p65 is an important subunit of NF-kB,
and the ap1 complex consisting of the TFs C-JUN and C-FOS is
the downstream target of MAPK signaling. Here, we focused the
regulatory predictions of TFs on the expression of IL1b, which
was selected to be the representative target gene for its
responsiveness (i.e., high levels of expression) to LPS
stimulation. In mammals, both p65 and p50 appear to function
as positive regulators in the transcriptional expression of IL1b
(44). However, our study in fish suggested that p65 alone could
trigger the transcription of IL1b, which was confirmed by a ChIP
assay that confirmed the binding of p65 to DNA sequences of
IL1b promoter. AP1 was reported unlikely to be effective because
of the absence of its binding sites within IL1b promoter regions;
nevertheless, AP1 might contribute by interacting with other TFs
(45). This is supported by the present observation that the AP1
complex failed to affect the promoter activity of IL1b. Thus, the
transcription of IL1b in fish might be a consequence of the
synergistic actions of NF-kB and p38MAPK signaling combined
with the nuclear translocation of p65.

Fatty acids appear to partially affect the inflammatory
response via their capacities to modulate the activities of
pivotal signaling pathways and the nuclear translocation of
certain TFs (46). Pretreatment of ALA, EPA, and DHA had a
promoting effect on the LPS-induced phosphorylation of IKKa/b
and the impaired nuclear translocation of p65, whereas
pretreatment of cells with LA had an opposite effect. Notably,
DHA was the only PUFA that could also suppress the
phosphorylation of p38, which might reflect the fact that it
possessed the strongest anti-inflammatory properties among
the PUFAs tested in this study. This finding is consistent with
October 2020 | Volume 11 | Article 559332

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. PUFAs Regulate Inflammation in Fish
our previous study on the hepatocytes of large yellow croaker
(unpublished data). However, the more specific mechanism
underlying the immunomodulatory effects of fatty acids
remains unclear. Numerous mammal studies have shown that
PUFAs can affect the expression of inflammatory genes in a
variety of manners, including post-transcriptional (47) and post-
translational modifications (48), protein-to-protein interactions
(49), macrophage polarization (20), and the production of lipid
mediators (50). The immunology of fish has been traditionally
less well understood compared with the immunology of
mammals because there have been fewer studies conducted
in fish. Therefore, these areas will likely be the focus of
future research.

In sum, we reported the LPS-stimulated transcriptome of
large yellow croaker using an in vitro macrophage model. LPS
induced the transcription of pro-inflammatory cytokines
through pathogen recognition and activation of MAPK and
NF-kB signaling pathways. We also confirmed that p65 alone
could up-regulate the transcription of IL1b by targeting the
specific response elements within its promoter. Grounded in
those findings, PUFAs were found to differentially regulate the
gene expression of PRRs, the activities of MAPK and NF-kB
signaling, as well as the nuclear translocation of p65, thereby
exerting differential immunomodulatory effects (Figure 5). Our
findings advance our understanding of fish innate immunity
against bacterial infections and contribute to the development of
nutritional strategies for improving the health of cultured fish.
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Vaccination plays a critical role in the protection of humans and other animals from
infectious diseases. However, the same vaccine often confers different protection levels
among individuals due to variation in genetics and/or immunological histories. While this
represents a well-recognized issue in humans, it has received little attention in fish. Here
we address this knowledge gap in a proteomic study of rainbow trout (Oncorhynchus
mykiss, Walbaum), using non-lethal repeated blood sampling to establish the plasma
protein response of individual fish following immunization. Six trout were immunized with
adjuvanted hen egg-white lysozyme (HEL) and peripheral blood sampled at ten time
points from day 0 to day 84 post-injection. We confirm that an antigen-specific antibody
response to HEL was raised, showing differences in timing and magnitude among
individuals. Using label-free liquid chromatography-mass spectrometry, we quantified
the abundance of 278 plasma proteins across the timecourse. As part of the analysis, we
show that this approach can distinguish many (but not all) duplicated plasma proteins
encoded by paralogous genes retained from the salmonid-specific whole genome
duplication event. Global variation in the plasma proteome was predominantly
explained by individual differences among fish. However, sampling day explained a
major component of variation in abundance for a statistically defined subset of 41
proteins, representing 15% of those detected. These proteins clustered into five groups
showing distinct temporal responses to HEL immunization at the population level, and
include classical immune (e.g. complement system members) and acute phase molecules
(e.g. apolipoproteins, haptoglobins), several enzymes and other proteins supporting the
immune response, in addition to evolutionarily conserved molecules that are as yet
uncharacterized. Overall, this study improves our understanding of the fish plasma
proteome, provides valuable marker proteins for different phases of the immune
response, and has implications for vaccine development and the design of immune
challenge experiments.

Keywords: plasma, salmonid, immunity, proteome, liquid chromatography-mass spectrometry, trout,
immunoglobulin M
org October 2020 | Volume 11 | Article 581070192

https://www.frontiersin.org/articles/10.3389/fimmu.2020.581070/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.581070/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.581070/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:daniel.macqueen@roslin.ed.ac.uk
mailto:hdooley@som.umaryland.edu
https://doi.org/10.3389/fimmu.2020.581070
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.581070
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.581070&domain=pdf&date_stamp=2020-10-08


Bakke et al. Trout Plasma Proteome Responses
INTRODUCTION

Vaccination plays a critical role in protecting humans and other
animals from infectious diseases (e.g. (1–4)). While a perfect
vaccine will impart full protection to every member of a targeted
population, in reality this is limited by the inherent variability
among individuals , including genetics and dist inct
environmental and/or immunological histories. Indeed, it is
well recognized that humans show high variability in immune
phenotypic parameters (e.g. serum protein levels) and responses
(e.g. cytokine induction), which can largely be explained by non-
heritable environmental influences (5, 6). However, the extent of
individual-level variation in the immune response remains
poorly defined in most species. This includes fishes used in
aquaculture, an industry that plays a crucial role in global food
provision and economic security, yet remains threatened by
infectious disease outbreaks (e.g. (7)).

Vaccination is applied broadly in aquaculture (4), and there
remains a need to develop new and improved vaccines for many
species and diseases, along with less labor-intensive modes of
administration (3). An important part of the development
pipeline is vaccine efficacy testing, which can be assessed
directly via the extent of protection (e.g. using disease
challenge tests), or indirectly, by studying changes in immune
parameters, for example by confirming an antigen-specific
antibody response (8, 9) or recording changes in the
expression of immune molecules (e.g. (10, 11)). Such work
usually relies on the terminal sampling of tissues from large
numbers of fish, at different time points, to adequately capture
the response dynamic. However, underlying such studies is the
assumption that individuals in a population will show similar
immune responses (12). A step towards testing this assumption
in salmonid species was the development of methods for
repeated non-lethal sampling of blood from the same fish (12,
13). This approach can help elucidate immunological variation
between individuals, either in their constitutive state or following
immunization/disease challenge.

The current study tests the hypothesis that rainbow trout, a
commercially important salmonid fish, shows a high degree of
individual variation in response to immunization. By combining
non-lethal blood sampling with high-throughput proteomics, we
sought to document global changes in plasma protein abundance
in individual fish following a common immunization protocol.
The plasma proteome provides a strong index of biological status
(14), including in fish (e.g. (15, 16)), and can be analysed using
liquid chromatography-mass spectrometry (LC-MS) using small
blood samples (e.g. (17)). Recent work has applied such
approaches in salmonids (18), including to document changes
in plasma protein abundance during sea water adaptation in
rainbow trout (19). Such approaches require a comprehensive
protein database for the target species and enable simultaneous
identification and quantification of hundreds to thousands of
proteins per experiment (20–23).

Our study design involved the immunization of a small
cohort of rainbow trout with adjuvanted hen egg-white
lysozyme (HEL) followed by sequential blood sampling of
every individual at ten points across a 12-week timecourse.
Frontiers in Immunology | www.frontiersin.org 293
After verifying an antigen-specific antibody response was
generated by each individual, high-throughput LC-MS
proteomics was used to monitor changes in plasma protein
abundance in the same animals. Our analyses revealed the
extent of individual versus population-wide responses to the
same immunization protocol, as well as providing a detailed
characterization of a salmonid plasma proteome.
MATERIALS AND METHODS

Immunization Protocol and Plasma
Sampling
All procedures were conducted following the UK Home Office
‘Animals and Scientific Procedures Act 1986; Amendment
Regulations 2012’ on animal care and use, with prior ethical
approval from the University of Aberdeen’s Animal Welfare and
Ethical Review Body (AWERB). Rainbow trout (245.6 ± 0.64 g;
27.6 ± 0.19 cm; mixed sex) were purchased from Almondbank
Hatchery, Perthshire. The size of fish was chosen to ensure we
could collect enough plasma per animal to perform technical
optimization and data acquisition without exceeding 10% blood
volume taken from any individual per month (13). The fish were
maintained in 1-metre diameter tanks containing continuously
circulating fresh water at 14±1°C in the aquarium facility of
the School of Biological Sciences, University of Aberdeen, and
were fed twice daily with standard commercial pellets
(EWOS, Scotland). Fish were sedated with 2-phenoxyethanol
(Sigma Aldrich) prior to any experimental procedure and
daily monitoring undertaken for the duration of the
experiment. Following PIT tagging fish were allowed 1 week to
recover prior to immunization. Six fish were immunized
intraperitoneally (IP) with hen egg-white lysozyme (HEL)
emulsified in an equal volume of Complete Freund’s Adjuvant
(CFA), and one control fish was immunized with CFA only. HEL
is a model antigen that has been used for immunization studies
in several other vertebrate species (e.g. (24–26)). We can be
certain that our study animals have no prior exposure to this
antigen and know from other species the response to HEL is T-
dependent and therefore a good proxy for the response we would
wish to raise when developing an effective vaccine. Blood
samples were drawn on days 0, 7, 14, 21, 28, 35, 42, 56, 70,
and 84 post-immunization into syringes containing 100ml
porcine heparin reconstituted to 1,000 U/ml in PBS. Plasma
was aliquoted into low protein binding tubes, flash frozen, and
stored at -80°C prior to analysis.

Measurement of Antigen-Specific IgM
ELISA plates were coated for 48 h at 4°C with 100 ml/well of HEL
diluted in 0.05 M carbonate-bicarbonate (pH 9.6) buffer to 10
mg/ml. Wells were emptied, washed once with 200 ml PBS
containing 0.05% Tween20 (PBST), and blocked with 200 ml
3% fat-free milk solution (MPBS) for 3 h at room temperature.
Plasma samples were pre-diluted 1/10 in PBS then three-fold
dilutions performed so that titration curves could be obtained for
each sample. Wells were washed with PBST x3, plasma samples
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added at 100 ml/well then incubated overnight at 4°C. Wells were
washed three times with PBST then 4C10 anti-salmonid IgM
monoclonal supernatant (27), diluted 1:1 in PBS, was added at
100 ml/well and the plates incubated overnight at 4°C. After three
washes with PBST, anti-mouse HRP-conjugated antibody
(Sigma Aldrich), diluted 1:1000 in MPBS, was added at 100 ml/
well and incubated for 2 h at room temperature. Following three
further washes with PBST, binding was detected by the addition
of 100 ml/well TMB solution; the reaction was stopped by the
addition of 50 ml/well 1M H2SO4, and the plate read at 450 nm.
Data were normalized across the plates, and titration curves
plotted for each timepoint for each animal. To illustrate the data
more easily we picked a dilution where signal was subsaturated
for all samples, in this case the 1/270 dilution, and used this to
plot absorbance at 450nm against time (as shown in Figure 1).
Plasma from our CFA-only immunized animal was used as the
negative control. The following technical controls were also
performed; plasma samples on an irrelevant target (i.e. ELISA
wells both coated and blocked with MPBS), PBS in place of
plasma, and monoclonal antibodies raised against irrelevant
targets in place of the 4C10 monoclonal.

LC-MS Analysis
Plasma samples were prepared for proteomic analysis at Aberdeen
Proteomics (University of Aberdeen) for the same n=6 trout
individuals assayed by ELISA (as above). 1 ml of plasma was
Frontiers in Immunology | www.frontiersin.org 394
diluted with 99 µl 50mM ammonium bicarbonate and proteins
were reduced in 2mM dithiothreitol for 25 min at 60°C, S-alkylated
in 4mM iodoacetamide for 30min at 25°C in the dark, digested with
porcine trypsin (sequencing grade, Promega) overnight at 37°C,
then freeze-dried. The protein pellets were dissolved in 40 µl 0.1%
TFA and desalted using ZipTip µ-C18 stage tips (Merck Millipore)
following the manufacturer’s instructions. The eluted peptide
solutions were dried and dissolved in 10 µl LC-MS loading
solvent (98 parts UHQ water: 2 parts acetonitrile: 0.1 parts formic
acid). Samples were transferred to a 96-well microtitre plate ready
for injection into an UltiMate 3000 RSLCnano LC system (Thermo
Scientific Dionex) coupled to a Q-Exactive Hybrid Quadrupole
Orbitrap MS system (Thermo Scientific). The LC was configured
for pre-concentration onto a PepMap RSLC C18 50 µm x 25 cm
column (Thermo Scientific P/N ES802) fitted to an EASY-Spray ion
source (Thermo Scientific). The loading pump solvent was UHQ
water: acetonitrile: formic acid (98: 2: 0.1) at a flow rate of 10 µl/min;
nano pump solvent A was UHQ water: formic acid (100: 0.1); nano
pump solvent B was acetonitrile: UHQ water: formic acid (80: 20:
0.1). The LC gradient was programmed to increase the proportion
of solvent B from 3% to 10% between 5 and 15 min, from 10% to
40% between 15 and 95 min, from 40% to 80% from 95 to 100 min
and hold for 10 min before re-equilibration of the nano-column in
3% solvent B for 25 min. MS data acquisition was started at 10 min
into the LC gradient, 5 min after switching the flow through the pre-
column, and continued for a total of 100 min.
FIGURE 1 | Changes in antigen-specific IgM levels following immunization of six rainbow trout (coloured lines) to HEL-CFA as compared to the CFA-only control fish
(black line). The data shown are representative of duplicate technical replicates. The insert shows a positive correlation between antigen-specific and total IgM levels
estimated by ELISA and label free proteomics, respectively (Spearman’s Rho = 0.71, P <0.001).
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Computational Proteomics
MS data were uploaded to MaxQuant v1.5.3.30 (28) together with
a reference database containing all protein sequences (n=71,625)
predicted in the current rainbow trout RefSeq genome assembly
(NCBI accession: GCA_002163495.1) (29). Despite representing a
comprehensive annotation of proteins, we noted a poor
representation of immunoglobulin (Ig) M (IgM) proteins. As we
were interested in quantifying total IgM in addition to antigen-
specific IgM, we supplemented the reference database with 317 O.
mykiss IgM proteins downloaded from the NCBI nr protein
database. The Andromeda peptide search engine within
MaxQuant (21) was used to match the mass spectra of all
detected peptides against the reference protein database, using
the label-free quantification method. Digestion type was set to
“trypsin” and two missed cleavages were permitted to maximize
peptide detection if tryptic digestion was incomplete. Variable
modifications of methionine oxidation and N-terminal acetylation
were allowed. To increase quantitative accuracy, the Fast LFQ
option was not selected. “Match between runs” was used to
maximise peptide detection; any features with retention times
within 0.7 min and mass within the mass tolerance of peptides
identified during previous runs (30) were assigned the same
peptide identity. The false discovery rate was set at 0.01, using a
target-decoy based search applied at both peptide and protein
group levels, which calculated the probability that identified
peptides and proteins were false hits (31).

The Andromeda platform within MaxQuant generated protein
groups andmajority protein groups (MPGs) comprising all proteins
sharing at least 50% of their peptides (31). This additional filter
increases confidence in the identifications, and only MPGs were
considered in subsequent statistical analyses. Proteins identified as
contaminants and false positives were removed. Hereafter, where
possible we use the term protein in exchange of MPG, as it provides
a more intuitive biological description. Protein abundance values for
each sample were generated using the label-free quantification
(LFQ) method (32).

Statistical Analyses
Among 604 unique proteins initially identified by MaxQuant
(Table S1), we retained those with abundance (LFQ) values in at
least seven out of ten samples across the post-immunization
timecourse for all six individuals (278 MPGs; Table S2). Our
rationale for this cut-off was to filter the analysis to only
consistently measured proteins, allowing reliable downstream
inferences. After filtering, just 130 missing values remained in
the dataset (0.78% of 16,680 data-points) across individuals. LFQ
values for the remaining proteins were log2-transformed and
missing values imputed using a random forest-based method
(33). Subsequent statistical analyses were performed on
transformed imputed values using Minitab v.19 and R v3.6.2.

Principal component analyses (PCA) were performed in R using
the prcomp function and visualized in ggplot2 v3.2.1 (34). One-way
analysis of variance (ANOVA) was performed in Minitab on
abundance levels for each of the 278 proteins separately, using
sampling day as a fixed factor. The Anderson-Darling test was
performed to verify that the residuals were normally distributed and
Frontiers in Immunology | www.frontiersin.org 495
Levene’s test used to assess homogeneity of variance. We recorded
the R2 value for each analysis, defining the proportion of variance in
protein abundance explained by sampling day. We classified
proteins of interest as markers for population responses to
immunization as those showing a Benjamini-Hochberg corrected
P-value ≤0.05 (corrected at the level of 278 separate
analyses), indicating an effect of sampling day. The relationship
between P-value and R2 is shown in Figure S1, where a Benjamini-
Hochberg corrected P-value ≤0.05 corresponds to R2 >0.34. The
ANOVA data are provided inTable S3. For 41 proteins meeting the
cut-off, differences in abundance across days were assessed using
Tukey’s test. Hierarchical clustering analysis was performed in
PermutMatrix (35) using abundance data for the 41 proteins, in
addition to the mean total IgM abundance (mean log2 transformed
imputed values for all fish, at each time point, for proteins in the
dataset annotated as IgM) and antigen-specific Ig titres assessed by
ELISA. Clustering and seriation were based on Pearson’s correlation
coefficient dissimilarity z-scores. The multiple-fragment heuristic
seriation method was used with complete linkage (furthest
neighbour) aggregation to obtain hierarchical clusters.

Annotation of Trout Plasma Proteins
We used STRING (36) to annotate the 278 proteins in the filtered
rainbow trout plasma proteome set on the basis of identifiable
orthologues in human, testing for statistical enrichment in
protein-protein interaction (PPI) networks, done using default
parameters, and recording enrichment (P<0.0001) for Biological
Processes within the Gene Ontology (37) and Reactome Pathway
(38) frameworks (Table S4). We also used the GO FEAT (39)
webserver to summarize the annotation of GO Biological
Processes for the same protein set.

Analysis of Duplicated Proteins
The common ancestor to salmonid fishes underwent a whole
genome duplication (WGD) event (Ss4R) ~88–103 million years
ago (40) and consequently, approximately half of the functional
genes are found in duplicated pairs (41, 42). Duplicated proteins
retained from Ss4R share identities ranging from ~75% to >99%
(41). Previous LC-MS studies in salmonids have not tested how
analysis platforms using the protein group approach handle the
presence of duplicated proteins. We thus aimed to establish how
MaxQuant organizes duplicated proteins into MPGs using the
current dataset on the basis of protein similarity (Table 1; Figure
S2; Tables S5, S6).

The analysis was performed using the unfiltered high-
confidence 604 MPGs and compared the number of MPGs
containing duplicated proteins (“scenario i”) with the number
of duplicated proteins classified into unique MPGs (“scenario
ii”). The analysis was informed by BLASTp searches (43) using
one representative protein per MPG as the query versus all other
proteins within the full set of MPGs. For each MPG, we checked
if the proteins present were translated from distinct NCBI RefSeq
genes (i.e. duplicated genes), as opposed to representing isoforms
of the same gene. For MPGs solely comprised of proteins
translated from the same gene, BLASTp was used to record
any duplicated proteins within other MPGs (cut-off: >70%
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identity/coverage). We used ClustalW sequence alignment (44)
within BioEdit (v.7.0.5) (45) to align putative duplicated proteins
within MPGs and between MPGs. The alignments were trimmed
to the shortest protein present, and the mean pairwise identity
between duplicated proteins was recorded. Chromosomal
locations of genes encoding duplicated proteins were recorded
to record duplications resulting from Ss4R (after (29, 42)).
Finally, the number of detected peptides shared by duplicated
proteins was recorded.

Phylogenetic Analysis
Phylogenetic analyses were used to clarify the evolution of several
proteins detected in the trout plasma proteome. For the analysis of
apolipoprotein proteins we used human A-I, A-IV, and E protein
sequences (NCBI accession numbers: AAA35545, AAA96731, and
NP_000032, respectively) as BLASTp queries (43) against the NCBI
nr protein database and collected the highest scoring homologues
(e-value <1e-10) from coelacanth (Latimeria chalumnae), spotted
gar (Lepisosteus oculatus), zebrafish (Danio rerio), northern pike
(Esox lucius), Atlantic salmon (Salmo salar) and rainbow trout. We
also performed phylogenetic analysis for two plasma proteins with
‘uncharacterized’ annotations (XP_021436350 and XP_021423950).
For this analysis, the trout proteins were used as the query for
BLASTp searches against the following taxa in NCBI: invertebrates,
jawless fish, Chondrichthyes, Teleostei, Amphibia, Reptilia, Aves,
and Mammalia. Hits for these ‘uncharacterized’ proteins were
filtered to proteins showing >40/30% sequence coverage/identity
to the query (e-value <1e-04). BLAST data are provided in Table S7.

For each analysis, sequence alignment was performed using
Mafft v.7 with default parameters (46) and trees were built using
the IQ-TREE maximum likelihood method (47, 48), which
estimated and employed the best fitting amino acid
substitution model (49). Ultra-fast bootstrapping (50) was used
to generate branch support values. Consensus trees were
visualised and rendered in Mega X (51). All used sequence
alignments are given in Supplementary Data 1.
RESULTS AND DISCUSSION

Antigen-Specific and Total IgM Response
ELISA demonstrated that an antigen-specific IgM response was
generated by all six fish injected with HEL-CFA, however the timing
and magnitude of the response varied considerably between
individuals (Figure 1). While antigen-specific IgM levels began to
Frontiers in Immunology | www.frontiersin.org 596
increase in four of the six HEL-immunized fish between 28 and 35
days post-immunization, fish 2 and fish 3 did not show antigen-
specific IgM binding appreciably above that of the CFA-only
control fish even at day 42 (Figure 1). While all six HEL-
immunized fish showed antigen-specific IgM levels significantly
(3–5 fold) higher than the CFA-only control by day 84, there was an
approximately 2-fold difference in ELISA signal between some of
the antigen exposed individuals (Figure 1).

In mammals, primary antigen exposure causes a rapid
increase in both total and antigen-specific IgM levels. This
contrasts with sharks (i.e. cartilaginous fish), where total IgM
levels remain relatively constant and it is only the monomeric
antigen-specific portion that increases in concentration upon
immunization (26). We were curious to establish if the HEL-
specific IgM responses observed in trout were coupled to changes
in total IgM, as in mammals, or were largely uncoupled, as in
sharks. As the IgM proteins in our database were present as 11
distinct, closely related proteins, we took their average values at
each time point to approximate the total IgM response. Antigen-
specific IgM response and total IgM levels were significantly
correlated for each of our 60 samples (Spearman’s Rho = 0.71,
P <0.001; Figure 1).

Overview of Trout Plasma Protein
Functions
Biological processes and molecular pathways overrepresented
among the 278 trout plasma proteins are shown in Table S4.
These plasma proteins are highly biologically connected,
showing 8.42 times more protein-protein interactions than
expected by chance (P <1.0e-16; visualized in Figure S3). The
overrepresented Biological Processes (GO framework) and
Reactome pathways reflect the large number of proteins
from, or involved in the regulation of, the complement system
(e.g. 24 annotated with Reactome term ‘complement cascade’,
P = 1.83e-30), diverse immune functions (e.g. 53 annotated with
Reactome term ‘immune system’, P = 8.88e-17, 29 annotated with
GO term ‘humoral immune response’, P = 4.88e-23, and 23
annotated with GO term ‘adaptive immune response’, P =
1.52e-15), a range of blood, blood clotting/coagulation and
platelet functions (e.g. 34 annotated with Reactome term
“hemostasis”, P = 7.78e-19), in addition to metabolic functions
(e.g. 5 annotated with Reactome term ‘gluconeogenesis’, P =
8.14e-05). GO FEAT analysis highlighted similar terms, but also
emphasised representation of proteins involved in lipid transport
and metabolism, largely apolipoproteins (see later section).
TABLE 1 | Comparison of amino acid sequence identity and shared peptide content between Ss4R and other duplicates classified into the same or different MPGs.

% Similarity
Mean

% Similarity
S.D.

% Similarity
Range

% Shared peptides
Mean

%Shared peptides
S.D.

% Shared peptides
Range

Duplicates in same MPG (Scenario i)
Ss4R duplicates 95.28 4.65 80.34 - 100 92.91 11.36 46.47 - 100
Other duplicates 94.66 7.17 73.21 - 100 91.12 12.93 53.13 - 100
Duplicates in different MPGs (Scenario ii)
Ss4R duplicates 90.40 6.10 70.20 - 98.58 34.49 28.76 0 - 100
Other duplicates 92.16 5.89 77.34 - 98.86 43.65 33.43 0 - 100
October 2020 | Volum
e 11 | Article 581070

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bakke et al. Trout Plasma Proteome Responses
Analysis of Duplicated Proteins
In LC-MS proteomics, it is common to collapse proteins that
share identical or highly similar peptides into single protein
groups. This method aims to capture protein isoforms derived
from the same gene, but also creates potential for proteins
translated from highly similar duplicated genes to be grouped
together. Logically, this situation will arise most commonly for
proteins sharing high similarity, such as those translated from
gene duplicates retained from Ss4R (41, 42). On these grounds,
we predicted that the classification of duplicated proteins into
distinct MPGs or a common MPG by MaxQuant would be a
product of paralogous sequence divergence.

Among the 604 MPGs available for analysis, 46.5% were
comprised of proteins without identifiable duplicates in the
dataset (Figure S2). Among the remaining 286 MPGs, 31%
included duplicated proteins translated from distinct genes
(“scenario i”), whereas for the other 69%, any duplicated
proteins in the dataset were in unique MPGs (“scenario ii”)
(Tables S5, S6). Under scenarios i and ii, ~70% and ~85% of the
proteins were retained from the Ss4R event, respectively (Figure
S2). On average, duplicated proteins classified into the same
MPG shared higher amino acid sequence identity and a higher
percentage of shared peptides than duplicated proteins classified
into two or more MPGs (Table 1). Under both scenarios we
observed a significant positive correlation between the
proportion of shared peptides and % identity between
duplicated proteins (Figure S4; Pearson’s R=0.62 and 0.70;
P=0.006 and P<0.0001 for scenario i and ii, respectively).
MaxQuant classified many duplicated proteins sharing >95%
amino acid level into distinct MPGs, despite sharing >50%
common peptides (Figure S4). Overall, these data indicate that
MaxQuant often distinguishes protein duplicates across a range
of sequence divergence levels relevant to the detection of
Ss4R duplicates (40, 41). However, the results advocate for a
careful approach when drawing conclusions about duplicated
proteins using the protein group concept in LC-MS proteomics,
requiring a protein-by-protein investigation of the make-up of
protein groups.

Individual-Level Variation Dominates the
Plasma Proteome
We used PCA to visualise groupings among the 60 sampled
plasma proteomes according to fish individual and the ten post-
immunization time points (Figure 2). We did this twice, firstly
with the overall plasma protein abundance levels (Figure 2A),
and secondly using the same values normalized to day 0 values
(i.e. day 7/day 0, day 14/day 0, etc.) in order to remove the effect
of variability in starting abundances, thus focusing on the
response dynamic (Figure 2B). For the first analysis, PC1 and
PC2 together explained around a third of the total variation and
showed largely fish-specific groupings (Figure 2A). For the
second analysis, a similar amount of total variation was
explained by PC1 and PC2, and while there was a more
substantial overlap among fish individuals (Figure 2B), this
was not clearly explained by differences among days. Overall, a
substantial proportion of total variation in our dataset is
Frontiers in Immunology | www.frontiersin.org 697
explained by overarching differences in plasma protein
abundance and responses among the six trout individuals.

Proteins Showing Similar Population
Responses to Immunization
We next classified proteins according to the extent of variation in
abundance levels explained by sampling day using one-way
ANOVA (Table S3). We recorded R2 to describe the variance
explained by differences among sampling days. The relationship
between P-value and R2 is shown in Figure S4, which highlights
the cut-off we employed (corrected P ≤ 0.05) to identify 41
proteins showing an overall population effect of sampling day.
These proteins represent approximately 15% of all detected
plasma proteins, and within our dataset are characterized by
the most similar overall abundances within days, and most
similar responses to immunization across the six individuals
between days. We grouped these proteins according to
commonalities in their average response to immunization
using hierarchical clustering, also including mean total Ig and
antigen-specific IgM levels (Figure 3). This revealed two major
clades (“A” and “B”), separating proteins showing highest
abundances during the early or late part of the timecourse
(Figure 3). In the following sections, we outline the responses
and characteristics of proteins grouped into five sub-clusters, two
within clade A (clusters A1 and A2) and three within clade B
(clusters B1, B2, and B3).

Cluster A1: IgM and Neuropilin-2
Mean total IgM and antigen-specific IgM clustered closely,
together with a single IgM heavy chain protein (Figure 3),
which showed large variation between fish individuals, such
that abundance levels were not significantly different between
any time points (Figure 4A). The other protein in this cluster,
neuropilin-2, showed a significantly higher abundance at day 56
compared to days 14–21 (Figure 4B). Neuropilin-2 is a
transmembrane glycoprotein that is abundantly expressed in
immune cells, and supports multiple immune functions,
including antigen presentation (52, 53).

Cluster A2: Diverse Molecules With
Immune Functions; From Complement to
Metabolic Enzymes
Members of the A2 cluster showed lowest abundance during the
earliest days in the timecourse (Figure 3) and included
complement system proteins annotated as C1q-like, C3, C6,
and factor H (Figure 5). For instance, a C3 protein
(XP_021469459.1), which is a central component of the
complement system, showed significantly higher levels on days
21–84 than day 0 (Figure 5A). Similarly, complement C6, part of
the membrane attack complex (54), was significantly higher on
days 28–70 than day 0 (Figure 5B). Similar abundance profile
changes were observed for complement C1q-like protein 2 and
two distinct factor H proteins (Figure S5). Several additional
proteins with known immune functions were present in cluster
A2, including C type lectin receptor B (Figure 5C), a pattern
recognition receptor, precerebellin-like protein, a known acute
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phase protein showing regional similarity to C1q (Figure 5D)
(55, 56) and the antibacterial enzyme lysozyme (57) (Figure 5E).
Two separate microfibril-associated glycoprotein 4 proteins also
grouped within cluster A2 (Figure S5), and may act as soluble
pathogen recognition molecules (58). Cluster A2 also included a
protein annotated ‘uncharacterized’ (XP_0214236350; detailed
further below) that showed significantly higher abundance at
days 21-84 compared to day 0 (Figure 5).
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Within cluster A2, glucose-6-phosphate isomerase (GPI)
levels increased steadily during the timecourse, and reached
peak levels at day 84, which was significantly higher than days
0-42 (Figure 6A). While best known for its role in glycolysis and
gluconeogenesis, in mammals a secreted form of GPI
(“neuroleukin”) induces maturation of B cells into plasma cells,
thereby increasing Ig production (59). Thus, the increasing levels
of GPI may have been supporting the development of the
A

B

FIGURE 2 | PCA of 278 plasma proteins derived from the six HEL-immunized fish shown in Figure 1 using (A) log2-transformed imputed values and (B) log2-
transformed imputed values normalized to Day 0 values. Normalized Day 0 value common to all fish is shown in yellow. Ellipses are 95% confidence intervals around
the centroid. Sampling days are shown by numbering within the plots.
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observed antigen-specific IgM response. Like GPI, plastin-2
(LCP1 or L-plastin) increased during the timecourse to show
highest levels at day 84, with days 70 and 84 each showing
significantly higher levels than days 0–14 (Figure 6B). Plastin-2
is an actin-regulating protein expressed specifically in leucocytes,
and in humans is among the most abundant of all monocyte and
T-cell proteins, with key immune functions including
lymphocyte migration and T-cell activation (60, 61). The
metabolic enzyme transaldolase showed a similar abundance
profile (Figure S5), and is involved in the pentose phosphate
pathway; its increasing levels during the time course may help
support the high metabolic demands of an adaptive immune
response (62).

Olfactomedin-4 showed a significant increase in abundance at
days 28 and days 56–84 compared to day 0 (Figure S5). The
secreted form of olfactomedin-4 can interact with many proteins,
such as NOD1/NOD2, lectins, cadherins, and cathepsins, all of
which regulate immune functions (63). The enzymes chitinase
(Figure 6C), biotinidase (Figure S5), and aminopeptidase
W07G4.4 (Figure S5), all increased steadily in abundance
across the timecourse, with chitinase and biotinidase reaching
significantly higher levels than day 0 by days 35–42. Chitinase
has well established roles in innate immune protection,
Frontiers in Immunology | www.frontiersin.org 899
providing antifungal and antihelminthic activity (64). While no
direct immune functions have been attributed to biotinidase, this
enzyme may support immune function indirectly, e.g. biotin is
an essential cofactor for enzyme functioning in many cell types,
including maturing and proliferating lymphocytes (65, 66).
Upregulation of biotinidase should increase the supply of
biotin, perhaps supporting the production of antigen-specific
Ig in the adaptive phase.

Cluster B1: Including Haptoglobins and
Complement Proteins
Cluster B1 contained proteins that tended to show highest levels
from day 7 onwards (Figure 3). This included two complement
proteins, a second C3 molecule (XP_021417240) along with
factor B (Bf), an integral component of the alternative pathway
C3 convertase (67). Both molecules showed a dramatic increase
in abundance between day 0 and 7 and remained at elevated
levels across the remainder of the timecourse (Figures 7A, B).
Cluster B1 contained two haptoglobin (Hp) molecules,
also showing large increases in abundance from day 0 to 7,
consistent with Hp being an acute-phase protein, before
dropping back to levels not significantly different from
0 between days 14–70, and increasing again on day 84
FIGURE 3 | Hierarchical clustering analysis used to group proteins according to similar mean abundance profiles across the sampling timecourse. The 41 included
proteins were defined by One-way ANOVA defining an overall population effect of sampling day (see Table S3). For comparison, we also included data for mean
total Ig levels and antigen-specific IgM levels. The five defined clusters are referred to in the main text.
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(Figures 7C, D). Hp is best known for sequestering haemoglobin
released by haemolysis in mammals (68). However, it has
recently been shown that Hp is a divergent member of the
complement-activating MASP family (69) and possesses various
immunoregulatory functions (70, 71). The adipokine C1q TNF-
related protein (CTPR3) showed a similar mean profile, but with
larger variation among individuals, and only showed a significant
difference in abundance between days 14 and 42 (Figure 7E).
Given the wide-ranging effects ascribed to CTPR3, including
roles in metabolism and inflammation (reviewed in (72)), it is
difficult to predict the consequences of these changes. A second
uncharacterized protein (XP_0211423950; detailed further
below) was contained in cluster B1. This protein increased
significantly in abundance between day 0 and day 7, dropped
to a slightly lower level from days 14–70, then increased in
abundance again at day 84 (Figure 7F), an abundance profile
remarkably similar to the Hp proteins, with which it clustered
(Figure 3).

Cluster B2: Apolipoproteins
Cluster B2 was comprised of five apolipoproteins (Figure 3),
among 17 unique apolipoproteins detected in our dataset
(Table S2). Each of the five apolipoproteins showed related
changes in abundance during the timecourse, but with
distinct levels of individual variation within days (Figure 8).
Two of these proteins showed among the highest R2

values reported in our dataset (Table S3; Figures 8A, B).
Apolipoprotein A-I (XP_021453338) showed highest levels at
days 21–35 (significantly higher than days 0–7 and days 42–70)
Frontiers in Immunology | www.frontiersin.org 9100
and lowest levels at day 56 (significantly lower than all days
except days 42 and 70) (Figure 8A), which was highly similar to
apolipoprotein A-IV (Figure 8B). A distinct protein annotated
as apolipoprotein A-I (XP_021480058) showed a similar profile,
but with greater individual variation within days, showing a
significantly lower abundance at day 56 compared to days 21–35
(Figure 8C). Apolipoprotein B-100 was unique in showing a
significant decrease from day 0 to day 7, before significantly
increasing by day 21, and significantly decreasing again by day 56
(Figure 8D). Apolipoprotein Eb showed significantly lower
abundance at day 56 compared to days 21–35 and day 84
(Figure 8E).

The similar annotations and abundance profiles of multiple
apolipoprotein A family members led us to question their
evolutionary relationships. A phylogenetic analysis was
performed for all annotated apolipoprotein A proteins in our
dataset, within a broader background of orthologs from
additional vertebrate species (Figure 9). Note, we included the
apolipoprotein E family in this analysis as the sister group to the
apolipoprotein A family, but excluded apolipoprotein B
molecules, which are more evolutionarily divergent (73). This
analysis provides a different, and more well supported
evolutionary history of apolipoprotein AI and IV than existing
scenarios (73). Specifically, our tree strongly supports a scenario
where the ancestor to ray-finned fish and lobe-finned fish had
separate genes encoding three distinct proteins related to
apolipoprotein AI and IV, all of which are retained in
coelacanth (Figure 9). Included among these three proteins,
humans retain apolipoprotein AI and IV while ray-finned fish
A B

FIGURE 4 | Abundance profiles for all proteins in cluster A1 (Figure 3); (A) IgM heavy chain and (B) neuropilin-2. R2 values describe the proportion of variance in
abundance explained by differences in sampling day according to one-way ANOVA (Table S3). Different letters shown on the plots indicate days with significantly
different protein abundance values (Tukey’s test). Relative protein abundance represents log2 transformed imputed values. The different colour dots represent
different fish.
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only retain orthologues of AI (Figure 9). However, ray-finned
fish and coelacanth retain a distinct paralogue of apolipoprotein
AI, absent in humans (Figure 9). Three rainbow trout
representatives of this clade are grouped within Cluster B2,
with two representing salmonid-specific duplicates (i.e.
XP_021453338 and XP_021457661) (Figure 9) showing highly
correlated abundance changes (Figure 3). The third protein
(XP_021480058) is a more ancient paralogue that arose in the
common ancestor to salmonids and zebrafish after the split from
spotted gar, which is consistent with the teleost-specific WGD
event (74). The current annotation of apolipoprotein A-like
proteins in salmonids is thus not supported by phylogenetic
analysis, and future work might expand the phylogenetic analysis
of the apolipoprotein A family to achieve an evolutionarily-
supported nomenclature.

When interpreting the changes in abundance of
apolipoproteins in our data, it is important to note that while
classically associated with lipid transport and metabolism (75)
these molecules also modulate innate and adaptive immune
processes (reviewed in (76)). Recent data from amphioxus (77)
suggest at least some of these immune roles are evolutionarily
ancient. Apolipoprotein B-100 has been shown to inhibit
Staphylococcus aureus colonization (78), while class A
apolipoproteins can bind and neutralize bacterial LPS (79) and
have bactericidal (80–82) and viricidal (83) activity in teleosts,
including salmonids. They also kill pathogens indirectly, acting
as immunostimulants to enhance respiratory burst responses in
innate immune cells (84). Class A and E apolipoproteins also
modulate many adaptive immune processes. Generally these
immune functions tend towards regulation, e.g. inhibiting the
production of pro-inflammatory cytokines by disrupting contact
between stimulated T cells and monocytes (85), stimulating
regulatory T cell expansion (86), and inhibiting T cell
activation through the downregulation of antigen-presentation
by dendritic cells (87). Thus, the complex changes in abundance
observed across the timecourse may reflect the multifaceted
regulatory roles of rainbow trout apolipoproteins at different
phases of the immune response.
Cluster B3: Including Haemoglobin and
Proteins With Blood Functions
Proteins in cluster B3 showed highest levels on day 0, then
decreased in abundance over the timecourse (Figure 10, Figure
S6). Seven haemoglobin (Hb) proteins fell within this cluster and
reached lowest levels on day 70. The presence of Hb in plasma is
due to red blood cell (RBC) lysis, occurring biologically in vivo or
during sample processing ex vivo. The drop in abundance of Hb
subunits may simply reflect improvement in our sampling and
processing technique over the experiment, however, there are
several biological processes that could cause or contribute to this
drop. For example, repeated blood sampling could reduce RBC
counts and consequently reduce free Hb. However, Collet and
colleagues (12) recorded no significant drop in haematocrit using
the same approach with more regular bleeding (taken every 4
days). While we did not measure haematocrit, the fish in our
study were sampled every 7 days using the same volume criteria
Frontiers in Immunology | www.frontiersin.org 11102
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(<10% blood volume from each animal in any 4-week period).
Thus, it would be surprising if reduced Hb was caused by
reduced haematocrit. Replacement of removed RBCs with
newer, more robust, cells could partly explain the drop in free
Hb. Finally, there is known to be a slow turn-over of RBCs in vivo
due to formation of the alternative pathway C3 convertase
(formed from fragments of C3 and Bf) of the complement
system on their surface. It is worth noting that free Hb levels
drop around the time that the levels of one C3 and Bf decrease,
while the two molecules of factor H, a regulatory protein which
accelerates the decay of the C3 convertase and thus would protect
host RBCs from lysis, show an increase. Further study is required
to ascertain which, if any, of these mechanisms explain our data.

Transcobalamin-2, which is required to bind and transport
vitamin B12 for red blood cell production (88, 89), also decreased
over the timecourse, with highest abundance levels between day
0 and day 35, dropping at day 42 and remaining at this level until
day 84 (Figure 10C). Kininogen-1 is a multi-functional protein
with a major role in blood clotting and blood pressure regulation
Frontiers in Immunology | www.frontiersin.org 14105
but is also a mediator of immune inflammation (90). Kininogen-
1 levels decreased steadily over the experimental timecourse such
that there was a significant drop between day 0 and day 84
(Figure 10D). Protein LEG1 homolog, a structural protein
necessary for liver development and function (91), also
decreased in abundance over the study timecourse, showing
lower levels at days 70–84 than at day 0 (Figure 10E).

Evolutionary Conservation of
“Uncharacterized” Trout Plasma Proteins
The presence of two proteins annotated as ‘uncharacterized’
within the group of 41 proteins included in Figure 3 (Figures 5F,
8F), led us to question their annotations and evolutionary
origins. We determined if these molecules show homology to
proteins in other taxa using BLASTp (Table S7). Despite not
being detected in any mammal, both proteins are conserved
across multiple vertebrate classes (Table S7). The protein in
cluster A2 (XP_021436350) is a 22 kDa cysteine-rich
glycoprotein containing no known conserved domains,
FIGURE 9 | Maximum likelihood consensus tree of apolipoprotein A and E proteins detected in the rainbow trout plasma proteome, alongside putative orthologues
from human, coelacanth, spotted gar, zebrafish, Atlantic salmon, and northern pike. The tree, which is rooted to the ApoE clade, was generated using the best fitting
amino acid substitution model (LG+G4) and includes branch support values from 1,000 ultrafast bootstrap replicates. The circles highlight nine distinct apolipoprotein
A and E family members detected in our dataset. The yellow circles highlight proteins included in Cluster B2 (Figure 3) with specific abundance profiles plotted in
Figure 8.
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FIGURE 10 | Proteins in Cluster B3 (Figure 3); (A) hemoglobin subunit alpha, (B) alpha-globin I, (C) transcobalamin-2, (D) kininogen-1
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conserved in teleosts, amphibians and reptiles (Figure 11A). The
protein in cluster B1 (XP_021423950) is a 24 kDa cysteine-rich
protein with no known conserved domains, and conserved in
cartilaginous fish, birds, and teleosts (Figure 11B). The
identification of conserved uncharacterized proteins showing
temporal changes in abundance highly correlated to known
immune molecules highlights a strength of the “discovery”
approach enabled by LC-MS proteomics; specifically, the scope
for revealing novel molecules with putative immune functions,
which clearly warrant further attention.
CONCLUSIONS, PERSPECTIVES,
AND CAVEATS

This is the first study to apply label-free proteomics to quantify
long-term changes in plasma protein abundance in a salmonid fish
following immunization, capturing different phases in the immune
response. By keeping samples from each individual separate, we
were able to explore the variation in humoral response between
individuals as well as population-level responses. It is well-
established that vaccination does not induce comparable
protective responses in individual fish (92–94), however the
extent of individual variation we observed here was nevertheless
surprising. For example, although all fish produced antigen-specific
IgM, the kinetics and magnitude of the response varied markedly
between individuals. Importantly, now we have proved antigen-
specific IgM levels as measured by antigen-binding ELISA correlate
highly with total IgM as measured by LC-MS/MS, future studies
would require much smaller plasma volumes (i.e. only 1 ml of
plasma is required for LC-MS analysis compared to ≥10 ml for
ELISA) thus permitting study of immune responses in much
smaller fish (e.g. fingerlings of usual vaccination size).

Mirroring the data on the IgM response, we found that the
overall plasma proteome response to HEL immunization was
Frontiers in Immunology | www.frontiersin.org 16107
predominantly explained by differences between fish individuals.
Due to the small number of individuals in our study we did not
attempt to explore the factors contributing to this variation in
response. However, given the importance of consistent,
population-wide protection to the eventual success of
aquaculture vaccines, this is certainly something that should be
explored in future studies. The power of our study comes from
our ability to compare each time point from an individual animal
to its own day 0 sample. We cannot rule out that some changes in
protein abundance are linked to the repeated sampling protocol
rather than immune challenge, the globin proteins being a
possible example. However, it seems unlikely this would be the
case for all the proteins showing similar abundance profiles
across fish individuals, especially as many have previously
established immune functions. Following additional validation,
at least some of these molecules may provide useful new immune
biomarkers that can be utilized in future vaccine trials in
salmonids. Of note is our discovery of two uncharacterized
plasma proteins with putative immune functions. Our
phylogenetic analyses indicate these proteins are absent from
placental mammals, including humans and mice, so likely would
not have been identified using standard comparative approaches.
It will be interesting to discover what role these new molecules
play in immune protection in trout and, where present, other
species. As yet we are unable to correlate any specific proteins
with high production of antigen-specific antibody, however, as
data from other proteomic studies is accrued and new markers
are utilized, we are confident such information will eventually
be forthcoming.

Finally, our study highlights how LC-MS is an enabling
technology for the study of non-mammalian species where
large sequence datasets are often available, but species-specific
monoclonal antibodies are in short supply. Indeed, the power of
LC-MS is illustrated by our ability to differentiate proteins with
high amino acid identity, such as those expressed from recently
A B

FIGURE 11 | Maximum likelihood consensus trees for two trout proteins annotated as ‘uncharacterized’: (A) XP_021436350 and (B) XP_021423950, including
putative orthologues in other taxa. The trees were generated using the best fitting amino acid substitution model and includes branch support values from 1,000
ultrafast bootstrap replicates. Species abbreviations: Anca, Anolis carolinensis (green anole); Aqch, Aquila chrysaetos (Golden eagle); Cami, Callorhinchus milii
(elephant shark); Gefo, Geospiza fortis (medium ground finch); Miun, Microcaecilia unicolor (caecilian spp.); Onmy, Oncorhynchus mykiss (rainbow trout); Pomu,
podarcis muralis (common wall lizard); Povi, Pogona vitticeps (bearded dragon); Pybi, Python bivittatus (Burmese python); Saal, Salvelinus alpinus (Arctic charr);
Sasa, Salmo salar (Atlantic salmon); Xela, Xenopus laevis (African clawed frog); Xetr, Xenopus tropicalis (Western clawed frog).
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duplicated genes. These may have different functional roles/
response kinetics but would be difficult to raise discriminatory
antibodies against. Even if such antibodies were available, the
research effort and sample volumes required to monitor
abundance changes of >250 plasma proteins renders the use of
classical methods such as ELISA or Western blots impractical.
However, we also recognize there is room to further improve our
approach; for example, although we detected over 600 unique
proteins in our samples, only 278 proteins were detected in at
least seven out of ten samples for all six individuals and thus
retained following filtering. This issue could perhaps be
overcome through application of an isobaric labelling strategy,
whereby the peptides generated following trypsin treatment of
each sample are tagged with chemical groups of identical mass
but differing in their distribution of stable heavy isotopes. Tagged
samples are pooled then analyzed simultaneously by MS. While
tagging kits can be costly, such strategies should reduce the
number of missing observations and consequentially improve
the number of unique proteins retained for subsequent analyses.
Alternatively, another recently developed label free MS method
called sequential window acquisition of all theoretical mass
spectra (SWATH) can be used to increase precision across the
detectable proteome [e.g. (95)]. The application of such methods
would also facilitate the detection of important but low
abundance proteins, such as cytokines, that were not picked up
during this study. Even with such limitations, the in-depth
information obtained via LC-MS studies such as ours will
undoubtedly improve our understanding of fish immune
responses and the immunological variation between individuals,
hopefully accelerating the testing of new aquaculture vaccines and
improved administration methods.
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the Major Histocompatibility Class
II System
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Kjetill S. Jakobsen1 and Shuo-Wang Qiao2*
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2 Department of Immunology, Institute of Clinical Medicine, University of Oslo, Oslo, Norway

The Atlantic cod’s unusual immune system, entirely lacking the Major Histocompatibility
class II pathway, has prompted intriguing questions about what mechanisms are used to
combat bacterial infections and how immunological memory is generated. By single-cell
RNA sequencing we here report an in-depth characterisation of cell types found in
immune tissues, the spleen and peripheral blood leukocytes of Atlantic cod. Unbiased
transcriptional clustering revealed eleven distinct immune cell signatures. Resolution at the
single cell level enabled characterisation of the major cell subsets including the cytotoxic T
cells, B cells, erythrocytes, thrombocytes, neutrophils, and macrophages. Additionally, to
our knowledge we are the first to uncover cell subsets in Atlantic cod which may represent
dendritic cells, natural killer-like cells, and a population of cytotoxic cells expressingGATA-
3, a master transcription factor of T helper 2 cells. We further identify putative gene
markers for each cluster and describe the relative proportions of each cell type in the
spleen and peripheral blood leukocytes. Of the major haematopoietic cell populations, the
lymphocytes make up 55 and 68% of the spleen and peripheral blood leukocytes
respectively, while the myeloid cells make up 45 and 32%. By single-cell analysis, this
study provides the most detailed molecular and cellular characterisation of the immune
system of the Atlantic cod so far.

Keywords: Atlantic cod (Gadus morhua), single-cell sequencing, GATA-3, immune system, gene marker
INTRODUCTION

Teleosts, accounting for nearly half of all extant vertebrates (1), demonstrate an extraordinary level of
diversity within their habitat, morphology, physiology, behaviour, and in the genetic repertoire of their
immune system (2–4). Whole genome sequencing of the Atlantic cod (Gadus morhua) and other
Gadiform species revealed that genes encodingMajor Histocompatibility class II (MHCII) were missing,
along with the absence of the entire CD4+ T cell component of the adaptive immunity (5, 6). For the first
time, it was demonstrated that this classical immune pathway can no longer be considered the hallmark
org October 2020 | Volume 11 | Article 5595551112
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of vertebrate immunity (4, 6, 7). Why Atlantic cod and its relatives
have lost the MHCII pathway is not known; however, several
putative past biological scenarios have been suggested (4, 8).
Additional peculiarities mark the Atlantic cod immune system,
including extreme expansion of MHC class I (MHCI) genes as well
as gene losses and expansions within the innate immune system (3,
5, 9, 10). Further, Atlantic cod studies have reported a low tomodest
response by specific antibodies following pathogen exposure but a
consistently high level of natural IgM (11, 12). Since the Atlantic cod
and codfishes demonstrate such an interesting immune system,
understanding the workings of an immune system that naturally
lacks CD4+ T cells is an evolutionary intriguing question, as well as
providing insights into the flexibility of the vertebrate immune
system.Moreover, a better grasp of the Atlantic cod immune system
would also be beneficial for improvedmanagement of cod stock and
potential cod aquaculture where infectious disease is a challenge
(13, 14).

Traditionally, immune cells are characterised using the unique
combination of cell markers present on the cell surface, but for
non-model organisms a lack of specific antibody-based reagents
makes this approach difficult. Advances in next-generation
sequencing technologies allow for a closer examination of
biological systems without the need for existing antibodies. The
use of single-cell RNA sequencing (scRNA-seq) enables
examination of the global mRNA content of thousands of
individual cells, and thus facilitates a more detailed
characterisation without the need of any pre-existing knowledge.
Cell types can be clustered computationally using bioinformatic
tools according to their transcriptional activity, and by analysing
the transcriptional fingerprint in comparison to an annotated
genome cell types and functions can be assigned (15).

A combination of microscopy and in vitro functional studies
has already identified some immune cell types in Atlantic cod,
while whole genome and transcriptome sequencing have led to
the identification of putative cell markers. The functional
assignment and cell markers of cytotoxic CD8+ T cells (CD8,
TRGC1, TNFSF11, EOMES, TCR, CD3), B cells (IGLC2, IgM,
CD79), natural killer (NK)-like cells (LITR/NITR, B3GAT1),
cells with granules and perforin activities (PERF1, UNC13D),
monocytes/macrophages (IL34), and neutrophils (MPO) have
been described to some extent within the Atlantic cod (5, 16–19).
Additional cell types found in the blood and organs of related
teleost species might also be expected in the Atlantic cod,
including thrombocytes (20), non-specific cytotoxic cells
(NCCs) (21–23) and dendritic cells (DCs) (24, 25). However,
the relative proportion of these verified and putative immune cell
subsets and an overall assessment of the cellular functions are
still lacking. Further, cell type characterisation by means of
single-cell RNA sequencing will reveal candidate markers for
each cell type which in turn could be used in the development of
Atlantic cod antibodies.

In this study, we report an in-depth characterisation of cell types
found in immune tissues and organs (i.e. spleen and blood) of
Atlantic cod by using single-cell RNA sequencing. Gene expression
profiling of over 8,000 individual peripheral blood leukocytes
(PBLs) and spleen cells combined with conventional
Frontiers in Immunology | www.frontiersin.org 2113
morphological microscope studies resulted in the characterisation
of 13 distinct cell subsets, of which 11 are likely immune cell
populations. Additionally, we identify putative gene markers for
each of these cell clusters and provide for the first time, as far as we
know, a systematic overview of the relative frequencies of these cell
populations in the blood and spleen. Six major cell populations,
including the T cells, B cells, erythrocytes, thrombocytes,
neutrophils, and macrophages, are shown to make up 94 and
98% of haematopoietic cells in the spleen and PBLs respectively.
From these six groups, the lymphocytes make up the majority of
cells at 55 and 68% of the spleen and PBLs respectively, while
the myeloid cells make up 45 and 32%. In addition, we describe
less abundant cell populations which may represent dendritic
cells and natural killer cells, as well as a population of cytotoxic
cells expressing GATA-3 which we propose to be a type of
innate lymphocyte cell. Our study clearly demonstrates the power
of using single-cell RNA sequencing for molecular and
cellular characterisation of the immune system in non-model
organisms and is a valuable resource for development of
antibodies towards the specific Atlantic cod immune cell subsets
for future functional studies.
METHODS AND MATERIALS

Atlantic Cod Sampling
The Atlantic cod specimens used in this study originate from the
NOFIMA national breeding programme of Atlantic cod
(Norway, Tromsø). They all come from one single breeding
family (bred from one female and two males) and supplied as
juveniles to the NIVA Research Facility at Solbergstrand (near
Oslo), Norway where they were reared for approximately one
year. The water temperature was kept at an average of 8°C (e.g.
following the seasonality of the water temperature in this region),
with salinity at 34 PSU, and the light conditions were 12:12 h
light:dark (L:D) throughout the year. The fish were fed with
Skretting cod pellets and checked twice a day. Blood and spleen
samples were taken from two specimens of non-vaccinated, 2-
year-old Atlantic cod; one male (fish 1, 47 cm, 0.99 kg) and one
female (fish 2, 52 cm, 1.77 kg). Tissue sampling was conducted
after the fish were killed, which took place within seconds of
capture by cranial concussion. Neither fish showed visible signs
of infection on skin, gills, fins or internally. Blood samples were
collected from the vena caudalis with heparinised syringes. The
spleens were removed and placed in Leibovitz L-15þ [L-15
(BioWhittaker) adjusted to 370 mOsm by adding 5% (v/v) of a
solution consisting of 0.41 M NaCl, 0.33 M NaHCO3, and 0.66%
(w/v) D-glucose] and transported on ice. Spleen cell suspensions
were obtained by gently forcing the tissue through a cell strainer
(Falcon, 100 µm). Blood samples of 0.7 ml were diluted in L-15þ
to a total volume of 5 ml. The blood cell suspensions were placed
on discontinuous Percoll gradients (3 ml 1.070 g/ml overlaid
with 2.5 ml 1.050 g/ml) and centrifuged for 40 min at 400×g and
4°C. A peripheral blood leukocyte (PBL) fraction was collected
from the interface of the two Percoll densities, including the
downward density layer, and washed twice by diluting the
October 2020 | Volume 11 | Article 559555
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suspension in L-15þ and centrifuging at 300×g for 7 min at 4°C.
All cells were kept in regular microcentrifuge tubes to minimise
any cell loss and kept on ice at all times.

The rearing and sampling are performed according to animal
welfare regulations and approved by the Norwegian authorities
(FOTS ID 12336).

Sorting of Cell Populations by
Flow Cytometry
Spleen, blood, and PBL suspensions were further separated into
sub-populations on a FACS Aria II flow cytometer (Flow
Cytometry Core facility at Oslo University Hospital) gated on
the forward scatter (FSC, cell size) vs side scatter (SSC,
granularity) plot. The sorted populations were examined by
microscopy after cytospin and staining.

Staining of Sorted Cell Populations
Immediately after sorting, 10,000 cells in 15 µl PBS buffer were
added to a Cytospin carrier and subjected to centrifugation onto
glass slides (80 g for 3 min). Slides were then air-dried and
stained either next day or stored at −20 C until fixation and
staining. The slides were subjected to routine haematoxylin-
eosin (HE) staining. In short, slides of cells were briefly stained
with haematoxylin and then by eosin solution, followed by
alcohol dehydration. Some cells were also stained for
peroxidase activity with the iVIEW DAB detection kit (Roche)
according to the manufacturer’s instructions.

Cell Populations Sent for scRNA-Seq
An overview of the sample origin and the cell populations sent
for scRNA-seq using the droplet based scRNA-sequencing
(Drop-seq) protocol (15) can be seen in Supplementary
Table 1. From fish 1 and fish 2, we sequenced unsorted spleen
and sub-populations of potential interest from flow-sorted spleen
(S3, containing a large myeloid cell population) and the blood
(B1, containing a large lymphocyte population). In fish 2 we
further extended our investigation into additional populations,
including PBLs and flow-sorted populations from PBL: P1
(containing mostly lymphocytes), P2 (containing mostly
lymphocytes and thrombocytes), and P3 (containing mostly
myeloid cells).

scRNA-Seq With Drop-Seq
The protocol and reagents used closely followed the protocol
written by the McCarroll laboratory, which is an amended
version of the method used by Macosko et al., 2015. Briefly, the
cell suspension was fed through a droplet generator (Dolomite,
UK) that encapsulated a single cell and a barcoded bead in a
water-in-oil droplet with a diameter of approximately 80 mm.
All the beads contain a primer with a common “PCR handle”
sequence to enable PCR amplification. Each individual bead
contains 108 primers with the same “cell barcode” but also
contains unique molecular identifiers (UMIs), thus enabling the
transcripts to be digitally counted at a later stage. A 30-bp oligo
dT sequence for the capture of mRNAs is incorporated at the
end of the primer. When a cell and bead are enclosed in a
Frontiers in Immunology | www.frontiersin.org 3114
droplet the cell is lysed and the poly-dT sequences capture
the released mRNA, forming single-cell transcriptomes
attached to microparticles (STAMPs). The STAMPs are
reverse-transcribed to make cDNA, amplified, and barcoded
fragments generated by Tn5-mediated tagmentation. During
the post-tagmentation PCR, unique sample barcodes were
introduced in the adaptor primers so that samples from
different cell populations could be multiplexed in the same
sequencing library.

Quantification of Genes
The libraries were sequenced at the Norwegian Sequencing
Centre (Oslo University Hospital), on the NextSeq500 platform
with a 75 bp kit, high output mode, with paired end reads. 20 bp
was sequenced in Read 1 using a custom sequencing primer
(GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC)
and 60 bp in Read 2 with the regular Illumina sequencing primer.
We used the Drop-seq Core Computational Protocol using
STAR alignment to map the raw sequencing data to the most
recent version of the Atlantic cod genome, gadMor3 (RefSeq
accession GCF_902167405.1). A gene of interest, GATA-3, was
present in gadMor2 (26) but missing in gadMor3, so the GATA-3
gene sequence was manually added to the gadMor3 assembly
fasta file. Reads were then grouped by cell barcode and the
unique molecular identifiers (UMIs) for each gene counted,
resulting in a digital expression matrix showing the number of
transcripts per gene per cell. From each sample, reads from the
first 600–5,000 STAMPs (depending on sample size) in
decreasing number of reads were included into the next steps
for filtering (Supplementary Figure 2). Further analysis was
performed using R version 3.4.4.

Cell and Gene Selection
We followed the unsupervised clustering analysis tutorial (27) on
the R package Seurat 3.0.2. The data matrix from all samples was
merged to create one Seurat object. Cells with a gene count of
fewer than 150 or a gene count of more than 1,500 and cells with
a total number of molecules of more than 4,000 were filtered
away in order to remove low-quality cells and possible cell
multiplets (Supplementary Figure 3). By excluding genes
expressed in less than five cells (among the cells having passed
the quality control), 15,273 genes across 8,180 cells were used in
the study. An overview of the sample origin, average mapping
percentages, included cells, mapped transcripts and genes are
shown in Supplementary Table 1.

Cell Clustering and Visualisation
After “LogNormalize” and scaling (with a scale factor 10,000), we
ran a principal component analysis (PCA) on the expression of
the top 2,000 variable genes. We then used the FindCluster
function in Seurat in order to cluster cells based on a shared
nearest neighbour (SNN) modularity optimisation result on the
top 30 principal components (PCs) (Supplementary Figure 4).
The resolution for clustering was 0.35. The cell clusters were
visualised by the non-linear dimensional reduction method
uniform manifold approximation and projection (UMAP).
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Differentially Expressed Genes
All differential expression analyses in this study were performed
using FindMarkers embedded in the Seurat package, which
performs differential expression based on the non-parameteric
Wilcoxon rank sum test. Adjusted p-values were calculated based
on Bonferroni correction. In order to be counted as a
differentially expressed gene, the gene must be expressed by a
minimum of 25% of cells in the cluster. The most significantly
differentially expressed genes for each cluster are listed in order
of significance (Supplementary Excel Sheet).

Additional Data From Three Wild-Caught
Cod
In addition, similar analyses were carried out on unsorted blood
and spleen samples from three other Atlantic cod in pilot studies.
These samples were taken from wild-caught Atlantic cod from
Frontiers in Immunology | www.frontiersin.org 4115
Oslo fjord, taken by direct sampling alongside the project
“Monitoring cod health in the inner Oslo fjord”. Data
from this pilot experiment accounts for an additional 15,758
genes across 3,744 cells (Supplementary Excel Sheet and
Supplementary Figure 5).
RESULTS

Following stringent quality control filtering, we derived a gene
expression matrix of 15,273 genes across 8,180 cells
(Supplementary Table 1). Visualisation of cell types in two
dimensions using Uniform Manifold Approximation and
Projection (UMAP) (Figure 1A) reveals 13 cell clusters
with distinct gene expression signatures, with cell cluster
sizes ranging from 1,463 cells to the smallest cluster with only
A B

C

FIGURE 1 | Unsupervised clustering of transcriptomic profiles of Atlantic cod immune cells demonstrates distinct cell populations. (A) Visualisation of cell types in
two dimensions using UMAP. Putative cell cluster labels are based upon the differential gene expression of known markers in mammals, overall expression pattern
and microscopy. (B) Heatmap showing differential gene expression, with top 10 differentially expressed genes for each cluster shown (Supplementary Excel
Sheet). Each row represents a gene, while each column represents a cell. The clusters are shown in descending population size, from B cells to endothelial cells
respectively. The size of each cell population is shown in brackets. (C) Dot plot showing the putative marker genes across the cell clusters. The size of the dot
encodes the percentage of cells within a cluster expressing the gene, while the colour intensity encodes the average expression level of ‘expressing’ cells. *Two
GZMB and SEC61 genes are identified (denoted 1 and 2 for clarity). (Key) 1. B. are B cells, 2. Neu. are neutrophils, 3. T. are T cells, 4. Ery. are erythrocytes, 5.
Throm. are thrombocytes, 6. MF. are macrophages, 7. Stroma. are spleen stromal cells, 8. Pro. Lym. are proliferating lymphocytes, 9. DC. are dendritic cells, 10.
GATA3+. are cytotoxic GATA3+ cells, 11. NKL. are natural-killer like cells, 12. PC. are plasma cells, 13. Endo. are endothelial cells.
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24 cells. Overlapping distribution of cells from the two fish
(Supplementary Figure 6) supports the robustness of the
clusters. Additionally, the clusters formed (Supplementary
Figure 5), and the top differentially expressed genes expressed
by each cluster (Supplementary Excel Sheet), are similar to
those produced in the pilot study.

To assign a cell identity to each cell cluster we performed
differential gene expression analysis. Identified populations
include a lymphocyte lineage, with B cells and plasma cells, T
cells, cytotoxic GATA3+ cells, and putative NK-like cells and a
myeloid lineage that includes erythrocytes, thrombocytes,
neutrophils, and macrophages (Figure 1C). A putative DC
population is also described. Additionally, some cells have been
classified as spleen stroma and endothelial cells.

The largest cell cluster was identified as the B cell population
based on CD22, CD79, and immunoglobulin genes such as
Immunoglobulin Kappa Constant (IGKC). A small population
of B cells, also expressing immunoglobulin genes and CD79, were
identified as plasma cells or plasmablasts due to the expression of
the transcription factor interferon regulatory factor 4 (IRF4)
which controls plasma cell differentiation (28). These cells also
show high expression of the transport protein SEC61, which
mediates the transport of proteins across the endoplasmic
reticulum. The T cells express the classical T cell genes TCR,
CD3, and Interleukin-7 receptor (Il7r). Expression of the
cytotoxic protease granzyme B (GZMB1) and CD8a and CD8b
confirm this population as cytotoxic CD8+ T cells. CD8a and
CD8b are lowly expressed by only a small percentage of cells
suggesting that the transcription of these genes may occur in
short bursts, or there is a low cell surface expression level. A small
group of lymphocytes were differentially clustered from the
majority of T and B cells. These cells highly differentially
expressed many histone genes, such as histone H2A, marker of
proliferation Ki-67 (MKI67) and proliferating cell nuclear
antigen (PCNA). This set of genes has greatest expression in
actively proliferating cells, and we therefore named these cells
proliferating lymphocytes. Some proliferating lymphocytes are
more closely aligned to T cells (97 cells), while others are more
closely aligned with the B cells (44 cells).

Two additional lymphocyte-related populations were found.
Cluster 10, a rare population found in both the PBL and the
spleen, is characterized by the expression of GATA-3 and several
cytotoxic enzymes, including granzyme (GZM) B2, K, and A.
GATA-3 is a transcriptional activator that is shown to play a
crucial role in the development of T cells, where it acts as a master
regulator of T helper 2 (Th2) differentiation inmammalian species
(29, 30), as well as a role in the maturation of innate lymphoid
cells (31). We named this population cytotoxic GATA3+ cells.

The cluster labelled as NK-like cells express a somewhat
unclear pattern of genes, and it is hard to confidently assign an
identify based on classical mammalian markers. These cells
differentially express carcinoembryonic antigen-related cell
adhesion molecule 6 (CEACAM6), killer cell lectin-like
receptor subfamily B (KLRB1), nuclear factor erythroid 2
(NFE2), Colony Stimulating Factor 2 Receptor Alpha Subunit
(CSF2RA), and the CD163 molecule. CEACAM6 is involved in
cell adhesion, KLRB1 is a well-known NK receptor (32, 33),
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NFE2 is a transcription factor, CSF2RA is a cytokine receptor,
and CD163 is a haemoglobulin scavenger receptor. Collectively,
these markers have been affiliated with a range of mammalian
cell populations including neutrophils, T cells, NK cells,
macrophages, and granulocytes (34, 35). Considering the
combined expression profile of these genes, we putatively have
named them NK-like cells.

The neutrophils represent the second largest cell population and
were identified by the expression of the cytotoxic genes eosinophil
peroxidase (EPO) and non-specific cytotoxic cell receptor protein 1
(NCCRP1), genes involved in phagocytosis, neutrophil cytosolic
factors 1 and 2 (NSF1,NSF2), and chemoattractant genes such as C-
C motif chemokine 4 (CCL4). The gene classified as EPO has a
sequence similar to both that of myeloperoxidase, the classic marker
of neutrophils, and EPO. The most highly expressed gene of the
neutrophils is low choriolytic enzyme (LCE), a proteolytic enzyme
most commonly associated with egg hatching. Zebrafish neutrophils
have been shown to express high choriolytic enzyme (HCE, also
known as nephrosin) (36), a related protein with high
sequence similarity.

Erythrocytes were identified by the high expression of multiple
haemoglobin genes (HBB). Erythrocytes also expressed immune
related genes, such as NACHT, LRR, and PYD domain-containing
protein 12 (NLRP12), a potent mitigator of inflammation (37).
Expression of thrombospondin-1 (THBS1), platelet glycoprotein Ib
alpha chain (GP1BA), and thrombopoietin receptor (MPL) genes
was used to identify the thrombocytes.

Macrophages were identified by the marker genes macrophage
colony-stimulating factor 1 receptor (M-CSF1R), CSF2RA, and
macrophage mannose receptor 1-like (MRC1). This cell
population expresses many genes involved in the complement
system, such as properdin (CFP) and complement factor B (CFB),
and chemotactic genes, such as C-C motif chemokine 20 (CCL20).

Cluster 9 is a small population of cells found mostly in the
spleen which express many innate immune genes including toll-
like receptor 22 (TLR22), the chemokine receptor chemokine XC
receptor 1 (CXCR1), bactericidal permeability-increasing
proteins (BPI) and complement genes such as complement
C1q-like protein 2 (C1QL2). We also observe the expression of
the cytokine receptor fms like tyrosine kinase 3 (FLT3) and the
transcription factor zinc finger 366 (ZNF366, also known as DC-
SCRIPT), which have both been linked to differentiation of DCs
in mammalian systems as well as in other teleost species (38).
Another highly expressed gene in this cluster is allograft
inflammatory factor 1 (AIF1), a gene which has recently been
described in DCs (39). Based on these markers, we have
putatively named cells in this cluster DCs.

The cells tentatively named spleen stromal cells express many
genes involved in fat metabolism and tissue structure, such as
caveolae-associated protein 1 (CAVIN1), fatty acid-binding
protein (FABP), apolipoprotein E (APOE). These cells are
almost exclusively found in the spleen (94%). The expression
profile of these cells is not as clearly differentiated as other
clusters, as demonstrated in the heatmap (Figure 1B), with a
variable expression of genes also found in other clusters. It is
possible this cluster of cells is not a ‘true’ cell population and is
merely an artefact of ambient RNA captured by beads in empty
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droplets. A small population of cells branching off from the
spleen stroma, population 13, express markers for cell
endothelium, including common lymphatic endothelial and
vascular endothelial receptor-1 (CLEVER-1), a protein that is
primarily expressed on high endothelial venules and lymphatic
vessels (40) where it supports the adhesion and transmigration of
lymphocytes (41), and plasmalemma vesicle associated protein
(PLVAP), an endothelial cell-specific membrane protein (42).

The cells from the unsorted spleen and the PBL samples are
found in each cell cluster (Figure 2). The largest cell population
of the unsorted spleen sample are the spleen stroma cells (27%),
classified within the ‘other cells’ in the pie chart, followed by the
cytotoxic T cells (22%), the B cells (16%), and then the
erythrocytes (13%). In the PBL sample, B cells are the largest
Frontiers in Immunology | www.frontiersin.org 6117
cell population (42%), followed by the T cells (25%) and
neutrophils (18%). Cells from the sorted spleen S3 sample are
populated mostly by neutrophils (35%), macrophages (28%), and
erythrocytes (26%). The sorted blood B1 sample contains mostly
thrombocytes (34%) and erythrocytes (23%), followed by
cytotoxic T cells (19%) and B cells (19%).

The six largest haematopoietic cell populations, including the
T cells, B cells, erythrocytes, thrombocytes, neutrophils, and
macrophages, make up 94 and 98% in the spleen and PBL
respectively. From these major populations, the lymphocytes
(including the B cells, plasma cells, T cells, and proliferating
lymphocyte populations) make up the majority of immune cells
at 55 and 68% of the spleen and PBL respectively, while the
myeloid cells make up 45 and 32%.
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FIGURE 2 | UMAP feature plots show the distribution of cells from Atlantic cod unsorted spleen, peripheral blood leukocytes (PBLs) and flow sorted sub-
populations. (A) Cells from unsorted spleen. (B) Cells from PBL. (C) Spleen cells which have been flow-sorted to contain mostly myeloid cells (S3). (D) Cells from the
blood which have been flow-sorted to contain mostly lymphocytes and thrombocytes (B1). The number of cells per sample is given in brackets (n=). The cells from
the named sample are shown in red. The pie charts show the distribution of each cell type in the sample. Resting and proliferating T cells are grouped together,
whereas resting and proliferating B cells as well as plasma cells are grouped as B cells. (Key) 1. B. are B cells, 2. Neu. are neutrophils, 3. T. are T cells, 4. Ery. are
erythrocytes, 5. Throm. are thrombocytes, 6. MF. are macrophages, 7. Stroma. are spleen stromal cells, 8. Pro. Lym. are proliferating lymphocytes, 9. DC. are
dendritic cells, 10. GATA3+. are cytotoxic GATA3+ cells, 11. NKL. are natural-killer like cells, 12. PC. are plasma cells, 13. Endo. are endothelial cells.
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Identification of cells by their transcriptional fingerprint is
consistent with the characterisation of the major cell populations
by microscopy (Figure 3). HE stained S3 sample, which was
sorted as a relatively large and granulated population of spleen
cells, revealed an apparent maturation of monocytes into
macrophages, with a development from a lobed nucleus and
few vacuoles to larger nuclei and more vacuoles. Vacuoles could
also be seen in the erythrocytes, neutrophils, and in some of the
lymphocytes, supporting previous assertations that these are
phagocytic cell types. Peroxidase staining of S3 sample revealed
peroxidase positive myeloid cells, the neutrophils, and some
peroxidase negative myeloid cells, the monocytes/macrophages.
The ratio of peroxidase positive and peroxidase negative myeloid
cells observed in the S3 population is similar to the ratio of
neutrophils and macrophages seen in Figure 2.

We next looked at the overall transcriptional activities of the
different cell clusters (Figure 4A). The average number of
transcripts per cell was noticeably high (1,915 transcripts per
cell) in the plasma cell group, whereas it was markedly low in the
thrombocyte cluster (<500 transcripts per cell). DCs and
macrophages also demonstrate a high transcriptional activity
(1,200–1,300 transcripts per cell). Figure 4B shows the
differential expression of cathepsin genes (CTSB and CTSL1)
and an Fc-receptor gene (FCGR1a) in these two cell types. MHCI
expression is present in all of the cell types as expected; however,
poor mapping has resulted in an inconclusive pattern across the
cell clusters (Supplementary Figure 7).
DISCUSSION

Despite its lack of MHC-II and CD4+ T cells, the Atlantic cod is
able to mount a protective and specific immunity after vaccination
(12, 43–46). Interestingly, this protective immunity is poorly
correlated with specific antibody responses (46, 47). Indeed,
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based on these and other molecular observations, it was
hypothesised that cod could lack functional MHCII molecules
(48) before it was definitely shown by the first assembly of the
Atlantic cod genome (5). Despite major genetic losses within the
CD4+ pathway and the limited response of specific antibody upon
immunisation, in its natural environment cod is not particularly
prone to infectious diseases (48). How cod fights bacterial infections
and how it acquires immunological memory are puzzling questions
that are both interesting biologically and important practically for
the cod aquaculture industries. With the near complete lack of
antibody-based reagents and immortalised cod immune cell lines
these mechanisms have not been fully understood, although some
insights have been gained by genome data and transcriptome
analyses at the whole organism or organ level (18, 19). To find
the exact immune cell composition and the steady-state gene
expression of each cell subset is the first step toward a more
detailed molecular mapping of the cod immune system.

This study presents an overview of the immune cells found in
the Atlantic cod peripheral blood and spleen, using single-cell
RNA sequencing and microscopy of both unfractionated and
sorted cell populations based on size and granularity. By using
unbiased clustering of global transcriptomics, we find 13
different cell populations, with cell identity assigned to these
populations based on their unique transcriptional profiles
compared with known profiles from mammalian systems.
Given the limited number of genes detected in each cell, we
restricted our analyses to assign cell population identities,
without a more in-depth exploration of the cellular functions
of these cell subsets. We identified the most well-known major
cell populations such as: the cytotoxic T cells, B cells,
erythrocytes, thrombocytes, neutrophils, and macrophages.
Overall, these six major cell populations make up 94 and 98%
of haematopoietic cells in the spleen and PBL respectively. In
the lymphoid lineage, we identified sub-populations of both B
and T cells that are actively dividing. In addition, we identified
FIGURE 3 | Microscopy images of Atlantic cod immune cells. Cells in the top panel are HE-stained and the cells in the bottom panel are stained with peroxidase.
Scale bars 10 mm.
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plasma cells as a separate subset in Atlantic cod, supporting
previous findings where the presence of plasma cells was
suggested by in situ hybridisation with immunoglobulin
probes (49). To note, a small subset of cells in this cluster
were from PBL samples, therefore it is possible that this cluster
also contains plasmablasts. Terminally differentiated plasma
cells are rarely found in circulation, unlike the more immature
plasmablasts (50). This data indicates that Atlantic cod B cells
have the capability of end-differentiation into plasma cells
despite the lack of CD4+ T helper cells. Future studies are
needed to clarify the signalling pathways that are involved in B
cell differentiation in cod.

Besides erythrocytes and thrombocytes, based on the top
differentially expressed genes, we could clearly delineate the
two major phagocytic and cytotoxic subsets within the myeloid
lineage; namely macrophages and neutrophils. In mammalian
Frontiers in Immunology | www.frontiersin.org 8119
systems, macrophages are important producers of cytokines as
well as being antigen-presenting cells, especially in the spleen and
lymph nodes (51). However, we could only find a handful of
chemokines and no cytokine transcripts in our data. The low
sensitivity of detecting transcript for single gene in any given
single cell, combined with cytokines being expressed in short
bursts only upon activation (52), could explain this particular
pattern in our study.

The average number of transcripts that a cell cluster expresses
may indicate, with a broad brushstroke, how active the cells are in
steady state. Cells which are producing a lot of proteins,
proliferating or carrying out multiple tasks, for example
phagocytosis and antigen presentation, may be expected to have a
higher transcript count than cell populations with fewer “tasks”.
Unsurprisingly plasma cells are the most transcriptionally active cell
population, with an average transcript count of 1,915 detected
A

B

FIGURE 4 | The overall transcriptional activity of each cell type and differential expression of selected genes. (A) Violin plots showing the average number of
transcripts per cell within the cluster. The overlaid boxplots show the mean and the 25 and 75% percentile of transcripts. (B) Dot plot showing the expression of
selected genes across the cell clusters. The size of the dot displays the percentage of cells within a class expressing the gene, while the colour intensity encodes the
average expression level of ‘expressing’ cells. (Key) 1. B. are B cells, 2. Neu. are neutrophils, 3. T. are T cells, 4. Ery. are erythrocytes, 5. Throm. are thrombocytes,
6. MF. are macrophages, 7. Stroma. are spleen stromal cells, 8. Pro. Lym. are proliferating lymphocytes, 9. DC. are dendritic cells, 10. GATA3+. are cytotoxic
GATA3+ cells, 11. NKL. are natural-killer like cells, 12. PC. are plasma cells, 13. Endo. are endothelial cells.
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transcripts, as this population of cells will be actively producing
antibodies. The erythrocytes, neutrophils, NK-like cells, T cells, B
cells, and cytotoxic GATA3+ cells have medium levels of
transcriptional activity, with approximately 650–1,070 transcripts
per cell. These levels represent most likely the steady-state
transcriptional activity. The low level of transcriptional activity in
thrombocytes is in accordance with the largely absent cytoplasm of
these cells. Meanwhile, the DCs and macrophages have a recorded
transcript number of roughly 1,200–1,300 per cell. A higher
transcript number in these cells compared to the other known
phagocytes—the neutrophils, erythrocytes, and B cells—suggest that
they may have additional tasks. The macrophages and the DCs are
shown to express cathepsin genes (CTSB and CTSL1) and high
affinity immunoglobulin gamma Fc receptor I A (FCGR1a). The
gene annotation of FCGR1a is somewhat misleading since teleost
does not have IgG (53). However, as the annotation is based on
sequence similarity to annotated genes in other organisms, it is
more likely that this gene represents an Ig-Fc binding receptor that
could play a role in antibody-mediated uptake of antigens.
Cathepsin B and L1 are lysosomal cysteine proteases that play a
major role in catabolism of proteins and thus a function in the
processing and presentation of antigens via MHC (54, 55). The
expression of genes involved in antigen presentation coupled with a
high transcript number suggests the DCs and the macrophages may
act as antigen presenting cells (APCs) in the Atlantic cod. It would
be interesting to see if MHCI gene expression is higher in these cell
populations and if the expression increases following immune
challenge. An initial analysis of MHCI expression in our data is
inconclusive, mainly due to the low mapping efficiency. Dedicated
efforts using longer reads and tailored bioinformatical tools that can
deal with the complexities of MHCI are needed.

Interestingly, the Atlantic cod has evolved MHCI expansion and
an unusual repertoire of TLR receptors (3, 5). In addition, novel
combination of endosomal sorting motifs was suggested to facilitate
a more versatile use of MHCI through cross-presentation and a
potential MHCII-like functionality (5, 56). Whether the Atlantic
cod is able to mount a cellular immune response that functionally
resembles the T helper cells is unknown and remains an intriguing
issue for the large group of Gadiform species—all lacking MHCII
(6). In our data, the expression of GATA-3 in a small subset of cells,
with an expression profile that indicates close resemblance to the
cytotoxic T cells, is an interesting finding. GATA-3 has been
identified and isolated from several species of teleost fish,
including zebrafish (57), carp (58), salmonids (59), and in
Atlantic cod (60). GATA-3 expression was detected in surface-
IgM-negative lymphocytes in carp (61). Interestingly, the expression
of GATA-3 in Atlantic cod was shown to be increased following
stimulation by the T cell-stimulant phorbol 12-myristate 13-acetate
(PMA) (60), suggesting the presence ofGATA-3 in activated T cells.
Inmammals, the transcription factorGATA-3 plays an essential role
in CD4+ T cell development and survival and is necessary for the
differentiation of naive CD4+ T cells to T helper (Th) 2 cells (62–
64). However, classical T helper cells are absent in Atlantic cod, and
this cytotoxic GATA3+ cluster lacks the cytotoxic T cell markers
that was demonstrated in our data-set (TCR, CD3, Il7r, GZMB1,
CD8a and CD8b), suggesting that this population may belong to a
Frontiers in Immunology | www.frontiersin.org 9120
different lineage than T cells. In mammalsGATA-3 is also central to
the development of innate lymphoid cells (ILCs), chiefly the ILC2
lineage (34, 65). Recently, it was shown thatGATA-3 expression was
also important for ILC2 in zebrafish (66). ILC2 cells are also known
as innate helper 2 cells (67) based on similar cytokine secretion
profile. Thus, in summary, the cells described here possibly
represent a form of helper ILC. At the same time, these cells also
show granzyme expression; indicating possible dual cytotoxic and
helper functions. Future studies should look into how this small but
intriguing cell subset behaves during immune perturbation, such as
immunisation and infection.

In conclusion, using state-of-the-art single-cell sequencing
technology on a non-model system, we performed a detailed
molecular and cellular characterisation of the Atlantic cod
immune system. In addition to describing in more detail the
major cell subsets, we also describe for the first time in Atlantic
cod, as far as we know, cells that may represent dendritic cells,
natural killer-like cells and innate lymphoid cells, as well as suggest
that macrophages and dendritic cells may act as antigen presenting
cells. Further functional characterisation of these cells is needed to
delineate their role in antigen presentation. This work provides an
expression profile baseline of the Atlantic cod in a steady state,
which lays a foundation for future work with immune system
challenge experiments. Future challenge experiments may show
how the different cod immune cell subsets respond to
immunological challenge, in particular whether the GATA3+ cells
could be involved in the B-cell differentiation process. The acquired
knowledge will be highly beneficial for the development of
antibodies towards cod-specific cell markers, our understanding of
alternative vertebrate immune systems and potentially aid cod
aquaculture and stock management.
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“Immune priming” plays a vital part in the immune system of invertebrates, protecting
against recurrent infections by pathogens, and can provide some ideas for the prevention
and treatment of invertebrate diseases. Many invertebrates have been demonstrated
recently to have immune priming, but the relevant mechanisms are not known. Expression
of immune system–related genes in the hemocytes and hepatopancreas of the mud crab
(Scylla paramamosain) before and after repeated stimulation with Vibrio parahaemolyticus
were analyzed by real-time fluorescence quantitative polymerase chain reaction. Some
molecules that may participate in the immune priming of S. paramamosain were screened
out, and their possible roles in immune priming were interpreted. Crabs injected first with
heat-killed V. parahaemolyticus (HkVp group) or physiologic (0.9%) saline (PS group) were
rechallenged at 168 h with live V. parahaemolyticus (HkVp+Vp group and PS+Vp group,
respectively). The log-rank test shows a significant difference in survival rate between the
HkVp+Vp group and the other groups after the ICH (p < 0.05). Expression of genes
involved in the toll-like receptor (TLR) signaling pathway and some antimicrobial peptide
genes were detected. By, respectively, comparing gene quantification at different time
points in hemocytes and the hepatopancreas, the molecules that may play a part in the
early stage of the immune priming of S. paramamosain in the hemocytes are found to be
down syndrome cell adhesion molecule (Dscam), Hyastatin, Cactus, Arasin,
antilipopolysaccharide factor 3 (ALF3), ALF4, ALF5, and ALF6 as well as later acting
molecules, such as Crustin, Dorsal, Pelle, and myeloid differentiation factor 88 (MyD88).
The molecules that functioned throughout the entire period are TLR and Spaetzle. In the
hepatopancreas, the molecules that may play a part in the early stages of immune priming
are Dscam, Hyastatin, Arasin, ALF6, Pelle, Spaetzle, Dorsal and, in the later stage, ALF4.
The molecules that functioned throughout the entire period are TLR, Crustin, Cactus,
MyD88, ALF3, and ALF5. In summary, the immune function of S. paramamosain is
enhanced after it receives the same repetitive stimulation by V. parahaemolyticus,
indicating immune priming in S. paramamosain. Our study enriches research on
org October 2020 | Volume 11 | Article 5659581123
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immune priming in invertebrates and lays the foundation for further studies revealing the
molecular mechanism of immune priming in crabs.
Keywords: antimicrobial peptides, toll-like receptor signaling pathway, Scylla paramamosain, immune priming,
gene expression
INTRODUCTION

Since the clonal-selection and gene-rearrangement theories were
first proposed, significantprogresshasbeenachieved in the research
of adaptive immunity (1, 2). It is considered that invertebrates lack
the “true” memory B/T lymphocytes and antigen-specific
immunoglobulin (Ig) molecules, which are the prerequisites and
most striking features of the adaptive immune systemof vertebrates
(3, 4). Hence, it is a popular view that there is no adaptive immune
response in invertebrates (5). Invertebrates can survive infection
from various environmental pathogens and continue to have
offspring, mainly by relying on their complex innate
immune system.

The immune system of invertebrates has been considered to
be nonspecific. However, increasing numbers of studies show
that, if invertebrates are infected repeatedly by pathogenic
microorganisms, a phenomenon similar to the immune
memory found in vertebrates is observed (3, 4, 6–8), but the
priming effect is not universal across all bacterial strains (9). The
improved survival and immune responses observed after
secondary exposure to a pathogen encountered previously in
invertebrates is defined as “the ability to store and recall
information on previously encountered microbial communities
or their components” (10) and is called “immune priming” (11),
“specific immune priming” (12), or “quasi-immune response” (13).

Initially, the immunememoryof invertebrateswas foundonly in
starfish (Dermasterias imbricata), ribbon worm (Lineus
sanguineus), earthworm (Lymbricus terrestris), and cockroach
(Periplaneta americana) (14–17). However, often the results were
controversial because the genotypes of animals used in the
experiments could not be determined. This problem hindered the
progress of research on the immune memory of invertebrates at
that time.

Later, the study of the immunememory of invertebrates focused
on the interaction between the host and parasites/bacteria. It was
found that the immune memory ofMacrocyclops albidus could be
induced by Schistocephalus solidus (18). Since then, similar
experimental conclusions have been reported in Bombus terrestris
and Paenibacillus species, Daphnia magna, and Pasteuria ramosa
(19, 20). Subsequently, some researchers questioned if this type of
immune priming was overly dependent on the experimental
conditions (21, 22). They note that most studies evaluate only the
survival rate and fecundity of the host instead of measuring the
expression of immune system–related genes or the infection rate of
parasites/pathogens (8, 23, 24).

In recent years, “omics” research in invertebrates has revealed
that some highly variable receptor molecules might be involved in
the specific immune priming of invertebrates: scavenger receptor
cysteine-rich proteins and immune-response proteins (25–27),
org 2124
down syndrome cell adhesion molecule (Dscam) (28–31), and
fibrinogen-related proteins (FREPs) (32–34). In particular, the
FREPs of Biomphalaria glabrata have been shown to interact
with the mucin (SmPoMucs) of Schistosoma mansoni to form an
immune complex, which is important evidence of the interaction
between diverse immune receptors and antigen variation in the
invertebrate host/pathogen (35). In 2015, Coustau and colleagues
showed that the interaction between B. glabrata and S. mansoni is
an extremely complex immune process in which a large number of
antigens, immune receptors, effectors, and antieffector systems are
involved (36).

Dubief and colleagues demonstrate that the hemolymph
phagocytosis of Haliotis tuberculata is enhanced after reinfection
by Vibrio harveyi (37). De Melo and colleagues demonstrate that
secondary infection by Schistosoma japonicum caused a significant
increase in the number of granulocytes in hemolymph in B. glabrata
and Biomphalaria straminea (38). Research into Eriocheir sinensis
indicates that the survival rate of individuals immunized with
inactivated Aeromonas hydrophila for 7 days was significantly
higher than that of untreated individuals when they were infected
with live A. hydrophila. The phagocytosis of hemocytes in the
inactivated A. hydrophila-immunized group was significantly
greater than that in the Micrococcus luteus-immunized group and
could bemaintained for a long time comparedwith that after thefirst
immunization with A. hydrophila. The serum of the A. hydrophila–
immunizedgrouphad stronger antibacterial activity against the same
bacteria than against different bacteria and showed a certain
specificity (39). Moreover, research into oysters shows that the toll-
like receptor (TLR) pathway participated in enhanced immune
protection for hemocytes defending against second stimulation by
Vibrio splendidus (40). Therefore, enhanced immune protection is a
universal phenomenon shared by all species and not provided
exclusively by adaptive immunity in vertebrates. Also, Ig molecules
or lymphocytesmight not be the essential prerequisites for enhanced
immune protection in all organisms.

The mud crab, Scylla paramamosain, is distributed widely
throughout the Indo-Pacific region. It is found commonly in
estuaries and mangrove areas. It has also been cultured along the
southeast coasts of China. Recently, massmortality occurred due to
an outbreak of diseases caused by viruses, bacteria, and parasites
(41). V. parahaemolyticus is a primary bacterial pathogen of S.
paramamosain. It has been reported to cause “milky disease” with
high mortality and has led to major losses in the mud-crab
aquaculture industry (42–44). However, due to a lack of research
into disease prevention, the culture of S. paramamosain has been
hampered by infection by various pathogens, which has restricted
the development of the breeding industry.

During disease control/prevention, the use of antibiotics and
immune enhancers can cause an excessive immune response and
October 2020 | Volume 11 | Article 565958
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environmental pollution, so it does not constitute an ideal
strategy. Immune priming, if present in S. paramamosain,
could be an essential defense against V. parahaemolyticus.
Antimicrobial peptides (AMPs) have been reported to be
important components of the host immune defense system
against pathogen infection. In crab species, even in S.
paramamosain, several AMPs have been discovered and
characterized (45–47). In addition to AMPs, classical immune-
related processes, such as the TLR signaling pathway, are also
reported to be involved in the immunity of S. paramamosain
against Gram-negative and -positive bacteria (48–50). Taken
together, these observations indicate that AMPs and the TLR
signaling pathway have vital roles in recognizing and eliminating
V. parahaemolyticus during immune protection of S. paramamosain,
which may also induce enhanced immune protection.

Hence, the main objectives of the present study were to (i)
examine the different experimental treatments of S. paramamosain
resistant toV.parahaemolyticus infection, (ii) compare the immune
responses of different tissues (hemocytes and the hepatopancreas)
during successive exposures to the pathogen and thereby explain
differences in tolerance to the disease, and (iii) investigate if AMPs
and the TLR signaling pathway take part in the immune priming of
S. paramamosain against V. parahaemolyticus.
MATERIALS AND METHODS

Animals, Ethics Statement, and
Bacterial Strains
Healthy S. paramamosain (bodyweight 69.07 ± 23.99 g) were
purchased from the Tulou Putou farm (Zhangpu, Zhangzhou,
Fujian Province, China) in June 2018. Crabs were maintained in
a self-built recycling cultivation system (seawater temperature at
26°C, salinity at 18‰–20‰, and fed with clams or oysters once a
day at night) for 10 days to acclimatize to their new environment
before experimentation. In all subsequent experiments, ≥6
individuals were sampled at different times. All of the study
design and animal experiments were conducted following the
guidelines of Fujian Agriculture and Forestry University’s
Animal Care and Use Committee.

V. parahaemolyticus (isolated from diseased mud crab and
preserved in our laboratory) was cultured in LB media
(containing 10 g/L peptone, 5 g/L yeast extract, and 10 g/L NaCl)
at 37°C for 24 h and harvested via centrifugation (6000 × g,
10 min, 4°C). The pellet was washed and resuspended in sterilized
physiologic (0.9%) saline for crabs (PS), which comprises (in g/L),
NaCl (26.00), KCl (0.85), CaCl2 (1.50), MgCl2 (2.33), H3BO3 (0.55),
NaOH (0.02), and Na2SO4 (3.00). The suspension was adjusted to a
final concentration of 3.1×107 CFU/mL and termed the “live V.
parahaemolyticus suspension.” Heat-killed V. parahaemolyticus
was acquired by autoclaving the suspension for 30 min at 60°C.
Subsequently, the plate coating was used to determine whether all
the bacteria had been killed.

Bacterial Challenge
The experiment was split into the immune priming phase (IPP)
and immune challenge phase (ICP). For the IPP, 250 crabs
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received an injection of PS (100 mL) and were employed as the
PS group. Another 250 crabs received the heat-killed V.
parahaemolyticus suspension at an effective CFU per gram of
crab of 104 and were employed as the HkVp group. At 6, 9, and
72 h of the IPP, 36 crabs from the PS grup and HkVp groups had
their hemolymph and hepatopancreas collected, respectively
(N = 6). After 168 h of the IPP, in the ICP, all the remaining
crabs from the PS group received an injection of live V.
parahemolyticus (5.0×103 CFU/g) and were employed as the
PS+Vp group. Meanwhile, the remaining crabs from the HkVp
group were again divided into the HkVp+Vp group (received an
injection of live V. parahaemolyticus with the effective CFU per
gram of crab of 5.0×103) and HkVp+PS group (received an
injection of 100 mL of PS). All the concentrations of V.
parahaemolyticus mentioned above were determined by the
mortality of mud crabs after injection of V. parahaemolyticus
in the pre-experimental stage. Six crabs from each group had
hemolymph and hepatopancreas collected at 6, 9, and 72 h of the
ICP. The experimental design is illustrated in Figure 1.

Survival Rate
The survival rate of crabs was measured at different time points
after challenge with live V. parahaemolyticus (5.0×103 CFU/g)
after crabs had been pretreated with heat-killedV. parahaemolyticus.
Survival was followed daily, and dead crabs were removed from
tanks. Survival rates were analyzed for statistical differences between
treatments by log-rank test on Kaplan-Meier survival curves using
the computer software package GraphPad Prism v. 7.0.

Isolation of Total RNA and Reverse
Transcription
Hepatopancreas samples were stored immediately in liquid
nitrogen and RNAlater, respectively, until used for RNA isolation.
Hemocytes were isolated rapidly by centrifugation at 2000 × g for
10 min at 4°C from the hemolymph. The latter was harvested from
the last walking leg with an equal volume of ice-cold anticoagulant
buffer (contains 0.45 M NaCL, 0.1 M glucose, 30 mM trisodium
citrate, 26 mM citric acid, and 10 mM EDTA) and frozen
immediately in liquid nitrogen until used for RNA isolation.

Total RNA was extracted from different tissues of unchallenged
and challenged samples using TRIzol® Reagent (Invitrogen,
Carlsbad, CA, USA) according to manufacturer protocols. The
quality of total RNA was assessed by agarose gel electrophoresis
and quantified by spectrophotometry using a NanoDrop™ 1000
(Thermo Fisher, Waltham, MA, USA). Then, 2 µg of total RNA
and 2 µL of random primers (10 µM) were used to synthesize
cDNA byM-MLV reverse transcriptase (Invitrogen, Carlsbad, CA,
USA). Then, synthesized complementary (c)DNA was diluted 10-
fold and 100-fold and stored at −20°C until use.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR) and Statistical
Analyses
Fourteen pairs of gene-specific primers for the genes of members
of the TLR signaling pathway and AMPs (Additional File 1:
Table S1) were designed to amplify products of 150–250 bp from
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cDNA, respectively. To compare the relative expression of these
14 genes in the samples, the housekeeping gene EF1a (GenBank
ID: JQ824130) was also amplified with the same cDNA samples
(Additional File 1: Table S1). The PCR was carried out in a
LightCycler™ 480 Real-time Thermal Cycler (Roche, Basel,
Switzerland) following manufacturer instructions with a total
reaction volume of 20 µL [10 µL of 10× SYBR Green Master Mix
(Yeasen Biotechnology, Shanghai, China), 9 µL of original cDNA
(1:100 dilution), and 0.5 µL of each primer (10 µM)]. The
thermal profile for RT-PCR was 1 min at 95°C, followed by 40
cycles at 95°C for 15 s and 60°C for 1 min. Melting curves were
also plotted (60°C–90°C) to ensure that a single PCR product was
amplified for each pair of primers. The comparative CT method
(DCT = CT of target gene − CT of EF1a and DDCT = DCT of any
sample – the calibrator sample) was used to calculate the relative
expression of all 14 genes (51). Then, the data were subjected to a
Student’s t-test to determine the difference in the mean values
among the treatments, and the significant difference in
expression was shown at P < 0.05.

Violin plots were created using OmicShare tools, a free online
platform for data analyses (www.omicshare.com/tools), to measure
the expression of the genes related to the TLR signaling pathway
and AMPs in each tissue at different time points under dissimilar
conditions. Heat maps were created using R Programming
Language v3.5.3 (R Center for Statistical Computing, Vienna,
Austria) to visualize gene-expression data graphically. The
intermolecular interaction network of TLR signaling pathway-
related genes was constructed using String v11.0 (https://string-
db.org/) and Cytoscape 3.7.1 (https://cytoscape.org/).
RESULTS

Increased Survival Rate of S.
paramamosain After the ICP With
Live V. parahaemolyticus
To understand the immune effect of V. parahaemolyticus during
the IPP and ICP, we counted the number of S. paramamosain
Frontiers in Immunology | www.frontiersin.org 4126
that survived. After the IPP, the mortality of the PS group was
not significantly different to that of the HkVp group. At 7 days
after the IPP, animals entered the ICP with a lethal dose of live V.
parahemolyticus. There was a difference in the survival rate
between the HkVp+Vp group and PS+Vp group from 9 h, and
it became greater and more significant with increasing time, and
the log-rank test shows a significant difference in survival rate
between HkVp+Vp group and the other groups after the ICH
(p < 0.05) (Figure 2). The contrast in the survival rate between
the HkVp+Vp and PS+Vp groups indicates that the immune
protection of S. paramamosain was enhanced when they were
infected again by V. parahaemolyticus (Figure 2).

Changes in mRNA Expression of Genes
Involved in the TLR Signaling Pathway
In hemocytes, mRNA expression of MyD88 in the HkVp+Vp
and PS+Vp groups was upregulated 6 h after the ICP, and it
peaked significantly at 72 h in the PS+Vp group compared
with that in the HkVp+Vp and HkVp+PS groups (p < 0.05).
After the IPP, the expression of Dorsal in the HkVp group was
upregulated at first and peaked significantly at 72 h (p < 0.05).
After the ICP, the HkVp+Vp and PS+Vp groups seemed to
adopt two immune modes. Dorsal expression in the HkVp
+Vp group showed a downregulation trend that was
significantly lower than that in the HkVp+PS group at 9 and
72 h, whereas mRNA expression in the PS+Vp group peaked
at 72 h and was significantly more upregulated than that in the
HkVp+PS and HkVp+Vp groups (p < 0.05). Similar to the
expression pattern of Dorsal, we found that the expression of
TLR and Pelle also showed a downregulation trend after the
ICP (p < 0.05). Conversely, the expression of Spaetzle and
Cactus showed a significantly upregulated pattern at almost all
time points after the ICP (p < 0.05). Expression of Dscam in
the HkVp+Vp group peaked 9 h after the ICP and was
upregulated significantly compared with that in the HkVp
+PS and PS+Vp groups. The significant difference was still
present at 72 h (p < 0.05) (Figure S1).

In the hepatopancreas, mRNA expression of MyD88 in
the HkVp group was upregulated significantly 9 h after the IPP
FIGURE 1 | Experimental design of S. paramamosain receiving heat-killed V. parahaemolyticus (IPP) and live V. parahaemolyticus (ICP).
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(p < 0.05) and showed a significant downregulation trend at 6
and 9 h in the HkVp+Vp group (p < 0.05). Expression of Dscam
in the HkVp+Vp group peaked 9 h after the ICP and was
upregulated considerably more than that in the HkVp+PS and
PS+Vp groups (p < 0.05). The expression of TLR and Dorsal in
the HkVp+Vp group was significantly weaker than that in the PS
+Vp group (p < 0.05). After the IPP, Pelle expression in the
HkVp group was significantly upregulated at 6 and 72 h (p <
0.05), whereas it was also upregulated significantly 6 and 9 h after
the ICP in the HkVp+Vp group. Analogous to the expression
pattern of Pelle, the expression of Spaetzle and Cactus also
showed a considerably upregulated trend at different time
points after the ICP (p < 0.05) (Figure S2).
Changes of mRNA Expression
of AMPs Genes
In hemocytes, mRNA expression of Arasin was upregulated
significantly at 6 h in the HkVp+Vp group and at 72 h in the
PS+Vp group after the ICP. Compared with the HkVp+PS and
PS+Vp groups, expression of Crustin, ALF3, and ALF4 in the
HkVp+Vp group after the ICP peaked at 72, 6, and 9 h,
respectively. The expression pattern of ALF6 was identical to
that of ALF3 and was upregulated significantly 6 h after the
ICP in the HkVp+Vp group (p < 0.05). ALF5 maintained a
high level of expression at all time points after the ICP in the
HkVp+Vp group compared with that in the HkVp+PS and PS
+Vp groups (p < 0.05). Slightly different from the expression
pattern of ALF5 , Hyastatin showed significantly high
expression 6 and 9 h after the ICP in the HkVp+Vp group
(p < 0.05) (Figure S3).

In the hepatopancreas, mRNA expression of Arasin was
maintained at a significantly high level at all time points after
the ICP in the HkVp+Vp group (p < 0.05). ALF3, ALF5, and
ALF6 also had the same pattern of expression as that of Arasin.
Crustin expression in the HkVp+Vp group was upregulated
significantly 9 and 72 h after the ICP than that in the HkVp
+PS and PS+Vp groups (p < 0.05). Nine hours after the ICP,
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ALF4 and Hyastatin in the HkVp+Vp group showed
significantly high expression. However, ALF4 expression at 6
and 72 h was much lower than that in the PS+Vp group, and
Hyastatin expression was also upregulated significantly 9 and
72 h after the IPP (p < 0.05) (Figure S4).

Visualization of the Expression Data of
Genes of the TLR Signaling Pathway
and AMPs
After standardizing all the data, heat maps exhibit the different
expression of genes of the TLR pathway or AMPs in the
hepatopancreas and hemocytes after injection at different time
points. Some of the same genes in the two tissues show different
expression patterns. This result suggests that different regulatory
modes of expression of genes in the TLR signaling pathway and
AMP genes were activated in the hepatopancreas and hemocytes
in the IPP and ICP (Figure 3).

Violin plots are used to summarize the differences in gene
expression in hemocytes and the hepatopancreas, respectively. All
genes of the TLR signaling pathway or AMPs at different time
points (6, 9, 72, 174, 177, and 240 h) show that the different
expression (i) was higher in hemocytes than that in hepatopancreas,
(ii) became more significant in the hepatopancreas from 9 h in the
ICP, (iii) became more significant in hemocytes at all time points of
the ICP, and (iv) was greater at 9 h of the ICP in the hepatopancreas
and hemocytes (Figures 4A, B).
FIGURE 2 | Cumulative survival using the Kaplan-Meier method following the
ICP with live V. parahaemolyticus after previous IPP with heat-killed
V. parahaemolyticus (HkVp group) or physiologic (0.9%) saline (PS group) in
S. paramamosain. “168–240 h” denotes the time started after the ICP. This
survival experiment was repeated three times.
FIGURE 3 | Heat map representing expression of genes of members of the
TLR signaling pathway and AMPs in hemocytes and the hepatopancreas,
respectively, containing continuous time points [IPP (6, 9, and 72 h) and ICP
(174, 177, and 240 h)]. The color scale at the far right of the heat map
represents expression, whereby red, green, and black indicate upregulated,
downregulated, and unaltered expression, respectively.
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The Molecular Network of the TLR Signaling
Pathway Constructed by Cytoscape
The molecular network of the related genes in the TLR signaling
pathway created using Cytoscape indicates gene interactions at a
discrete time point after injection (Figure 5). In terms of
expression of different genes, there are considerable differences
between the hepatopancreas (Figure 5A) and hemocytes (Figure
5B) according to this interaction network.
DISCUSSION

In mammals, health maintenance and disease prevention are
promoted owing to studies of enhanced immune protection and
their underlying immune mechanisms. Based on numerous
studies in vertebrates, researchers are driven to explore the
origin, evolution, and underlying mechanism of enhanced
Frontiers in Immunology | www.frontiersin.org 6128
immune protection in invertebrates. Nevertheless, exploration
of its evolution is limited (52).

Early studies on adaptive immunity focus mainly on the
identification of lymphocytes and their receptors as well as
molecules in the major histocompatibility complex. However,
since the discovery of alternative mechanisms of adaptive
immunity based on variable lymphocyte receptor in jawless
vertebrates, Ig-dependent adaptive immunity ceased to be
regarded as the only solution to enhance immune protection
(53). In recent years, increasing attention has been paid to the
long-neglected role of immune protection in invertebrates.

It is reported that immune protection after identical
stimulation is significantly stronger in invertebrates than that
in an unvaccinated group and that the effect is similar to that of a
vaccine (3, 37, 38, 54–56). A mechanism of enhanced immune
protection is demonstrated, but it is also reported to be
associated with several factors: the interaction between
A

B

FIGURE 4 | Violin plots representing mRNA expression of genes of members of the TLR signaling pathway and AMPs. (A) mRNA expression of genes in the
hepatopancreas in the HkVp+Vp group compared with that in the PS+Vp group. (B) mRNA expression of genes in hemocytes in the HkVp+Vp group compared with
that in the PS+Vp group. The x-axis denotes the hours after bacterial injection [IPP (6, 9, and 72 h) and the ICP (174, 177, and 240 h)]. The y-axis represents
expression of genes of members of the TLR signaling pathway and AMPs.
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different hosts and pathogens, the induced dose, and the
duration (57).

Initially, crabs were immune-primed (IPP) with heat-killed V.
parahaemolyticus. Then, they were immune challenged (ICP)
with live V. parahaemolyticus with a lethal dose 7 days after the
IPP. The survival rate of crabs after the ICP was the most direct
evidence to judge the existence of immune priming in crabs. The
difference in the survival rate between the HkVp+Vp and PS+Vp
Frontiers in Immunology | www.frontiersin.org 7129
groups began to appear 9 h after the ICP, and it built up
gradually over time. At 72 h, the difference between the two
groups reached 20%. This result suggests (i) enhanced immune
protection was initiated after the primary exposure to the same
strain of V. parahaemolyticus and (ii) the existence of immune
priming in S. paramamosain. Our finding of an enhanced
immune response is in agreement with data from other studies
showing a higher immune response could be induced by
stimulation with inactivated pathogens in shrimps and crabs
(39, 58). In other invertebrates, the upregulation of the immune
response after repeated infection by the same pathogen is
widespread, and it is considered to denote immune priming
(56, 59, 60).

AMPs are vital components of the host innate immune
response against microbial invasion (46). Pathogen infection
can activate the TLR signaling pathway and its downstream
signaling molecules; then the signal is translocated to the nucleus
to induce the release of AMPs. AMPs, such as ALF3–6, Crustin,
Arasin, and Hyastatin, are reported to be effectors of the immune
response against infection by Gram-positive and Gram-negative
bacteria in S. paramamosain. In the present study, expression of
these AMP genes was also measured to ascertain if they were
involved in the immune priming of S. paramamosain. We note
significantly high expression of Arasin, ALF3, ALF4, ALF6, and
Hyastatin in the hemocytes of the HkVp+Vp group in the initial
stage after ICP. Simultaneously, Crustin expression peaked 72 h
after the ICP. In the hepatopancreas of crabs in the HkVp+Vp
group, the expression patterns of ALF4 and Hyastatin were
similar to those in hemocytes.

Interestingly, expression of Arasin, Crustin, ALF3, and ALF6
was activated at the initial stage after the ICP and was
upregulated significantly throughout the period. Moreover,
ALF5 expression was upregulated markedly throughout the
ICP in hemocytes and in the hepatopancreas. Taken together,
these results suggest that AMP genes participate in the immune
priming of S. paramamosain, but in different tissues, the
regulation mode is not identical.

The TLR signaling pathway is vital for the immune system of
organisms due to its regulatory effect upon bacterial infection: It
positively regulates the expression of downstream innate
immune-related genes (48, 61). In the TLR signaling pathway of
Drosophila, a platform is provided for Pelle to permit
incorporation and form a trimeric complex by MyD88
recruiting its upstream-activated TLR and downstream cytosolic
adaptor Tube. Meanwhile, the complex can also allow further
activation of Pelle and then induce activation of Dorsal expression
(62). Studies of various bacterial-induced Dscam isoforms in
arthropods have focused on assays of gene silencing, bacterial
binding assays, and pathogen clearance (29, 63, 64). The speed
and intensity of the response of Dscam to pathogen infection after
a previous encounter suggest specific immune priming (65, 66).
Several studies have centered on Dscam and its involvement in
immune priming in invertebrates, but those studies are on only a
few species (31, 64, 67, 68).

We measured expression of seven genes associated with the
TLR signaling pathway by qRT-PCR after pre-exposure of
A

B

FIGURE 5 | The molecular network of related genes in the TLR signaling
pathway in response to secondary challenge by V. parahaemolyticus in the
hepatopancreas (A) and hemocytes (B) of S. paramamosain constructed by
Cytoscape. The bar chart represents the different expression patterns of each
gene, and the different colors of the bar chart represent different time phases.
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V. parahaemolyticus to evaluate whether these genes are involved
in enhanced immune protection. Unlike the expression pattern
of AMP genes, which were upregulated in the hepatopancreas and
hemocytes, the expression pattern of genes in the TLR signaling
pathway was quite different after the ICP. In hemocytes of the
HkVp+Vp group, Spaetzle was activated in the early stage after V.
parahaemolyticus infection and showed high expression
throughout the ICP. MyD88 had high transient expression 6 h
after infection and then showed a stable expression pattern.
However, expression of genes, such as TLR, Pelle, and Dorsal,
was inhibited after the ICP, especially in the advanced stage of
infection. Cactus was activated at the early stage after infection,
and in the later stage, the effect was weakened. Dscam expression
reached its peak at 9 h. In the hemocytes of the PS+Vp group,
Spaetzle was activated in the early stage after infection, whereas
TLR and Pelle were activated in the later stage.MyD88 and Dorsal
were activated through the ICP, and expression of Cactus and
Dscam was relatively unchanging. In the hepatopancreas, the
expression and regulation patterns of the genes stated above
were different from those in hemocytes. Similar to results in
Drosophila, in studies of S. paramamosain, TLR, Pelle, and
MyD88-mediated antibacterial models are reported, and in those
models, toll-associated downstream signaling molecules (such as
Spaetzle, TLR, Cactus, and Dorsal) participated in the immune
response to Gram-negative bacteria (50, 69). Also, studies have
shown that at least 36,736 isoforms of Dscam could potentially be
generated in S. paramamosain and that the pathogen-induced
Dscam isoforms could enhance self-protection upon pathogen
infection (70).

Interestingly, the expression patterns of most genes in the PS
+Vp group after the ICP were similar to those reported previously,
which were upregulated significantly after infection by Gram-
negative bacteria. Hence, the classical TLR signaling pathway was
the main way to resist infection by V. parahaemolyticus in the PS
+Vp group. However, after pre-exposure to V. parahaemolyticus,
expression of these genes in the HkVp+Vp group suggests that,
whether in hemocytes or the hepatopancreas, the classic TLR
signaling pathway could not be activated by V. parahaemolyticus
(or other compensatory mechanisms were activated
simultaneously), which led to inhibition of expression of TLR,
Pelle, and Dorsal after the ICP. In addition, irrespective of which
type of pathway is activated, Spaetzle played a major part in this
process. More importantly, expression of most genes of the TLR
pathway had long-lasting changes after the ICP. This observation
suggests that the TLR pathway has the most important role in
enhanced immune protection against reinfection by V.
parahaemolyticus and is involved in the process of immune
priming of S. paramamosain. In addition, except for Dscam, there
were complex interactions among the other six genes, which is
worthy of more in-depth research in the future.
CONCLUSIONS

The present study provides evidence of the immune priming of
S. paramamosain to V. parahaemolyticus. The differences
Frontiers in Immunology | www.frontiersin.org 8130
between hemocytes and the hepatopancreas between the HkVp
+Vp and the PS+Vp groups were studied by macroscopic
survival rate and molecular-biology methods.

Our study elicits two main conclusions. First, our experiments
indicate that immune priming is present in S. paramamosain
when it was infected repeatedly by V. parahaemolyticus and that
the related genes, which may have been involved in the immune
priming of hemocytes and hepatopancreas of S. paramamosain,
were identified. Second, the TLR signaling pathway, but not the
classical style, was activated to participate in the immune
priming of S. paramamosain. Our results provid further
molecular insight into enhanced immune protection in
S. paramamosain. Our data is valuable for understanding the
mechanisms of enhanced immune protection in invertebrates.
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SUPPLEMENTARY FIGURE 1 | Expression of genes of members of the TLR
signaling pathway in hemocytes after the IPP and ICP. The x-axis denotes hours
after bacterial injection [IPP (6, 9, and 72 h) and the ICP (174, 177, and 240 h)]. The
y-axis reflects expression of genes of members of the TLR signaling pathway. The
significant difference between the challenged group and control group is indicated
by * at p < 0.05. EF1-a served as a reference gene.

SUPPLEMENTARY FIGURE 2 | Expression of genes of members of the TLR
signaling pathway in the hepatopancreas after IPP and ICP. The x-axis denotes
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hours after bacterial injection [IPP (6, 9, and 72 h) and the ICP (174, 177, and
240 h)]. The y-axis reflects expression of genes of members of the TLR signaling
pathway. The significant difference between the challenged group and control
group is indicated by * at p < 0.05. EF1-a served as a reference gene.

SUPPLEMENTARY FIGURE 3 | Expression of AMP genes in hemocytes after
the IPP and ICP. The x-axis denotes hours after bacterial injection [IPP (6, 9, and
72 h) and the ICP (174, 177, and 240 h)]. The y-axis reflects expression of genes of
members of the TLR signaling pathway. The significant difference between the
Frontiers in Immunology | www.frontiersin.org 9131
challenged group and control group is indicated by * at p < 0.05. EF1-a served as a
reference gene.

SUPPLEMENTARY FIGURE 4 | Expression of AMP genes in the
hepatopancreas after the IPP and ICP. The x- axis denotes hours after bacterial
injection [IPP (6, 9, and 72 h) and the ICP (174, 177, and 240 h)]. The y-axis reflects
expression of genes of members of the TLR signaling pathway. The significant
difference between the challenged and control groups is indicated by * at p < 0.05.
EF1-a served as a reference gene.
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Bacterial Kidney Disease (BKD), which is caused by a Gram-positive, intracellular

bacterial pathogen (Renibacterium salmoninarum), affects salmonids including Atlantic

salmon (Salmo salar). However, the transcriptome response of Atlantic salmon to BKD

remained unknown before the current study. We used a 44K salmonid microarray

platform to characterise the global gene expression response of Atlantic salmon to

BKD. Fish (∼54 g) were injected with a dose of R. salmoninarum (H-2 strain, 2 ×

108 CFU per fish) or sterile medium (control), and then head kidney samples were

collected at 13 days post-infection/injection (dpi). Firstly, infection levels of individuals

were determined through quantifying the R. salmoninarum level by RNA-based TaqMan

qPCR assays. Thereafter, based on the qPCR results for infection level, fish (n = 5)

that showed no (control), higher (H-BKD), or lower (L-BKD) infection level at 13 dpi

were subjected to microarray analyses. We identified 6,766 and 7,729 differentially

expressed probes in the H-BKD and L-BKD groups, respectively. There were 357

probes responsive to the infection level (H-BKD vs. L-BKD). Several adaptive and innate

immune processes were dysregulated in R. salmoninarum-infected Atlantic salmon.

Adaptive immune pathways associated with lymphocyte differentiation and activation

(e.g., lymphocyte chemotaxis, T-cell activation, and immunoglobulin secretion), as well

as antigen-presenting cell functions, were shown to be differentially regulated in response

to BKD. The infection level-responsive transcripts were related to several mechanisms

such as the JAK-STAT signalling pathway, B-cell differentiation and interleukin-1

responses. Sixty-five microarray-identified transcripts were subjected to qPCR validation,

and they showed the same fold-change direction as microarray results. The qPCR-

validated transcripts studied herein play putative roles in various immune processes

including pathogen recognition (e.g., tlr5), antibacterial activity (e.g., hamp and camp),

regulation of immune responses (e.g., tnfrsf11b and socs1), T-/B-cell differentiation

(e.g., ccl4, irf1 and ccr5), T-cell functions (e.g., rnf144a, il13ra1b and tnfrsf6b), and
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antigen-presenting cell functions (e.g., fcgr1). The present study revealed diverse immune

mechanisms dysregulated by R. salmoninarum in Atlantic salmon, and enhanced the

current understanding of Atlantic salmon response to BKD. The identified biomarker

genes can be used for future studies on improving the resistance of Atlantic salmon

to BKD.

Keywords: Bacterial Kidney Disease (BKD), Salmo salar, microarray, antibacterial responses, teleost, infection

level, transcriptome, individual-dependent immune response to pathogen

INTRODUCTION

Due to the limitation of naturally supplied aquatic stocks and
a growing human population, fish aquaculture has become
one of the main sources fulfilling the global demand for fish
consumption (1, 2). However, aquaculture faces several health
challenges (e.g., bacterial or viral diseases), and an enhanced
understanding of the fish immune and physiological responses
to pathogens may help combat epidemics in aquaculture
environments. Atlantic salmon (Salmo salar) is one of the
most economically important fish species prevalently farmed in
marine aquaculture worldwide (1, 3), and is susceptible to several
Gram-positive and Gram-negative bacterial pathogens causing
high mortalities and economic losses (4, 5). Renibacterium
salmoninarum is a Gram-positive intracellular pathogen that
causes Bacterial Kidney Disease (BKD) in Atlantic salmon and
other salmonids [e.g., sockeye salmon (Oncorhynchus nerka) and
rainbow trout (O.mykiss)] (6). BKDhas been reported in Canada,
Chile and several other countries worldwide (6, 7), and can cause
up to 40% cumulative mortality in farmed Atlantic salmon (8, 9).

R. salmoninarum infection begins in the fish head kidney
through formation of granulomas, and then develops in other
internal organs (e.g., posterior kidney and liver) of the fish
(7–9). Mortalities caused by BKD may be associated with
immunosuppressive effects of R. salmoninarum on the host (10).
An enhanced understanding of the Atlantic salmon response
to R. salmoninarum can aid in the development of preventive
management tools for BKD (e.g., vaccines and therapeutic
diets). Previous in vivo and in vitro studies examined gene
expression responses to R. salmoninarum in rainbow trout (11)
and Chinook salmon (O. tshawytscha) (12) kidney as well as
rainbow trout macrophages (13) and Atlantic Salmon Kidney
(ASK) cell line (14). A genomics-based study used Suppression
Subtractive Hybridisation (SSH) to identify BKD-responsive
genes in Chinook salmon (15). A recent study reported
expression responses of 22 genes (e.g., transcripts encoding
interleukins and interferons) in the head kidney of Atlantic
salmon infected with R. salmoninarum at different temperatures
(16). Since vaccination with formalin-killed R. salmoninarum
was found to enhance the resistance of salmonids to BKD (9),
microarrays were previously used to profile the transcriptome
response of Atlantic salmon to formalin-killed R. salmoninarum
bacterin (17). Although this previous study enhanced our
understanding of the Atlantic salmon immune response to R.
salmoninarum-derived antigens, the transcriptome response and
molecular pathways underlying Atlantic salmon response to live

R. salmoninarum pathogen remained uncharacterised before the
current study. Considering the immunomodulatory effects of R.
salmoninarum on its host, profiling the BKD-responsive genes in
Atlantic salmon is of prominent importance for the development
of methods for combating BKD.

Microarray analyses can determine the transcriptome profile
of immunological responses in a species (18). In addition
to the aforementioned R. salmoninarum bacterin study (17),
microarrays were previously employed to profile the antibacterial
responses of Atlantic salmon to other bacterial pathogens such as
Piscirickettsia salmonis (19), and Aeromonas salmonicida (20, 21)
as well as commercial vaccines (e.g., for immunisation against
Yersinia ruckeri and Vibrio spp.) (22, 23).

The consortium for Genomic Research on All Salmonids
Project (cGRASP)-designed Agilent 44K salmonid
oligonucleotide microarray (24) was previously used in
several immune-related studies in Atlantic salmon and rainbow
trout (17, 25–29). In the present study, we used this powerful
microarray platform to identify Atlantic salmon head kidney
transcripts responsive to R. salmoninarum pathogen and
determine if the level of R. salmoninarum infection [i.e., higher
and lower susceptibility levels corresponding to higher and lower
infection levels, respectively, at 13 days post-infection/injection
(dpi) as determined by TaqMan assays] influenced the Atlantic
salmon response to BKD. All the fish in the present study received
the same dose of R. salmoninarum, but individuals with various
levels of infection (i.e., higher and lower infection level groups)
at 13 dpi, as shown by reverse transcription—quantitative
polymerase chain reaction (qPCR) TaqMan assays, were used
for transcriptome analyses. Complementary to our previous
investigation (17), the present study identified the genes and
molecular pathways associated with Atlantic salmon response
to R. salmoninarum pathogen, and provided a set of valuable
biomarkers for future BKD-related investigations. Furthermore,
the infection level-responsive genes identified herein broaden
horizons for the understanding of the correlations between R.
salmoninarum level and Atlantic salmon antibacterial responses.

MATERIALS AND METHODS

Animals
Atlantic salmon parr [54 ± 6 g; (mean ± SE)] were purchased
from a local salmon production hatchery and transferred to the
Cargill Innovation Center—Colaco, Chile. Before transportation
and by sanitary regulations, qPCR assays were used to monitor
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Atlantic salmon diseases, and fish were certified to be free of
pathogens previously reported in Chilean salmon farms [i.e.,
infectious salmon anaemia virus (ISAV), infectious pancreatic
necrosis virus (IPNV), P. salmonis and R. salmoninarum; (30)].
Fish were distributed to seven circular tanks (200 L tanks; 68
fish per tank), using a freshwater [i.e., five practical salinity unit
(psu)] flow-through system (4.3 L min−1). Prior to the infection
trial, fish were acclimatised to the experimental conditions for 2
weeks and held at 10–11◦C water temperature under a 24 h light
photoperiod. Fish were fed to satiation using a standard EWOS
commercial diet. Water quality parameters were monitored daily
(i.e., temperature, oxygen saturation, salinity, and pH). Fish were
fasted 12 h before all experimental procedures (e.g., injection
and sampling), and were anaesthetised using Benzocaine (150
µl L−1 BZ-20 R©, Veterquímica S.A., Maipú, Santiago, Chile)
before handlings and injections. All procedures in this study were
conducted following the guidelines of the Canadian Council on
Animal Care (31).

R. salmoninarum Strain and Culture
The previously characterised Chilean strain of R. salmoninarum
(H-2), obtained from cage-cultured Atlantic salmon in 2014, was
used for the present study. This strain was isolated from fish with
clinical signs of BKD in southern Chile. Previous studies showed
that strainH-2 has high siderophore production, which can result
in high virulence potential (14, 32, 33). The strain identification
was confirmed as R. salmoninarumwith nested PCR, as described
by Chase and Pascho (34), and culture purity was confirmed by
Gram-staining, cell morphology and colony morphology (33).
Stock cultures were maintained frozen at −80◦C in Cryobille
tubes (AES Laboratoire, Combourg, France) or in KDM-2 with
15% glycerol. The bacteria were cultured in KDM-2 [1% tryptone
(AES Laboratoire), 0.05% yeast extract (AES Laboratoire), 0.1%
L-cysteine hydrochloride (US Biological, Salem, MA), 10% fetal
bovine serum (Biological Industries, Cromwell, CT); Evelyn
1977] agar under aerobic conditions for 10–15 days at 15◦C,
and with not more than two subcultures grown from glycerol-
amended stock cultures.

Pathogen Infection
For BKD challenge, inocula were prepared through collecting the
bacterial cells from KDM-2 plates and re-suspending in KDM-
2 broth (4ml). After reaching the logarithmic phase, bacterial
culture was re-inoculated in KDM-2 broth (400ml) at 15◦C with
agitation (50 rpm) to achieve an initial bacterial concentration
of 3 × 109 cells ml−1, which was determined using direct
microscopy count. All fish in the BKD treatment (i.e., five tanks)
were intraperitoneally injected with 200 µl of R. salmoninarum
to obtain a final dose of 2 × 108 colony-forming units (CFU)
per fish, as determined by the direct plate count. Fish were
challenged using a single high dose of R. salmoninarum, as we
aimed to study Atlantic salmon response to a lethal level of
this pathogen. There was no previous study on mortalities of
Atlantic salmon challenged with R. salmoninarum, strain H-2.
However, a previous study reported fast and highmortalities (i.e.,
100% mortality within 15 days) of Atlantic salmon (i.e., 50–70 g)
challengedwith 108 cells of other strains ofR. salmoninarum (35).

Therefore, we selected a R. salmoninarum dose slightly higher
than that used in Daly et al. (35) to ensure high mortalities and a
strong immune response of Atlantic salmon to BKD. Three tanks
in the BKD group were used for monitoring fish mortality, and
2 tanks were used for sampling. Fish in the control group (i.e.,
two tanks) were injected with 200 µl of sterile KDM-2 broth.
Fish in both treatments were fed as described above and held
in optimal conditions (i.e., temperature 10–11◦C and oxygen
saturation above 90%) during the infection trial. Mortalities
were recorded daily. Mortalities started at 24 dpi and 100%
mortality was seen at 38 dpi. Supplementary Figure S1 shows the
cumulative mortality in each tank. Considering mortality data
and the objectives of the present study, we selected 13 dpi for
sampling and transcriptome analyses. Our sampling time point
(i.e., 13 dpi) was approximately at the mid-point of the infection
challenge between the start of the infection and the onset of
mortalities; we anticipated that it would provide understanding
of both early and late immune responses to R. salmoninarum.
Further, with respect to chronic development of BKD, 13 dpi was
considered as the adequate time for pathogen accumulation and
for the R. salmoninarum-infected fish to show the individual-
dependent variations in immune response; correspondingly, it
was a suitable time point for studying the differences between
the response of fish with higher and lower detected infection
levels (i.e., higher and lower susceptible individuals). All the
fish in the current study were infected with the same dose of
R. salmoninarum, and infection level represents the quantitative
results of pathogen detection, determined by Taq-Man qPCR
assays for each individual at 13 dpi.

Sampling and RNA Extraction
Ten fish in each experimental tank (i.e., two tanks per treatment;
n = 20), were euthanized using an overdose of Benzocaine
[i.e., initial anaesthesia using 150 µl L−1 BZ-20 R© followed by
euthanasia using 300 µl L−1 BZ-20 R© (Veterquímica S.A.)] at
13 dpi. Thereafter, individuals were dissected, and head kidney
samples were collected and stored in RNAlater (Thermo Fisher
Scientific, Waltham, MA) at 4◦C for 24 h. Then, RNAlater was
removed, and samples were kept at−80◦C until RNA extraction.
Supplementary Figure S2 illustrates the overall experimental
design of the present study. The average (mean± SE) fish weight
was 56.7± 1.7 g and 50.96± 1.6 g for all sampled fish (n= 20) in
the control and BKD group, respectively, at 13 dpi.

Total RNA was extracted using TRIzol R© Reagent (Thermo
Fisher Scientific) following the manufacturer’s instructions. Head
kidney samples (50–100mg) were TRIzol-lysed using a tissue
homogeniser (Precellys 24, Bertin Instruments, Montigny-Le-
Bretonneux, France) before total RNA extraction. To remove
residual genomic DNA and enhance RNA quality, total RNA
samples were on-column DNase-treated and column-purified
using PureLinkTM RNA Mini Kit (Thermo Fisher Scientific) and
PureLinkTM DNAse set (Thermo Fisher Scientific), according to
the manufacturer’s protocol.

The column-purified RNAs were quantified using a
NanoDrop spectrophotometer (ND-1000), and RNA integrity
was assessed using 1% agarose gel electrophoresis. The RNA
samples used in the microarray and qPCR analyses of the current
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study showed high integrity (i.e., tight 18S and 28S ribosomal
RNA bands) and purity (i.e., A260/230 > 1.7 and A260/280
ratios > 1.8).

TaqMan Assays for Infection Level
Detection and Sample Selection
The reverse transcription—quantitative polymerase chain
reaction is referred to as qPCR in the current study. TaqMan
qPCR assays were used to assess the infection level in DNase-
treated and column-purified RNA samples of Atlantic salmon
from both BKD and control groups at 13 dpi. We aimed to
test if individuals that were injected with the same dose of
live R. salmoninarum showed different infection levels at 13
dpi. TaqMan primers and probe for R. salmoninarum 16S
ribosomal RNA (in-house developed by Cargill Innovation)
were used for BKD detection, and Atlantic salmon elongation
factor 1 alpha-1 (ef1a1) (36) was used as an internal control.
Supplementary Table S1 shows the sequence and quality control
results of TaqMan primers and probes used in the current
study. All TaqMan assays in the present study were conducted
in duplicate using the ViiA 7 Real-Time PCR system (384-well
format) (Applied Biosystems, Thermo Fisher Scientific) and
AgPath-ID One-Step RT-PCR Reagents (Applied Biosystems,
Thermo Fisher Scientific). The assays were performed using
13 µl reactions consisting of 6.5 µl 2X RT-PCR Buffer, 0.52 µl
25X RT-PCR Enzyme Mix, 0.88 µl Detection Enhancer, 0.39 µl
(600 nM) forward primer, 0.59 µl (900 nM) reverse primer, 0.23
µl (175 nM) Probe, 0.89 µl DEPC-treated water and 3 µl RNA
template (50–100 ng, see below). The TaqMan PCR program
comprised one cycle of 45◦C for 10min (reverse transcription),
one cycle of 95◦C for 10min, and 45 cycles of 95◦C for 15 s and
60◦C for 45 s. A pool consisting of equal amounts of RNA from
five individuals in the BKD group was used as a template to test
the performance and amplification efficiencies of primers. Primer
quality control tests were performed using a 5-point, 3-fold serial
dilution of the pool RNA template, starting with 100 ng of input
total RNA per reaction and a no-template control. Then, the
infection level assays for each sample were measured using 50
ng of RNA input in each TaqMan reaction. Also, no-template,
positive (i.e., a pool of RNA from 10 fish in BKD group) and
negative (i.e., DNase-treated and column-purified RNA from the
skin of a non-infected Atlantic salmon) controls were included
in all TaqMan assays (i.e., both R. salmoninarum 16S ribosomal
RNA and Atlantic salmon ef1a1). Using QuantStudioTM Real-
Time PCR Software (Version 1. 3) (Applied Biosystems, Thermo
Fisher Scientific), the fluorescence threshold cycle (CT) values
and amplification efficiencies of primers were used to calculate
the relative quantity (RQ; i.e., calibrated to the sample with the
lowest normalised expression level) of R. salmoninarum 16S
ribosomal RNA through normalisation to Atlantic salmon ef1a1
(CT range: 18.03–18.81). Five head kidney samples from the
control group were included in the microarray and qPCR studies.
In addition, five fish with 16S ribosomal RNA CT values above 25
were selected as samples with lower infection level at 13 dpi or
lower susceptibility (L-BKD) for microarray and qPCR analyses
(Supplementary Figure S3), and five fish showing CT values

below 22 were selected as samples with higher infection level at
13 dpi or higher susceptibility (H-BKD) and were included in the
microarray and qPCR studies (Supplementary Figure S3). The
level of R. salmoninarum infection, which can also reflect the
susceptibility, at 13 dpi significantly varied between the H-BKD
and L-BKD groups (Supplementary Figure S3); therefore, these
samples were used to test if various levels of infection at 13
dpi can influence the transcript expression response of Atlantic
salmon to R. salmoninarum. Moreover, there was no significant
correlation (p = 0.6) between weight and the infection level
of individuals at 13 dpi, and no significant difference among
the weight of individuals in the control, H-BKD and L-BKD
groups (n = 5). Correspondingly, the differences seen between
the infection level of fish [i.e., individuals with higher (H-BKD)
and lower (L-BKD) infection level, as detected by Taq-Man
assays] at 13 dpi can be associated with the individual-dependent
variations in immune response and susceptibility to BKD.

Microarray Experimental Design and
Hybridisation
The selected head kidney samples of five individuals in the
control group, five individuals showing higher level of R.
salmoninarum infection (H-BKD) at 13 dpi and five individuals
with lower level of R. salmoninarum infection (L-BKD) at 13
dpi were subjected to microarray analysis (i.e., 15 samples
in total). The current microarray experiment was designed
based upon the Minimum Information About a Microarray
Experiment (MIAME) guidelines (37), and it was conducted
using cGRASP-designed Agilent 44K salmonid oligonucleotide
microarrays (24). Briefly, anti-sense amplified RNA (aRNA)
for each sample was in vitro transcribed using 1 µg of
DNase-treated and column-purified RNA and the Amino Allyl
MessageAmpTM II aRNA Amplification Kit (Ambion, Thermo
Fisher Scientific), following the manufacturer’s instructions. Gel
electrophoresis and NanoDrop spectrophotometry were utilised
to quality-check and measure the concentration, respectively,
of aRNAs. The common reference was composed of an aRNA
pool of all 15 samples (i.e., 15 µg from each sample) in
the study. Twenty micrograms of aRNA from each sample or
common reference were precipitated through a standard ethanol
precipitation method and re-suspended in coupling buffer
(Ambion, Thermo Fisher Scientific). Thereafter, the experimental
samples were labelled with Cy5 (GE Healthcare Life Sciences,
Buckinghamshire, UK), whereas the common reference was
labelled with Cy3 (GE Healthcare Life Sciences), according
to the manufacturer’s instructions. Labelling efficiency and
labelled aRNA concentrations were assessed using NanoDrop
spectrophotometry (i.e., the microarray feature). For each
individual sample, 825 ng of its corresponding Cy5-labelled
aRNA and 825 ng of Cy3-labelled common reference were
pooled, fragmented and co-hybridised to a 44K microarray
following the manufacturer’s recommendation (Agilent, Santa
Clara, CA). The hybridisation of arrays was performed at 65◦C
for 17 h with rotation (10 rpm) using an Agilent hybridisation
oven. According to the manufacturer’ instruction, the wash
buffers were supplemented with 10% Triton X-102 (Agilent) at
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the concentration of 0.5 µl ml−1. Slides were washed with Gene
Expression Wash Buffer 1 (Agilent) and then Gene Expression
Wash Buffer 2 (Agilent), using 50ml Conical Centrifuge Tubes
and a rocker platform [VWR Rocker (Radnor, PA); speed 40,
tilt 6], for 5min at room temperature. Slides were dried by
centrifuging at 200 × g for 5min at room temperature prior
to scanning.

Microarray Data Acquisition and Analyses
Microarray slides were scanned at 5µm resolution using a
SureScan Microarray Scanner System (Agilent) and Microarray
Scan Control Software v.9.1 following the Agilent HD 2-color
gene expression microarray scan protocol. The signal intensity
data were extracted and Loess-normalised using Agilent Feature
Extraction Software v12.0 (Agilent). In GeneSpring Software
v14.9 (Agilent), probes of low or marginal quality as well as
absent values in more than 25% of all 15 arrays were removed
from the dataset, and the missing values were imputed. The final
dataset, passing the quality control in GeneSpring and subjected
to the statistical analyses, consisted of 33,780 probes for all arrays
(GEO accession number: GSE150335). The statistical analyses
of microarray data were conducted using GeneSpring Software
v14.9. One-way ANOVA was used to determine if there were any
significant differences among groups (p ≤ 0.01). This analysis
was followed by Tukey’s multiple comparisons post-hoc test to
identify significant differences (p ≤ 0.01) between groups, and
Multiple Testing Correction was performed using the Benjamini-
Hochberg procedure.

The differentially expressed probes (DEPs) were re-annotated
using the contigs (24) based on which the 60-mer oligonucleotide
probes on the array were designed. The BLASTx searches of
NCBI’s non-redundant (nr) amino acid sequence and Swiss-Prot
databases (E-value < 1e-05) were performed using Blast2GO
software (BioBam Bioinformatics S.L., Valencia, Spain) (38, 39).
Using R and gplots Package, the microarray log2 ratios of the
identified DEPs were median-centred and subjected to Pearson
correlation and complete linkage hierarchical clustering.

The pathway enrichment analyses of different transcript lists
(i.e., R. salmoninarum infection-responsive transcripts shared
between H-BKD and L-BKD groups, infection level-responsive
transcripts as well as R. salmoninarum infection-responsive
transcripts only identified in the H-BKD or L-BKD group) were
determined using ClueGO (40) plugin in Cytoscape (v3.5.1)
(41). Enrichment (i.e., Right-sided hypergeometric test) analyses
were performed using the Gene Ontology database (UniProt:
27.02.2019) for Biological Processes (BPs) and Benjamini-
Hochberg test for p-value corrections (p < 0.05). Furthermore,
ClueGO linked the enriched BP GO terms using kappa statistics
(42), thus generating networks of functionally-associated terms.
Cohen’s kappa coefficients are calculated for each term-term
relationships based on the shared genes between them. The
obtained term-term kappa coefficients were also used to define
functional groups of highly-connected terms within the GO
networks. The kappa coefficient threshold set for the analysis
was 0.4, i.e., term-term relationships with lower coefficients were
considered non-significant.

For the subsequent interpretation of the resultant networks,
the enriched GO terms were classified, using Gene Ontology
Browser (http://www.informatics.jax.org), into 6 functional
themes: (1) adaptive immune response; (2) immune response; (3)
response to stress; (4) development; (5) metabolic process; and
(6) cellular process, localisation, and structure. The GO terms
were classified based on the biological process to which they were
related and/or their parent terms (especially for highly-specific
terms). Briefly, GO terms of biological processes and pathways
related to adaptive immunity were classified as “adaptive immune
response”. Those immune-related GO terms that could not be
classified as “adaptive immune response” were annotated as
“immune response”. Other GO terms associated with responses
to abiotic and biotic stimuli that are not necessarily involved in
immune processes or pathways fell within the “response to stress”
theme. GO terms related to tissue development and/or derived
from the parent term GO:0032502 (i.e., developmental process)
were classified as “development”. GO terms associated with
metabolism-related processes and pathways and/or that have the
parent term GO:0008152 (i.e., metabolic process) were classified
as “metabolic process”. The theme “cellular process, localisation,
and structure” grouped all those GO terms not classifiable in any
of the previous and derived from either GO:0009987 (i.e., cellular
process) or GO:0051179 (i.e., localisation). In a few instances,
terms that were close to the root of the ontology could not be
assigned to one of the themes (i.e., the term was too general).
Finally, some functional groups comprise GO terms from
different themes; in such cases, the functional group is coloured
according to the theme with the highest number of GO terms.

qPCR Validation
A subset of microarray-identified transcripts was subjected to
qPCR analysis to test the validity of the microarray results.
We selected 35 (i.e., 23 up-regulated and 12 down-regulated)
transcripts of interest (TOI) from the BKD-responsive list
overlapping only between the L-BKD and H-BKD groups (i.e.,
6,285 DEPs; see Figure 1A). Moreover, 10 TOI (i.e., five up-
regulated and five down-regulated) were selected from the
responsive transcript list specific to the H-BKD group (i.e., 289
DEPs; Figure 1A), whereas 9 TOI (i.e., six up-regulated and three
down-regulated) were taken from the L-BKD-specific transcript
list (i.e., 1,176 DEPs; Figure 1A). To validate the infection level-
responsive gene list, 11 TOI (i.e., six up-regulated and five
down-regulated) were selected from transcripts differentially
expressed between the H-BKD and L-BKD groups (i.e., total of
357 DEPs; Figure 1A). Among these infection level-responsive
transcripts, five TOI (i.e., three up-regulated and two down-
regulated) were from the identified transcripts in all comparison
(i.e., 123 DEPs), and one down-regulated transcript was selected
from the infection level-specific gene list (i.e., 20 DEPs). Also,
two (i.e., one up-regulated and one down-regulated) and three
(i.e., two up-regulated and one down-regulated) TOI were from
the infection level-responsive transcripts overlapping with only-
L-BKD and only-H-BKD responsive lists, respectively. Levels
of these TOI were measured in samples from all groups (i.e.,
Control, L-BKD and H-BKD; 15 samples in total). Primers used
for qPCR analyses were either designed using Primer3web v4.0.0
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FIGURE 1 | Microarray results of Atlantic salmon head kidney in response to R. salmoninarum infection. Fish with no (Control), lower (L-BKD) or higher (H-BKD) level

of R. salmoninarum infection at 13 dpi were used for microarray analyses (n = 5). Fish in the L-BKD and H-BKD groups were infected with the same dose of R.

salmoninarum, but they showed different levels of infection at 13 dpi, as determined by RNA-based Taq-Man assays. H-BKD: H-BKD vs. Control. L-BKD: L-BKD vs.

Control. Infection level: H-BKD vs. L-BKD. (A) Overview of microarray results. Differentially expressed probes (DEPs) identified by ANOVA (p < 0.01). The number of

up-regulated (red) and down-regulated (green) probes in BKD- (L-BKD or H-BKD vs. Control) and infection level (H-BKD vs. L-BKD)-responsive lists are shown in blue

and black boxes, respectively. (B) Histogram of the frequency density of log2-transformed fold-changes (FC) for the DEPs of the different comparisons. Red and blue

colours indicate up-regulation and down-regulation, respectively.

(http://primer3.ut.ee/) or taken from previous studies (17, 28, 43–
45) (see Supplementary Table S1).

First-strand cDNA templates were synthesised in 20 µl
reactions using 1 µg of DNase-treated, column-purified total
RNA, nuclease-free water (Invitrogen, Thermo Fisher Scientific),
1 µl of dNTPs (10mM each; Invitrogen, Thermo Fisher
Scientific), random primers (250 ng; Invitrogen, Thermo Fisher
Scientific), DTT (10mM final concentration), first-strand buffer
(1X final concentration) and M-MLV reverse transcriptase
(200U; Invitrogen) according to the manufacturer’s instructions.

The qPCR assays used in this study were performed following
the Minimum Information for Publication of qPCR Experiments
(MIQE) guidelines (46). All qPCR assays were conducted in
triplicate using the ViiA 7 Real-Time PCR system (384-well
format) (Applied Biosystems, Thermo Fisher Scientific), and
the qPCR reactions (13 µl) consisted of 6.5 µl Power SYBR
Green PCR Master Mix (Applied Biosystems, Thermo Fisher
Scientific), 50 nM of each forward and reverse primers (0.52 µl
of forward and 0.52 µl of reverse primers), 1.46 µl nuclease-
free water (Invitrogen, Thermo Fisher Scientific) and 4 µl cDNA
(see below for input total RNA quantity per reaction). The
details of the PCR program are described in Eslamloo et al.
(47). Two pools were generated using cDNA of all individuals
from both BKD groups and control group for primer quality
control of up- and down-regulated genes by BKD, respectively.
For each primer set (i.e., TOI or normalisers), a 5-point, 3-fold
serial dilution of the given cDNA template (i.e., standard curves;
starting with cDNA representing 10 ng of input total RNA), as
well as a no-template control were used to measure amplification
efficiencies. The amplification efficiencies of 10 out of 67 primer
pairs were calculated using 4-point serial dilutions of cDNA (see
Supplementary Table S1).

Primer pairs used in the current study showed an
amplification efficiency (48) ranging between 83 and 110%,
an amplicon with a single melting peak and no primer-dimer

present in the no-template control (Supplementary Table S1).
Firstly, the expression of eight candidate normalisers [i.e.,
60S ribosomal protein 32 (rpl32), ef1a1, elongation factor 1
alpha-2 (ef1a2), polyadenylate-binding protein, cytoplasmic 1
(pabpc1), eukaryotic translation initiation factor 3 subunit D
(eif3d), ATP binding cassette sub-family f member 2 (abcf2), RNA
polymerase 2 (polr2), and NADH dehydrogenase (ubiquinone)
iron-sulfur protein 7 (ndufs7)] was measured in all of the
experimental samples (five fish per treatment) to determine the
most suitable endogenous controls. Thereafter, in the qBase
software (49), CT values were analysed by geNorm to calculate
the M-value, i.e., a measure of transcript expression stability.
Two normaliser transcripts, ef1a2 and pabpc1, showing low
M-values (M < 0.2) and a comparable expression (i.e., CT

values) in all samples were selected for the qPCR assays. Then,
the transcript (mRNA) levels of TOI and normalisers were
assessed in all 15 samples using cDNA template representing
5 ng of input RNA per PCR reaction as well as a no-template
control. The relative quantity (RQ) of each tested transcript was
calculated through normalisation to both normaliser transcripts,
as implemented by QuantStudioTM Real-Time PCR Software,
Relative Quantification Study Application (Version 1.3; Applied
Biosystems, Thermo Fisher Scientific). RQ calculations were
conducted incorporating the amplification efficiencies of all
genes, and RQ value of each transcript was calibrated to the
sample that had the lowest normalised gene expression (i.e.,
assigned an RQ value= 1.0).

All statistical analyses were conducted using the Prism
package v7.0 (GraphPad Software Inc., La Jolla, CA). The
normality of data (i.e., RQ values) was analysed using the
Kolmogorov-Smirnov normality test. Then, One-way ANOVA
was applied to identify the differences among groups, followed
by Tukey’s multiple comparisons post-hoc test to determine
significant differences (p≤ 0.05) between groups. Kruskal-Wallis
test (p < 0.05) was used to determine the significant differences
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between the groups for the transcripts that did not pass the
normality test. Furthermore, Pearson’s (r) correlation was used
to test if the expression of transcripts correlated with infection
level (RQ values of R. salmoninarum 16S ribosomal RNA).

PRIMER 7 (PRIMER-E Ltd., Auckland, New Zealand) was
used to identify gene expression patterns among fish groups
and TOI via principal coordinates analysis (PCoA) based on
a Bray-Curtis similarity matrix generated using RQ values of
TOI as well as infection level values (i.e., RQ values of 16S
ribosomal RNA of R. salmoninarum normalised to Atlantic
salmon ef1a1 and calibrated to the sample with the lowest
normalised expression level).

RESULTS

Microarray Analyses
In this study, we used a 44K microarray platform to profile the
response of Atlantic salmon head kidney to BKD. We compared
the transcriptome profile of fish showing a lower (L-BKD) or a
higher (H-BKD) level of the R. salmoninarum infection together

and with a control group. The L-BKD and H-BKD fish were
injected with the same dose of live R. salmoninarum, but they
showed various infection levels, which also indicate the fish
susceptibility to R. salmoninarum, at 13 dpi, as determined
by TaqMan assays. Figure 1A illustrates the overall results of
the microarray analyses in the present study. Using one-way
ANOVA (p ≤ 0.01), 6,766 DEPs were identified in the H-BKD
group, whereas 7,729 DEPs were found in the L-BKD group
compared to the control. When the H-BKD and L-BKD groups
were compared, there were 357 DEPs significantly affected by
the infection level (i.e., H-BKD vs. L-BKD; 171 up-regulated
and 186 down-regulated). As shown by the Venn diagrams
(Figure 1A), all three comparisons in the present study shared
123 DEPs. There were 6,408 DEPs (6,285 + 123 DEPs: 3,946
up-regulated and 2,462 down-regulated) overlapping between
the H-BKD and L-BKD transcript lists. Among the infection
level-responsive transcripts, 69 and 145 DEPs overlapped with
BKD-responsive probes identified only in the H-BKD and L-
BKD groups, respectively. Supplementary Table S2 shows the
complete list of the identified DEPs. As shown by Figure 1A,

FIGURE 2 | Hierarchical clustering analyses of microarray results. Fish with no (Control), lower (L-BKD), or higher (H-BKD) level of R. salmoninarum infection at 13 dpi

were used for microarray analyses (n = 5). All the differentially expressed probes (DEPs) identified by ANOVA (p < 0.01) were used for clustering analyses.
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there was a larger number of BKD-responsive probes in the L-
BKD group compared with the H-BKD group. Furthermore, the
up-regulated probes in the L-BKD group were distributed slightly
more frequently over higher log2 fold-changes compared with
those in the H-BKD group (Figure 1B). Using all identified DEPs
(ANOVA; p ≤ 0.01) in hierarchical clustering analyses, samples
associated with a given group were closely clustered (Figure 2),
reflecting that samples in each group share an overall comparable
gene expression response.

Pathway Enrichment Analyses
We used ClueGO to identify the BPs over-represented in BKD-
responsive transcript lists compared to the whole microarray
platform. First, we tested the BPs enriched in BKD-responsive
transcripts overlapping between both treatments (6,408 DEPs).
The enriched BPs by BKD (Figure 3) were associated with
response to stress (8.6%), adaptive immunity (15.5%), immune
responses (27.6%), cellular processes (23.8%) and metabolic
process (24.3%).

Several pathways related to adaptive immunity were
dysregulated by R. salmoninarum infection in Atlantic salmon

(Figure 3; Supplementary Table S3A). This includes the
induction of pathways linked to lymphocyte differentiation or
activation (e.g., T-cell activation, regulation of lymphocyte
activation and lymphocyte migration, immunoglobulin
secretion), adaptive immunity-related cytokine responses (e.g.,
NIK/NF-kappaB signalling, interleukin-12 secretion, response
to interferon-gamma, regulation of interleukin-6 production,
T-cell cytokine production) and antigen presentation processes
(e.g., antigen processing and presentation of peptide antigen
via MHC class I). A large number of BPs involved in immune
response (e.g., defence response, activation of the innate immune
response, inflammatory response, response to molecule of
bacterial origin, defence response to virus) and regulation of
immune responses (e.g., regulation of NLRP3 inflammasome
complex assembly, negative regulation of the viral process,
immune response-regulating signalling pathway, regulation
of innate immune response) were activated in response to
BKD. Furthermore, we identified BKD-triggered dysregulation
of several molecular (e.g., type I interferon production,
cytokine production, response to cytokine, immune effector
process) and cellular (e.g., leukocyte activation, granulocyte

FIGURE 3 | The pathway enrichment analyses of R. salmoninarum infection-responsive transcripts shared by both BKD groups. Nodes represent significantly

enriched GO terms [right-sided hypergeometric test, p-values (p < 0.05) corrected by Benjamini-Hochberg]. Nodes are coloured according to the functional theme to

which they were assigned. Node size corresponds to different p-value ranges (i.e., p < 0.001, 0.001–0.01, and 0.01–0.05). Highly related terms (kappa coefficient >

0.4) are connected with grey lines. Individual GO terms (i.e., single node) and GO networks (i.e., multiple connected nodes) are grouped by functional theme and

arranged to fit the sectors of a pie chart representing the proportion of GO terms in each functional theme.
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activation, leukocyte chemotaxis, regulation of leukocyte
migration) responses related to innate immunity (Figure 3;
Supplementary Table S3A). There was extensive dysregulation
of pathways related to cellular processes (e.g., necrotic cell
death, negative regulation of cell death, programmed cell death,
autophagic cell death) in R. salmoninarum-infected Atlantic
salmon. Further, our findings show that BKD caused a massive
metabolic dysregulation, such as nucleotide- (e.g., regulation
of gene expression, regulation of mRNA stability, regulation of
nucleotide metabolic process) and protein-related (e.g., cellular
amino acid metabolic process, protein metabolic process, amino
acid activation, translational initiation) processes, in the Atlantic
salmon head kidney (Figure 3).

There were 357 DEPs by infection level (i.e., H-BKD vs. L-
BKD), which were associated with several BPs including the
regulation of Janus kinase (JAK)-Signal transducer and activator
of transcription (STAT) signalling, activated downstream of the
interferon (IFN) pathway (Figure 4; Supplementary Table S3B).
Further, infection level-responsive transcripts were involved in
humoral immune responses, B-cell differentiation, as well as
response to interleukin-1 (Figure 4). Our findings showed that
the infection level influenced multiple metabolic pathways in R.
salmoninarum-infected Atlantic salmon.

There were 1,321 DEPs only identified in the L-BKD group
(L-BKD vs. Control), and their over-represented BPs were
associated with gene expression and its regulation, as well as
metabolic processes. In addition, these DEPs were associated
with viral process and activation of immune-related myeloid

cells (Supplementary Table S3C). Several immune-related BPs
were over-represented in the 358 DEPs only identified in the
H-BKD group (H-BKD vs. Control; Supplementary Table S3D).
Pathways involved in the regulation of immune processes,
defence response, cell surface receptor signalling, cell
communication and regulation of cell differentiation were
enriched in the transcript list only identified in the H-BKD group
(Supplementary Table S3D).

qPCR Validation
Sixty-five transcripts representing various molecular pathways
(e.g., innate and adaptive immune responses) and dysregulations
(i.e., up- and down-regulation, high and low fold-changes)
were selected for qPCR validation. To have an acceptable
representation of the microarray results, the transcripts
contributing to qPCR assays were from different comparisons
and gene lists, including the transcript lists overlapping between
groups or specific to a given group. All the studied transcripts,
except for fc receptor-like protein 5 (fcrl5), showed the same fold-
change direction as the microarray results of the differentially
expressed transcripts (Supplementary Table S4); however,
for some transcripts, the differences were not significant by
qPCR. There were 35 (12 down-regulated and 23 up-regulated
transcripts in response to BKD) qPCR-studied transcripts
selected from the 6,285 DEPs overlapping only between L-BKD
and H-BKD group transcript lists (Figure 1A), and except for
major histocompatibility class I (mh1), the microarray results
were confirmed (p < 0.05) by qPCR for all of the transcripts

FIGURE 4 | The pathway enrichment analyses of transcripts responsive to the R. salmoninarum infection level (H-BKD vs. L-BKD). Nodes represent significantly

enriched GO terms [right-sided hypergeometric test, p-values (p < 0.05) corrected by Benjamini-Hochberg]. Nodes are coloured according to the functional theme to

which they were assigned. Highly related terms (kappa coefficient > 0.4) are connected with grey lines. Individual GO terms (i.e., single node) and GO networks (i.e.,

multiple connected nodes) are grouped by functional theme and arranged to fit the sectors of a pie chart representing the proportion of GO terms in each functional

theme.
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for at least one of the groups. Nine (4 down-regulated and
5 up-regulated) transcripts were from the L-BKD-specific
transcript list (i.e., 1,176 DEPs; Figure 1A), and the microarray
results of these transcripts were confirmed (p < 0.05) for all of
them except for fcrl5 and dual specificity protein phosphatase
7 (dusp7). qPCR assays confirmed (p < 0.05) the results
of 10 transcripts (5 down-regulated and 5 up-regulated)
selected from the H-BKD-specific transcript list (i.e., 289
DEPs; Figure 1A). Despite showing the same direction of fold-
changes (Supplementary Table S4), microarray results were
only confirmed to be significantly different for 6 [i.e., guanine
deaminase (gda), granzyme a precursor (gzma), interferon-
induced very large GTPase 1 (gvinp1), leukemia inhibitory factor
receptor (lifr), leucine-rich repeat transmembrane protein FLRT3
(flrt3), interleukin 13 receptor alpha 1b (il13ra1b)] out of 11 (5

down-regulated and 6 up-regulated) qPCR-studied transcripts
selected from the infection level-responsive transcript list (i.e.,
H-BKD vs. L-BKD: 357 DEPs; Figure 1A). We categorised the
qPCR-studied transcripts based on their putative function in
immune responses.

qPCR results of 14 transcripts playing roles in innate
immune responses are shown in Figure 5. There was significant
up-regulation of toll-like receptor 5 (tlr5), radical s-adenosyl
methionine domain containing (rsad2; alias viperin), complement
factor D precursor (cfd), and hepcidin antimicrobial peptide
(hamp) in both L-BKD and H-BKD groups compared to the
control (Figures 5A–D). Transcript expression of CC chemokine
(ccl) increased in both L-BKD and H-BKD groups, but its
level was significantly higher (p < 0.05) in the H-BKD
group compared to the L-BKD group (Figure 5E). Despite

FIGURE 5 | (A–N) qPCR for R. salmoninarum infection-responsive transcripts playing putative roles in innate immune response. Fish with no (Control), lower (L-BKD)

or higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Fish in the L-BKD and H-BKD groups were infected with the

same dose of R. salmoninarum, but they showed different levels of infection at 13 dpi, as determined by RNA-based Taq-Man assays. Data are presented as mean ±

SE, with the lowest expressing sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups, as

determined by one-way ANOVA with Tukey’s post-hoc test (p < 0.05). Upper-case letters indicate significant differences between groups, as determined by

Kruskal-Wallis test (p < 0.05). Fold-changes are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or L-BKD RQ)/(mean control RQ). Black boxes

indicate the down-regulated or negative fold-changes, which were calculated as 1/fold-change for comparisons that yielded fold-change values <1.
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FIGURE 6 | (A–O) qPCR for R. salmoninarum infection-responsive transcripts involved in the regulation of innate immune and inflammatory responses. Fish with no

(Control), lower (L-BKD) or higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Data are presented as mean ± SE, with

the lowest expressing sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups, as determined by

one-way ANOVA with Tukey’s post-hoc test (p < 0.05). Upper-case letters indicate significant differences between groups, as determined by Kruskal-Wallis test (p <

0.05). Fold-changes are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or L-BKD RQ)/(mean control RQ). Black boxes indicate the

down-regulated or negative fold-changes, which were calculated as 1/fold-change for comparisons that yielded fold-change values <1.

up-regulation in both treatments, a significant difference for C-C
motif chemokine 13 (ccl13) expression was only seen between L-
BKD compared with the control (Figure 5F). On the other hand,
the significant up-regulation compared to the control for caspase-
14 (casp14), E3 ubiquitin-protein ligase herc6 (herc6), cathelicidin
antimicrobial peptide (camp), and claudin-1 (cldn1) was only
seen for the H-BKD, and camp and cldn1 levels in the H-BKD
group were significantly higher than those in the L-BKD group
(Figures 5G–J). R. salmoninarum infection down-regulated the
levels of stabilin-1 (stab1), macrophage receptor with collagenous
structure (marco), and c-type lectin domain family 4 member e
(clec4e) in both H-BKD and L-BKD groups (Figures 5K–M).
There was an infection level-dependent down-regulation for

clec4e,with the lowest expression in the H-BKD group. Also, toll-
like receptor 13 (tlr13) was only down-regulated in the H-BKD
group, compared to the control (Figure 5N).

Fifteen identified BKD-responsive transcripts involved in the
regulation of innate immune and inflammatory responses were
subjected to qPCR validation (Figure 6). The levels of cholesterol
25-hydroxylase-like protein a (ch25ha), tumor necrosis factor
receptor superfamily member 11b (tnfrsf11b), E3 ubiquitin-protein
ligase znrf1 (znrf1), and suppressor of cytokine signalling 1 (socs1)
were significantly induced by R. salmoninarum infection in both
H-BKD and L-BKD groups, and there was an infection level-
dependent induction for socs1, with the highest level seen for
the H-BKD group (Figures 6A–D). There was an up-regulation
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of claudin 4 (cldn4) in the L-BKD group compared to both H-
BKD and control groups (Figure 6E). On the contrary, BKD-
induced expression of immune-responsive gene 1 (irg1) and
gvinp1was only found in the H-BKD group, and gvinp1 level was
significantly higher in theH-BKD group, compared to the L-BKD
group (Figures 6F,G). R. salmoninarum infection repressed the
expression of C-X-C chemokine receptor type 1 (cxcr1), fatty acid-
binding protein 4, adipocyte (fabp4), gelsolin (gsn), haemoglobin
subunit beta (hbb), NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex assembly factor 3 (ndufaf3), peroxiredoxin-like 2a
(prxl2a), and prostaglandin D2 synthase (ptgds) in both H-BKD
and L-BKD groups (Figures 6H–N). Microarray results were not
confirmed (p > 0.05) for transcription factor Sox-9-b (sox9b); its
expression did not change among treatments (Figure 6O).

Eleven transcripts studied by qPCR in the current study
play molecular roles as receptors or immune effectors in
lymphocyte differentiation (Figure 7). Induction of interleukin-
1 beta (il1b), interferon regulatory factor 1 (irf1), dedicator of
cytokinesis protein 8 (dock8), and C-C motif chemokine 4 (ccl4)
occurred in both H-BKD and L-BKD groups, but ccl4 level was
significantly higher in the H-BKD compared to the L-BKD group
(Figures 7A–D). However, significant up-regulation of interferon
gamma (ifng) in response to R. salmoninarum infection was only
seen in the H-BKD group (Figure 7E). Moreover, lifr andmatrix
metallopeptidase-19 (mmp19) expression in the H-BKD group
was significantly higher (p < 0.05) than that in the other groups,
and there was not a significant difference between the L-BKD and
control groups in expression of these transcripts (Figures 7F,G).

FIGURE 7 | (A–K) qPCR for R. salmoninarum infection-responsive transcripts playing molecular roles as receptors or immune effectors in lymphocyte differentiation.

Fish with no (Control), lower (L-BKD) or higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Data are presented as

mean ± SE, with the lowest expressing sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups,

as determined by one-way ANOVA with Tukey’s post-hoc test (p < 0.05). Fold-changes are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or

L-BKD RQ)/(mean control RQ). Black boxes indicate the down-regulated or negative fold-changes, which were calculated as 1/fold-change for comparisons that

yielded fold-change values <1.
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R. salmoninarum infection suppressed the expression of cyclin-
dependent kinase inhibitor 2c (cdkn2c), kruppel-like factor 4 (klf4),
and C-C chemokine receptor type 5 (ccr5) in both H-BKD and L-
BKD groups (Figures 7H–J). As in the microarray results, BKD-
dependent down-regulation of interleukin-7 receptor subunit
alpha (il7r) was only observed in the L-BKD group; the difference
between control and H-BKD groups for this transcript was not
significant (Figure 7K).

We studied the expression levels of 11 transcripts encoding
proteins that play putative roles in lymphocyte functions
(Figure 8). Transcript levels of matrix metallopeptidase-13
(mmp13) were up-regulated in response to R. salmoninarum
infection in both L-BKD and H-BKD groups (Figure 8A). The
expression levels of protein kinase c delta type (prkcd) and dusp7
slightly but significantly increased (p < 0.05) only in the L-BKD
and H-BKD groups, respectively (Figures 8B,C). Moreover, E3
ubiquitin-protein ligase RNF144a-a (rnf144a) and tumor necrosis

factor receptor superfamily member 6b (tnfrsf6b) were strongly
induced by R. salmoninarum infection only in the H-BKD group;
the changes between the L-BKD and control groups were not
significant (Figures 8D,E). Similar results were seen for gzma
and receptor-interacting serine/threonine-protein kinase 2 (ripk2),
even though these transcripts showed significantly higher levels
in the H-BKD compared with the L-BKD group (Figures 8F,G).
The microarray results were not validated for fcrl5, as there was
no difference among treatments for this transcript (Figure 8H).
R. salmoninarum infection suppressed the levels of receptor-type
tyrosine-protein phosphatase kappa-like (ptprk), t-cell receptor
alpha (tcra) and il13ra1b in both L-BKD and H-BKD groups,
although there was an infection level-dependent suppression for
il13ra1b, with the maximum down-regulation in the H-BKD
group (Figures 8I–K).

Figure 9 shows the qPCR results of the 6 transcripts involved
in antigen-presenting cell (APC) functions. While high affinity

FIGURE 8 | (A–K) qPCR for R. salmoninarum infection-responsive transcripts playing putative roles in lymphocyte functions. Fish with no (Control), lower (L-BKD), or

higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Data are presented as mean ± SE, with the lowest expressing

sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups, as determined by one-way ANOVA with

Tukey’s post-hoc test (p < 0.05). Fold-changes are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or L-BKD RQ)/(mean control RQ). Black

boxes indicate the down-regulated or negative fold-changes, which were calculated as 1/fold-change for comparisons that yielded fold-change values <1.
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FIGURE 9 | (A–F) qPCR for R. salmoninarum infection-responsive transcripts involved in antigen-presenting cell functions. Fish with no (Control), lower (L-BKD) or

higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Data are presented as mean ± SE, with the lowest expressing

sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups, as determined by one-way ANOVA with

Tukey’s post-hoc test (p < 0.05). Upper-case letters indicate significant differences between groups, as determined by Kruskal-Wallis test (p < 0.05). Fold-changes

are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or L-BKD RQ)/(mean control RQ). Black boxes indicate the down-regulated or negative

fold-changes, which were calculated as 1/fold-change for comparisons that yielded fold-change values <1.

immunoglobulin gamma Fc receptor I (fcgr1) was up-regulated in
both L-BKD and H-BKD groups in response to R. salmoninarum
infection, tumor necrosis factor ligand superfamily member
14 (tnfsf14) induction was only seen in the H-BKD group
(Figures 9A,B). Significant difference among treatments was not
found for mh1 (Figure 9C). R. salmoninarum infection down-
regulated the expression of B-cadherin-like (cdh1) in both BKD
conditions (Figure 9D). However, R. salmoninarum infection-
suppressed expression of flrt3 and n-myc downstream-regulated
gene (ndrg2) was only seen in the H-BKD and L-BKD group,
respectively (Figures 9E,F).

In addition to immune response-associated transcripts, we
studied 8 transcripts with unknown function in immune
responses of mammalian and fish species (Figure 10). The levels
of receptor-transporting protein 2 (rtp2), receptor-transporting
protein 3 (rtp3), lipase maturation factor 2 (lmf2), and
MAP3K12-binding inhibitory protein 1 (mbip) were up-regulated
by R. salmoninarum infection in both L-BKD and H-BKD
treatments (Figures 10A–D). Up-regulation of gda was observed
in the H-BKD group compared to both L-BKD and control
groups (Figure 10E). On the other hand, down syndrome cell
adhesion molecule (dscam), tropomodulin-4-like (tmod4), and
inactive carboxypeptidase-like protein X2 (cpxm2) expression was
suppressed in response to R. salmoninarum infection in both
L-BKD and H-BKD groups (Figures 10F–H).

Among all the qPCR-studied transcripts, 27 transcripts
showed a significant correlation with the level of R.

salmoninarum infection (Supplementary Table S5). The
RQ values of lifr, herc6, gzma, mmp19, gda, gvinp1, rtp3,
socs1, casp14, dusp7, cldn1, camp, rsad2, ccl, irf1, ifng, ccl4,
ripk2, rtp2, tnfsf14, and fcrl5 were positively correlated with
the infection level (RQ value of R. salmoninarum expression),
whereas il13ra1b, dscam, cdh1, clec4e, marco, and flrt3 showed
a significant negative correlation with the infection level. The
significant correlations of these transcripts with the infection
level suggest them as suitable biomarkers for assessing the R.
salmoninarum level-dependent responses in Atlantic salmon.

The PCoA showed a clear separation among the experimental
groups (Figure 11). PCO1 (i.e., 52.2% of total variation) and
PCO2 (i.e., 34.3% of total variation) collectively explain 86.5%
of the total variation. The control individuals were positively
plotted on the PCO1, whereas individuals associated with both
L-BKD and H-BKD groups negatively loaded on the PCO1.
Samples were separated based on the infection level on PCO2,
as the H-BKD and L-BKD individuals were loaded positively and
negatively, respectively, on PCO2. Although all infected samples
were associated with the left side vectors (e.g., mmp19, gvinp1,
cldn1, lifr, socs1, ccl4, ccl, ch25ha, il1b, znrf1, tlr5, mmp13, dock8,
fcgr1, and rsad2), varying levels of R. salmoninarum infection
(i.e., H-BKD and L-BKD groups) showed different transcript-
dependent association on the PCO2 (Figure 11). Fish in the
H-BKD group were closely associated with vectors including
mmp19, gvinp1, gzma, cldn1, lifr, socs1, ccl4, ifng, tnfsf14, irf1,
camp, and herc6 as well as R. salmoninarum 16S ribosomal RNA.
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FIGURE 10 | (A–H) qPCR for R. salmoninarum infection-responsive transcripts with unknown function in immune responses of mammalian and fish species. Fish with

no (Control), lower (L-BKD), or higher (H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Data are presented as mean ± SE,

with the lowest expressing sample as calibrator [i.e., set to relative quantity (RQ) 1.0]. Lower-case letters indicate significant differences between groups, as

determined by one-way ANOVA with Tukey’s post-hoc test (p < 0.05). Fold-changes are shown below H-BKD and L-BKD groups, calculated as (mean H-BKD or

L-BKD RQ)/(mean control RQ). Black boxes indicate the down-regulated or negative fold-changes, which were calculated as 1/fold-change for comparisons that

yielded fold-change values <1.

Nonetheless, other vectors such as prkcd, cldn4, cfd, fcgr1, dock8,
mmp13, and lmf2 showed more association with the L-BKD
samples (Figure 11).

DISCUSSION

The present study is the first report on the transcriptome
response of Atlantic salmon head kidney to BKD. In addition
to transcriptome profiling of BKD responses in Atlantic salmon,
we aimed to test if different R. salmoninarum levels influence
the Atlantic salmon responses to this disease. All the fish in
the present study were infected with the same dose of R.
salmoninarum, but Taq-Man qPCR assays revealed a significant
difference between the levels of infection in selected individuals
with a higher (H-BKD) and lower (L-BKD) detected R.
salmoninarum level at 13 dpi (Supplementary Figure S3). In
this study, mortalities started at 24 dpi and 100% mortality
occurred at 38 dpi (Supplementary Figure S1). Also, we did
not find a significant correlation between fish weight and
infection level at 13 dpi, as well as any difference in fish
weight among the groups (i.e., control, L-BKD and H-BKD) at
13 dpi. Therefore, variations in the detected R. salmoninarum
level of individuals can be attributed to the susceptibility,
and the higher (H-BKD) and lower (L-BKD) infection level
groups in the present study can also be considered as higher

and lower susceptible groups, respectively. Using microarray
analyses, we identified 7,729 and 6,766 DEPs in the L-BKD
and H-BKD groups, respectively, compared with the control
fish. The majority of the identified transcripts overlapped
between groups (6,408 DEPs: 3,946 up- and 2,462 down-
regulated DEPs). Also, there were 357 probes (171 up- and
186 down-regulated DEPs) responsive to the infection level
(i.e., H-BKD vs. L-BKD). Our previous 44K microarray-based
study identified 379 DEPs in the head kidney of Atlantic
salmon injected with formalin-killed R. salmoninarum bacterin
compared with the saline-injected control fish at 24 h post-
injection (17). In addition, a previous SSH-based study identified
132 expressed sequence tags (ESTs) differentially expressed in
response to R. salmoninarum infection in Chinook salmon
at 24 and 72 h post-infection (hpi) (15). The larger number
of transcripts identified herein compared to the previous
R. salmoninarum-related studies may be attributed to the
differences in response to live vs. killed pathogen, the studied
time point (e.g., 1 vs. 13 days), species-dependent responses,
and fish age (e.g., ∼1,600 g fish in the bacterin study vs.
∼54 g fish in the current study). In addition, following 14
days of infection, microarray (i.e., ∼3.5K features) analysis
identified 69 P. salmonis-responsive transcripts in the head
kidney of Atlantic salmon (19). Using RNA-Seq, 825 and 412
transcripts were identified in Atlantic salmon spleen and head
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FIGURE 11 | Principal coordinate analysis using all qPCR-studied transcripts and R. salmoninarum infection level. Fish with no (Control), lower (L-BKD) or higher

(H-BKD) level of R. salmoninarum infection at 13 dpi were used for qPCR validation (n = 5). Fish in the L-BKD and H-BKD groups were infected with the same dose of

R. salmoninarum, but they showed different levels of infection at 13 dpi. The infection level indicates the expression of R. salmoninarum 16S ribosomal RNA as

determined by RNA-based TaqMan assays. All vectors with Pearson’s r < 0.75 are shown.

kidney, respectively, after 14 days P. salmonis infection (50).
The differences in the numbers of responsive transcripts seen
between the current and these previous studies may be caused by
various factors such as experimental design, pathogen-dependent
responses and the differences in transcriptome analyses (e.g.,
3.5K vs. 44K microarray or RNA-Seq vs. microarray). The large
number of R. salmoninarum-responsive transcripts compared to
P. salmonis-responsive transcripts may also reflect the specific
immune signalling triggered by different pathogen-associated
molecular patterns (PAMPs) (e.g., Gram-positive vs. Gram-
negative bacteria). The peptidoglycan of Gram-positive bacteria
is recognised by TLR2, but TLR4 is the specific receptor for
the lipopolysaccharides (LPS) of Gram-negative bacteria (51).
Although they share some similarities, mammalian species were
found to have distinct activated immune pathways in response to
Gram-positive and Gram-negative bacteria (52, 53).

The present study used an IP challenge approach for
profiling the transcriptome responses of Atlantic salmon to
R. salmoninarum at 13 dpi. However, aspects such as route
of infection, infection level, and patterns of disease spread
in natural BKD outbreaks and saltwater environments may
differ from the IP infection model used in the current study.
Hence, R. salmoninarum-infected fish in aquaculture or natural
environments may show some variations in dysregulation of the
BKD-responsive biomarkers compared to the fish IP-challenged
with R. salmoninarum in the present study. We studied the
global gene expression response and discovered biomarkers
for both lower and higher R. salmoninarum level/susceptible
individuals, and the identified BKD-responsive biomarkers and
pathways overlapping between lower and higher susceptible
groups may represent the core immune response of Atlantic
salmon to this pathogen. Nonetheless, further investigations
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involving Atlantic salmon naturally infected or bath challenged
with R. salmoninarum in freshwater and seawater are needed to
have a better grasp of the regulatory patterns of the identified
biomarkers in the face of BKD.

We used samples with a higher (H-BKD; CT values below
22) or a lower (L-BKD; CT values above 25) level of infection
(Supplementary Figure S3) to test if different levels of infection
affect the BKD-dependent immune responses. Close clustering
of samples in a given treatment based on the expression of all
DEPs (Figure 2) suggests the comparable global gene expression
responses of the samples associated with each group. Further,
this reveals that the BKD-dependent response in Atlantic salmon
head kidney can be influenced by the level of infection, and
fish with different R. salmoninarum levels may have distinct
transcriptional response patterns. There was a larger number
of DEPs in the L-BKD group (7,729 DEPs) compared to the
H-BKD group (6,766 DEPs), and 357 differentially expressed
between the H-BKD and L-BKD groups. Since R. salmoninarum
has immunomodulatory effects on its host (10), the infection
level-dependent BKD responses of Atlantic salmon in this study
may be related to host-pathogen interactions. Variations in the
infection level of fish seen herein may also be influenced by
individual-based differences in immune response, and/or specific
immune signalling potentially modulated by R. salmoninarum.
The infection level-responsive transcript list identified herein
provides a more comprehensive understanding of the putative
immune pathways affected by R. salmoninarum.

To validate the microarray results, we subjected 65 transcripts
to qPCR analyses. These transcripts were from different
comparisons (e.g., H-BKD vs. L-BKD), with different regulation
(e.g., down- and up-regulated by BKD) and putative roles in
various immune processes. All of the qPCR-studied transcripts,
except for fcrl5, showed the same fold-change direction as
the microarray experiment (Supplementary Table S4), although
some microarray-identified transcripts (i.e., 3 out of 52 H-BKD
vs. control and 14 out of 49 L-BKD vs. control differentially
expressed transcripts) were not shown to have significant
differential expression by qPCR. There were 11 microarray-
identified transcripts responsive to R. salmoninarum infection
level that were subjected to qPCR, 6 of which were confirmed
by qPCR to have significant differential expression. On the
other hand, we found significant differences in qPCR for
some comparisons that did not show significant changes in
the microarray study (Supplementary Table S4). The differences
seen between microarray and qPCR results may be attributed
to the variations in the distribution of acquired values (i.e.,
normalised fluorescence ratios vs. RQ values, respectively) as well
as stringency level and statistical methods used for data analyses.

The qPCR-studied transcripts were categorised based on
their function in immune responses. Fourteen transcripts with
putative roles in innate immune responses were included for
qPCR validation (Figure 5). R. salmoninarum infection up-
regulated the expression of the Atlantic salmon tlr5, rsad2, cdf,
hamp, and ccl transcripts in both L-BKD and H-BKD groups
compared with the control. While ccl13 was only up-regulated in
the L-BKD group, casp14, herc6, camp, and cldn1 up-regulation
was only seen in the H-BKD group. Further, ccl, camp, and

cldn1 were significantly up-regulated in the H-BKD compared
with L-BKD group. Among innate immune relevant-studied
transcripts, cldn1 showed the strongest induction, i.e., 458-fold
up-regulation in the H-BKD group compared with the control.
R. salmoninarum infection down-regulated stab1, marco, and
clec4e in both L-BKD and H-BKD groups, whereas tlr13 down-
regulation was only seen in the H-BKD group. Expression
of clec4e negatively correlated with the infection level, as it
was suppressed in the H-BKD group compared with the L-
BKD fish. Our previous study (17) found the same fold-change
direction in response to R. salmoninarum bacterin at 24 h post-
injection for several of these transcripts (i.e., tlr5, cdf, hamp,
ccl, ccl13, and camp), which indicates their importance in both
early and late R. salmoninarum-related responses. Figure 12

depicts the innate and adaptive immune pathways activated
by BDK in Atlantic salmon head kidney. Our results show
the activation of innate immune responses downstream of
TLRs. In parallel, the pathway enrichment analyses showed
the dysregulation of BPs associated with Nuclear factor kappa-
B (NFKB) activation, thereby increasing cytokine production
(Figure 12). TLR5 of mammals and teleosts [e.g., rainbow trout
and Japanese flounder (Paralichthys olivaceus)] is a pattern
recognition receptor (PRR) that recognises bacterial flagellin,
and activates the Myeloid differentiation primary response 88
(MyD88)-dependent pathway, resulting in the production of pro-
inflammatory cytokines (59, 60). On the other hand, mammalian
TLR13 recognises bacterial rRNA (61). Besides TLR13, we
found down-regulation of transcripts encoding C-type lectin
receptors, such as clec4e (alias mincle), which activates the
inflammatory responses by recognising pathogenic fungi (62).
Furthermore, we observed the BKD-suppressed expression of
scavenger receptor-encoding transcripts, i.e., stab1 and marco.
In mammals, STAB1 is an essential factor for receptor-mediated
endocytosis in macrophages (63), and MARCO is a PRR playing
roles in bacterial binding and removal (64). In agreement
with our results, Atlantic salmon marco was suppressed in
P. salmonis-infected macrophages (19). MARCO was reported
to bind to bacteria and be induced by Vibrio anguillarum in
Ayu (Plecoglossus altivelis), suggesting a conserved bacterial
binding function for teleost MARCO (65). The BKD-suppressed
expression of PRR-encoding transcripts in the current study
may be caused by the negative feedback loop triggered
by immune responses or host immunomodulation exerted
by R. salmoninarum.

The innate immune pathways activated by R. salmoninarum
infection increased the expression of hamp, camp, cdf, and ccl13,
which are associated with antibacterial processes (Figure 12).
Teleost HAMP and CAMP [e.g., rainbow trout and European
seabass (Dicentrarchus labrax)] exhibited antibacterial activities
against both Gram-positive and Gram-negative bacteria (66–
69). Mammalian CDF is involved in the alternative complement
pathway (70). Human CCL13 showed antibacterial activity
against Pseudomonas aeruginosa (71). Interestingly, we found a
strong up-regulation of some antiviral biomarkers (i.e., rsad2,
herc6, and cldn1) in response to BKD. Atlantic salmon rsad2
and herc6 were found to be responsive to a viral mimic in
macrophage-like cells (28). Mammalian RSAD2 and HERC6 are
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FIGURE 12 | The putative adaptive and innate immune pathways differentially regulated by R. salmoninarum infection in Atlantic salmon head kidney. This figure was

developed using the identified genes in this study and their known functions and regulatory pathways in mammals (54–58) as explained in the discussion section. This

figure was created in BioRender (https://biorender.com/). The BKD-responsive genes are shown in red font or red boxes. The microarray results were not confirmed

by qPCR for sox9b and fcrl5. Black and blue arrows show activatory and regulatory effects, respectively, whereas red lines indicate inhibitory effects. Oval circles and

clouds reflect gene expression activation and biological processes, respectively. TLR, Toll-like receptor; MyD88, Myeloid differentiation primary response 88; TNF,

Tumor necrosis factor; TRAF, TNF receptor-associated factor; IRAK, Interleukin-1 receptor-associated kinase; TAK1, Transforming growth factor beta, (TGFB)-activated

kinase 1; TAB, TAK1-binding protein; NFKB, Nuclear factor kappa-B; MAPK, Mitogen-activated protein kinase; AP1, Transcription factor AP1; CREB, cAMP response

element-binding protein; ILs, interleukins) IFNs, Interferons; IFNRs, IFN receptors; ILRs, IL receptors; JAK, Janus kinase; TYK, Tyrosine kinase; STAT, Signal transducer

and activator of transcription; IRF, Interferon regulatory factor; RSAD2, Radical S-adenosyl methionine domain containing 2; CFD, Complement factor D precursor;

HAMP, Hepcidin antimicrobial peptide; CCL13, C-C motif chemokine 13; HERC6, E3 ubiquitin-protein ligase herc6; CAMP, Cathelicidin antimicrobial peptide; CLDN1,

Claudin-1; CCL,CC chemokine; STAB1, Stabilin-1; MARCO, Macrophage receptor MARCO; CLEC4E, C-type lectin domain family 4 member E; CH25HA, Cholesterol

(Continued)
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FIGURE 12 | 25-hydroxylase-like protein A; TNFR11B, Tumor necrosis factor receptor superfamily member 11B; ZNRF1, E3 ubiquitin-protein ligase znrf; IRG1,

Immune-responsive gene 1; CLDN4, Claudin 4; GVINP1, Interferon-induced very large GTPase 1; SOCS1, Suppressor of cytokine signalling 1; CXCR1, C-X-C

chemokine receptor type 1; FABP4, Fatty acid-binding protein 4, adipocyte; GSN, Gelsolin; HBB, Haemoglobin subunit beta; NDUFAF3, NADH dehydrogenase,

ubiquinone, 1 alpha subcomplex assembly factor 3; PRXL2A, Peroxiredoxin-like 2A; PTGDS, Prostaglandin D2 synthase, lipocalin; DOCK8, Dedicator of cytokinesis

protein 8; TNFSF14, Tumor necrosis factor ligand superfamily member 14; LIFR, Leukemia inhibitory factor receptor; MMP19, Matrix metallopeptidase-19; CCL4, C-C

motif chemokine 4; CDKN2C, Cyclin-dependent kinase inhibitor 2C; KLF4, Kruppel-like factor 4; CCR5,C-C chemokine receptor type 5; MMP13, Matrix

metallopeptidase 13; DUSP7, Dual specificity protein phosphatase 7; RNF144A, E3 ubiquitin-protein ligase RNF144A-A; TNFR6B, Tumor necrosis factor receptor

superfamily member 6B; GZMA, Granzyme A precursor; RIPK2, Receptor-interacting serine/threonine-protein kinase 2; PRKCD, Protein kinase C delta type; FCRL5,

Fc receptor-like protein 5; PTPRK, Receptor-type tyrosine-protein phosphatase kappa-like; IL13RA1B, Interleukin 13 receptor alpha 1B; FCGR1, High affinity

immunoglobulin gamma Fc receptor I; SOX9B, Transcription factor Sox-9-B; FLRT3, Leucine-rich repeat transmembrane protein FLRT3; NDRG2, N-myc

downstream-regulated gene; GM-CSF, Granulocyte-macrophage colony-stimulating factor; TGFB, Transforming growth factor beta; T-Bet, T-cell-specific T-box

transcription factor; GATA3, GATA binding protein 3; ROR, RAR-related orphan receptor gamma; FOXP3, forkhead box P3; GM-CFU, Granulocyte-macrophage

colony forming units; DC, dendritic cell; M1/2, macrophage M1/2; Th1/2/17, T helper 1/2/17 cell; Treg, regulatory T cells.

known as IFN-induced proteins involved in antiviral processes
(72, 73). Besides antiviral responses, rsad2 induction by bacterial
pathogens or LPS was reported in several species, including
fishes (73, 74). However, the antibacterial response of rsad2
may be species-dependent (47). Moreover, mammalian CLDN1
plays a role in antiviral responses as a co-receptor for viral
entry (75), but its function in the fish immune response
remains unknown. Although our qPCR, microarray and pathway
enrichment results (e.g., over-representation of response to
viruses) reflect the importance of factors, with putative roles
in antiviral responses, in the Atlantic salmon response to
BKD, further investigations are needed to determine the role
of these transcripts in Atlantic salmon antibacterial responses.
Considering the enrichment of IFN-related processes as well
as the positive correlation between rsad2 and herc6 with the
infection level (Supplementary Table S5), the up-regulation of
antiviral biomarkers in the current study may be caused by
secondary immune responses or immunomodulatory functions
of R. salmoninarum. Furthermore, R. salmoninarum is an
intracellular pathogen (9), and an intracellular bacterium (i.e.,
Listeria monocytogenes) was reported to induce mammalian IFN
type I through IRF3-dependent signalling (76). Accordingly,
stimulation of antiviral response-relevant transcripts by R.
salmoninarum may be caused by activation of factors involved
in the entry of intracellular pathogen into host cells or
receptors recognising the bacterial DNA. BKD induction
of casp14 as an apoptotic or inflammatory caspase (77),
alongside over-representation of BPs related to cell death in
the current study, suggests the activation of apoptotic pathways
following the inflammatory response. The identified transcripts
involved in innate immune responses that showed positive
(i.e., camp, casp14, ccl, cldn1, herc6, and rsad2) or negative
(i.e., marco and clec4e) correlation with R. salmoninarum
level (Supplementary Table S5) can be suggested as suitable
biomarkers for assessing the infection level-dependent responses
of Atlantic salmon to BKD.

BKD influenced molecular pathways (e.g., regulation of
leukocyte migration, negative regulation of immune response,
regulation of NLRP3, inflammasome complex assembly and
regulation of cytokine biosynthetic process) associated with
regulation of immune responses, and several qPCR-studied
transcripts in our study play putative immunoregulatory
roles (Figure 12). For example, R. salmoninarum induced

ch25ha, tnfrsf11b, znrf1, and socs1 in both infection levels,
whereas BKD induction of cldn4, irg1, and gvinp1 occurred
in either the L-BKD or the H-BKD group (Figure 6). IFN-
induced CH25H shows antiviral activities and can positively and
negatively regulate the inflammatory responses of mammals (78).
Mammalian TNFRSF11B (alias Osteoprotegerin), ZNRF1 and
CLDN4 regulate LPS-induced cytokine and/or inflammatory
responses (79–81). GVINP1 is an IFN-induced GTPase,
regulating oxidative and inflammasome-related antimicrobial
activities of cells in mammals (82). Cytokine-activated IRG1
of zebrafish (Danio rerio) links cellular metabolism with
immune defence through regulating mitochondrial reactive
oxygen species (ROS) production (83). Moreover, irg1 was
up-regulated in P. salmonis-infected Atlantic salmon head
kidney (19). The expression patterns of irg1 and gvinp1 were
comparable with socs1, suggesting that these transcripts may
share an activation pathway. Cytokine-inducible mammalian
SOCS1 inhibits JAK/STAT signalling by binding to JAKs
downstream of the cytokine receptors (Figure 12) (84).
Significantly higher induction of socs1 in the H-BKD
group and its positive correlation with R. salmoninarum
level (Supplementary Table S5) suggest this transcript as an
important biomarker for infection level-dependent responses
of Atlantic salmon to BKD. In agreement with socs1 results,
the JAK-STAT-related signalling pathway was found to be
dysregulated in response to R. salmoninarum level. Taken
together, the infection level-dependent response of socs1 and
other putative IFN-/Cytokine-inducible transcripts (irg1 and
gvinp), as well as pathway enrichment results, suggest that the
JAK-STAT pathway may be an essential part of host-pathogen
interactions between Atlantic salmon and R. salmoninarum
(Figure 12).

In addition to these up-regulated transcripts, our qPCR
results showed suppression of transcripts with putative
immunoregulatory functions. R. salmoninarum infection down-
regulated cxcr1, fabp4, gsn, ndufaf3, prxl2a, ptgds, and hbb in
both H-BKD and L-BKD groups (Figure 6). Mammalian CXCR1
recruits neutrophils to the inflammation site and regulates their
bactericidal activity (85). The same fold-change direction was
seen for cxcr1 in LPS-exposed peripheral blood leucocytes of fugu
(Takifugu rubripes) (86) and R. salmoninarum bacterin-injected
Atlantic salmon (17). Besides its fatty acid-related function,
FABP4 of mammals regulates the Inhibitor of nuclear factor
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kappa-B kinase (IKK) signalling pathway that activates the
production of inflammatory cytokines (87). A previous study
from our group found Atlantic salmon fabp4 as a dietary fatty
acid-responsive transcript (28). We found intracellular lipid
transport process to be differentially regulated with BKD; further
studies are needed to determine the association of Atlantic
salmon antibacterial responses with fabp4 and other lipid
metabolism-relevant (e.g., ch25ha) transcripts identified herein.
We also identified BKD-responsive transcripts involved in the
regulation of inflammation. Recombinant GSN of mammals
has been shown to inhibit LPS-induced cytokine responses (88).
Mammalian NDUFAF3 is a factor associated with Mitochondrial
Respiratory Complex I, which was found to modulate LPS-
induced NFKB activation and pro-inflammatory responses
(89). Similarly, PRXL2A inhibits Mitogen-activated protein
kinase (MAPK) and NFKB signalling pathways in humans (90).
Prostaglandins play immunoregulatory roles in teleosts (91), and
PTGDS (aliases PGD2) was found to suppress V. anguillarum
DNA-induced expression of il1b in gilthead seabream (Sparus
aurata) granulocytes (92). P. salmonis repressed the expression
of ptgds in Atlantic salmon head kidney (19). Considering
that P. salmonis is an intracellular Gram-negative pathogen,
the same gene expression regulation (e.g., ptgds suppression
and irg1 induction) of Atlantic salmon in response to P.
salmonis (19) and R. salmoninarum may be linked to a common
molecular pathway activated by intracellular bacteria. The
suppressed expression of genes encoding putative immune
modulators identified in the present study may be attributed
to the host’s need for boosting pro-inflammatory responses.
Furthermore, haemoglobin-derived peptides of human and fish
show antibacterial activities (93, 94), and HBB was reported to
regulate the antiviral innate immune responses in humans (95).
Additional studies are needed to develop a better understanding
of the immunoregulatory functions of teleost hbb and other
BKD-suppressed transcripts identified in this study.

There were several pathways (e.g., myeloid cell differentiation,
regulation of stem cell differentiation, positive regulation
of interleukin-12 production and interleukin-12 secretion)
involved in the regulation of lymphocyte differentiation that
were dysregulated in response to R. salmoninarum infection
(Figures 3, 12). Our qPCR results showed up-regulation of il1b,
irf1, dock8, and ccl4 in both BKD groups, whereas ifng, mmp19,
and lifr induction was only significant in the H-BKD group
(Figure 7). R. salmoninarum infection suppressed cdkn2c, klf4,
and ccr5 expression in both BKD groups, although il7r down-
regulation only happened in the L-BKD group. These transcripts,
except for dock8, are known to play roles in mammalian T-cell
differentiation. DOCK8 is a crucial effector involved in TLR9-
driven differentiation of B-cells (96). The pathway activated
by IL1B provides a pro-survival signal for T-cells and triggers
the differentiation of T helper 17 (Th17) cells from naïve T-
cells (97). Besides its diverse immunoregulatory roles, IFNG is
a necessary cytokine for differentiation of the naïve CD4+ T-
cells into Th1 cells (97). In addition to IL12, IFNG and STAT4,
IRF1 is required for the differentiation of naïve T-cells into Th1,
but not Th17 cells (98). MMP19 was also found to perform
an essential function in T-cell differentiation (99). LIFR plays

regulatory roles in the differentiation of the Th17 and regulatory
T (Treg) cells (100). Our findings suggest the crucial role of
Treg and Th differentiation-related processes in Atlantic salmon
defence mechanisms against R. salmoninarum. In mammalian
species, CCL4 is chiefly expressed by APCs and B-cells, and
it can engage with CCR5 expressed on IFNG-producing Th1,
thereby regulating polarisation and trafficking of Th1 cells (101).
LPS-induced CCL4 of orange-spotted grouper (Epinephelus
coioides) was reported to attract leukocytes and stimulate the Th1
differentiation pathway (102), suggesting the conserved function
of mammalian and teleost CCL4. The opposite regulations of ccl4
and ccr5 in our study may be caused by negative feedback loops,
or suggest that they can be regulated through different immune
pathways. IL7Rmediates T-cell and B-cell differentiation through
activation of JAK1/3 and consequently STAT5 (103, 104). Besides
its role in macrophage differentiation, KLF4 is a transcription
factor required for Th17-cell differentiation and IL17 production
(105). CDKN2C was found as an important factor associated
with induction of GATA3-dependent Th2 cell proliferation (106).
In agreement with cdkn2c expression, our microarray data
showed down-regulation of Atlantic salmon gata3 in response
to R. salmoninarum infection, indicating the putative conserved
roles of these genes in Atlantic salmon and mammals. Among
identified lymphocyte differentiation biomarkers, ccl4, mmp19,
and lifr showed R. salmoninarum level-dependent responses,
suggesting them as suitable biomarkers assessing the Atlantic
salmon response to BKD intensity. While our results suggested
the putative role of these transcripts in antibacterial responses
of Atlantic salmon, further studies are needed to functionally
characterise these transcripts and their encoded proteins.

Our microarray data showed BKD-dependent dysregulation
of pathways (e.g., T-cell activation, positive regulation of
lymphocyte activation and lymphocyte chemotaxis) related to
lymphocyte function (Figures 3, 12). As shown by qPCR,mmp13
was up-regulated in both BKD groups. Mammalian MMP13 is a
Tumor necrosis factor alpha (TNFA)-induced protein mediating
the conversion of the inactive form of Transforming growth
factor beta 1 (TGFB1) to the active form, which facilitates
TLR-driven immunoglobulin switching in B-cells (107). R.
salmoninarum infection up-regulated prkcd only in the L-BKD
group, whereas dusp7, rnf144a, tnfrsf6b, gzma, and ripk2 were
only significantly induced in the H-BKD group (Figure 8).
Mammalian PRKCD plays a role in the up-regulation of IL10
(108). Mouse RIPK2 is a kinase involved in TLR2-activated
IL10 production in response to Gram-positive Streptococcus
pneumoniae (109). DUSPs may manage MAPK activation
via negative feedback loops (110), and human DUSP7 was
suggested to have an effector function associated with Th1 (111).
Mammalian TNFRSF6B (alias DcR3) is an immunoregulator for
Th17 cell activity and cytokine responses (112), and our previous
study showed its transcriptional induction in Atlantic salmon
stimulated with R. salmoninarum bacterin (17). In the current
study, qPCR data showed the up-regulation of transcripts with
putative roles in cytotoxic T-cell function. For example, gzma
showed a R. salmoninarum level-dependent response in Atlantic
salmon. Granzymes are cytolytic granules involved in the cell-
mediated cytotoxic activity of CD8+ T-cells (113). GZMA was
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revealed as the main granzyme playing a role in cell-mediated
cytotoxicity of teleosts (gilthead seabream and European seabass)
(114). In addition, mammalian RNF144A is a key factor
balancing IL2R-dependent responses of CD8+ T-cells, thereby
preventing severe inflammation (115). Although up-regulation
of teleost [i.e., grass carp (Ctenopharyngodon idellus)] rnf144a
in response to viral infection was previously reported (116),
further studies are needed to characterise the function of this
and other identified transcripts in fish antibacterial responses.
In the current study, ptprk, tcra, and il13ra1b were suppressed
in Atlantic salmon head kidney in response to R. salmoninarum
infection. As reported in mammalian species (117), the BKD-
suppressed response of tcra may be attributed to the negative
feedback mechanism for managing pathogen elimination and
minimising the inflammatory damages. PTPRK contributes to
T-cell pathogenesis through STAT3 dephosphorylation, in which
its under-expression results in STAT3 activation (118). As found
by microarray, the slight up-regulation of STAT3 in our study
may be associated with PTPRK regulatory function, but further
studies are needed to determine if this function is conserved
in fishes. IL13RA1 is a receptor expressed on various immune
cells such as B-cells. Engagement of IL13RA1 with IL13, a
regulatory cytokine produced by Th2 cells, elicits multiple
immune processes such as STAT6 activation and promotion
of IgE production in B-cells (119). Infection level-dependent
dysregulation of il13ra1b and other identified lymphocyte-
associated biomarkers (i.e., prkcd, gzma, and ripk2) suggests the
importance of T-cell activated pathways in interactions between
Atlantic salmon and R. salmoninarum (Figure 12).

APC-related processes (e.g., antigen processing and
presentation of peptide antigen via MHC class I and antigen
processing and presentation of exogenous antigen) were found
to be dysregulated in R. salmoninarum-infected Atlantic salmon
(Figure 3). As shown in Figure 13, our transcriptome profiling
identified several R. salmoninarum-responsive transcripts
involved in antigen-presenting and processing pathways. The
teleost MH-I-dependent pathway exhibits several differences
with their mammalian counterparts (123–128); for example,
different paralogues (i.e., Calnexin) and splice variants (i.e.,
Tapasin) of molecules involved in the MH-I pathway were
identified and suggested to play diverged or unique roles in
salmonid antigen presentation (123–128). The qPCR results
showed the R. salmoninarum-dependent up-regulation of fcgr1
and tnfsf14, as well as down-regulation of cdh1, flrt3, and ndrg2
(Figure 9). FCGR1 is a member of the Fc receptor protein
family that links adaptive and innate immune responses through
regulation of antibody activity and modulation of dendritic cell
(DC) functions (e.g., antigen presentation and phagocytosis)
(129). Mammalian TNFSF14 plays an essential role in the
induction of DC maturation (130). CDH1 was described to be
involved in cell-cell adhesion processes such as T-cell and DC
interactions (131). Also, flrt3 and cdh1 were suggested to be
associated with mammalian macrophage function, as they were
strongly up-regulated in IL10-induced M2 macrophages and
IL-4 + IL-10-stimulated bone marrow-derived macrophages,
respectively (132). NDRG2 modulates the activation and

differentiation of DCs as well as DC-mediated T-cell activation
(133). The BKD-dependent induction ofmh1 was not confirmed
by the qPCR, although our transcriptome data showed the
activation of several co-receptors and immune effectors involved
in antigen presentation pathways, reflecting the importance
of MH-dependent pathways in Atlantic salmon response to
BKD (Figure 13). Many pathogens employ strategies to evade
MHC pathways (134). While bacterial immunoevasion of the
MHC pathways were mainly associated with class II molecules,
intracellular bacteria such as Mycobacterium tuberculosis and
Listeria monocytogenes were found to suppress the expression
of mammalian mhc1 (134, 135). It remains unknown if R.
salmoninarum possesses a mechanism for evading the antigen
presentation pathway. Considering immunosuppressive features
of R. salmoninarum (10), further studies are required to
determine the interaction of this intracellular pathogen with
the teleost MH-I pathway, test if its immunomodulatory
features are related to MH-I molecule, and characterise the APC
function-relevant transcripts identified herein.

R. salmoninarum induced the expression of rtp2, rtp3, lmf2,
and mbip, and suppressed the expression of dscam, tmod4,
and cpxm2 in both H-BKD and L-BKD groups (Figure 10).
In addition, there was an up-regulation of gda in the H-BKD
group compared with both the L-BKD and control groups. The
immune roles of these identified BKD-responsive transcripts in
mammals remain undescribed. For example, while RTPs are
established as odorant receptors in mammals (136), it is not
known if mammalian RTPs play immune-relevant roles. GDA
and TMOD4 are involved in the regulation of the neural response
(137) and structural development (138), respectively. DSCAM
is involved in the immune response of arthropods (139), and
was found to be associated with zebrafish development (140).
Further studies are needed to describe the immune function
of vertebrate DSCAM. Nonetheless, since dscam suppression
was correlated with a higher level of infection, our results
suggest dscam as a suitable biomarker transcript for assessing
the R. salmoninarum infection level-dependent response of
Atlantic salmon.

In summary, the present study profiled the transcriptome
of Atlantic salmon head kidney in response to different
levels of R. salmoninarum infection. We developed a more
complete picture of the genes and molecular pathways
underlying the Atlantic salmon immune response to BKD.
R. salmoninarum infection dysregulated transcripts encoding
PRRs (e.g., tlr5), signal transducers (e.g., traf6), and transcription
factors (e.g., nfkb1) associated with the MyD88-dependent
pathway, resulting in activation of cytokines (e.g., ifns and
ils) and antimicrobial factors (e.g., camp and hamp). BKD
also activated cytokine-dependent responses (e.g., JAK-
STAT mediated pathway and IFN-induced transcripts) and
immune regulators (e.g., znrf1 and irg1). Furthermore, a
large number of transcripts associated with adaptive immune
responses such as T-/B-cell differentiation (e.g., irf1, dock8,
and ccl4) and function (e.g., rnf144a and tnfrsf6b) as well as
antigen presentation (e.g., fcgr1 and tnfsf14), were identified
as BKD-responsive in this study. The JAK-STAT signalling
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FIGURE 13 | The antigen-processing and presenting pathways differentially regulated by R. salmoninarum infection in Atlantic salmon head kidney. This figure was

developed using the identified genes in this study and their known functions and regulatory pathways in mammals as explained in the discussion section

(54, 120–122). This illustration was generated using BioRender (https://biorender.com/). The BKD-responsive genes are shown in red font or red boxes. The

microarray results were not confirmed by qPCR for mh1. Black arrows show activatory effects. Oval circles reflect gene expression activation. APC,

antigen-presenting cell; ER, endoplasmic reticulum; LMP2/7, Immunoproteasome subunits LMP2/7; Ii, Invariant chain Ii or CD74; MH-I/II, [Major histocompatibility I/II,

known as Major histocompatibility complex I/II(MHC-I/II) in mammals]; CLIP, class II-associated invariant chain peptide; TAP, Protein associated with antigen

processing; Tapasin, TAP-associated glycoprotein; ERp57, Endoplasmic reticulum protein of 57 KDa; CANX, Calnexin; CALR, Calreticulin; CD, Cluster of

differentiation; B2M, Beta-2 microglobulin; TCR, T-cell receptor; SLP76, SH2 domain containing leukocyte protein of 76kd; LAT, Linker for activation of T-cells; PLCG,

Phospholipase gamma; LCK, Lymphocyte -specific tyrosine kinase; ZAP70, Tyrosine kinase zeta chain-associated protein of 70 kD; IKK, NFKB1 inhibitor kinase;

NFKB, Nuclear factor kappa-B; MAPK, Mitogen-activated protein kinase; AP1, Transcription factor AP1; ILs, Interleukins; IFNs, Interferons.

pathway was found to be influenced by R. salmoninarum
level, suggesting the importance of IFN-dependent pathways
in host-pathogen interactions. PCoA showed the significant
correlation of BKD-responsive transcripts with a higher
(e.g., mmp19, gvinp1, cldn1, lifr, socs1, ccl4, and ccl) or lower
(e.g., prkcd, cldn4, and cfd) level of R. salmoninarum. These

transcripts can be used as biomarkers to assess the infection
level-dependent BKD responses of Atlantic salmon, and are
suitable candidates for investigating the host component of
interactions between Atlantic salmon and R. salmoninarum. We
identified and qPCR validated R. salmoninarum- and infection
level-responsive biomarker transcripts, which are valuable
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tools for future research (e.g., development of therapeutic diets
and vaccines) for improving the Atlantic salmon resistance to
BKD. Further studies characterising the functions of transcripts
identified herein can enhance the current understanding of
molecular processes involved in BKD-related responses of
Atlantic salmon.
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CD10+ Cells and IgM in Pathogen
Response in Lumpfish (Cyclopterus
lumpus) Eye Tissues
Robert L. Gendron1*, Hélène Paradis1, Raahyma Ahmad1, Kenneth Kao1, Danny Boyce2,
William V. Good3, Surendra Kumar2, Ignacio Vasquez2, Trung Cao2, Ahmed Hossain2,
Setu Chakraborty2, Katherinne Valderrama2 and Javier Santander2

1 Division of Biomedical Sciences, Faculty of Medicine, Memorial University, St. John’s, NL, Canada, 2 Marine Microbial
Pathogenesis and Vaccinology Lab, Department of Ocean Sciences, Memorial University, St. John’s, NL, Canada, 3 Smith
Kettlewell Eye Research Institute, San Francisco, CA, United States

Lumpfish (Cyclopterus lumpus), a North Atlantic “cleaner“ fish, is utilized to biocontrol
salmon louse (Lepeophtheirus salmonis) in Atlantic salmon (Salmo salar) farms. Lumpfish
require excellent vision to scan for and eat louse on salmon skin. The lumpfish eye immune
response to infectious diseases has not been explored. We examined the ocular response
to a natural parasite infection in wild lumpfish and to an experimental bacterial infection in
cultured lumpfish. Cysts associated with natural myxozoan infection in the ocular scleral
cartilage of wild adult lumpfish harbored cells expressing cluster of differentiation 10
(CD10) and immunoglobulin M (IgM). Experimental Vibrio anguillarum infection, which led
to exophthalmos and disorganization of the retinal tissues was associated with disruption
of normal CD10 expression, CD10+ cellular infiltration and IgM expression. We further
describe the lumpfish CD10 orthologue and characterize the lumpfish scleral skeleton in
the context of myxozoan scleral cysts. We propose that lumpfish develop an intraocular
response to pathogens, exemplified herein by myxozoan and V. anguillarum infection
involving novel CD10+ cells and IgM+ cells to contain and mitigate damage to eye
structures. This work is the first demonstration of CD10 and IgM expressing cells in a
novel ocular immune system component in response to disease in a teleost.

Keywords: lumpfish (Cyclopterus lumpus L.), eye, immune response, infection, cluster of differentiation 10,
immunoglobulin M
INTRODUCTION

The aquaculture and utilization of lumpfish as cleaner fish to control sea-lice infestation in the
Atlantic salmon (Salmo salar) industry has become commercially relevant in the last 10 years (1–5),
making the study and protection of this species increasingly important. Sea-lice are copepod
ectoparasites that immune compromise the fish host, increasing susceptibility to infections (6),
resulting in significant losses and high treatment costs (7–9).
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The literature on disease causing infection in lumpfish has
been growing over the past decade (10–12), indicating the
significant environmental threats that lumpfish encounter in
the wild. Lumpfish recently have been designated as near-
threatened on a global basis and as threatened in the
Northwest Atlantic in Canada (13); Committee on the Status
of Endangered Wildlife in Canada [COSEWIC], Government of
Canada). New knowledge of inherent features that participate in
response to exogenous threats to the eyes of lumpfish is required
to better understand their survival in the wild and/or use as a
cleaner fish.

Pelagic trawl records and videos suggest that, while lumpfish
reside mainly in the upper 60 m of the ocean, they can also be
frequently found up to 498 m with daily vertical migrations
greater than 100 m (14–18). The range in habitat across depths
containing large variations in light levels, temperature and
hydrostatic pressure might have forced evolution of novel
morphological changes, ostensibly offering survival advantages
to this species.

Lumpfish have a scan-and-pick sea-lice feeding behavior
that requires sophisticated anatomical and functional features
in their visual system. We have described novel accessory
retinal tissues harbored by lumpfish (19). These tissues
represent one example of how these animals’ visual system
might have adapted to their widely ranging habitat (20). Since
our initial study (19), our group has continued to further
characterize the eyes of cultured and wild lumpfish at the
histological level. We have observed that otherwise healthy
wild caught lumpfish without exophthalmos harbor cystic-like
structures containing what appears to be leukocyte-like cellular
elements in their scleral cartilage. Lumpfish possess scleral
skeletal tissue associated with their eye globes similar to those
described in other teleosts (21). Pathological cases of
chondritis, an inflammatory reaction within cartilage
structures, have been previously described in domesticated
mammals, experimental animal models and humans (22–24),
but we are not aware of previous reports of leukocytic tissue
within teleost scleral skeletal tissues.

It has been described that Myxobolus albi, a metazoan
parasite, infects the scleral cartilage and causes mild to severe
exophthalmos in lumpfish (25). In addition, Vibrio anguillarum,
a Gram-negative bacterium and the causative agent of vibriosis,
is a frequent pathogen of lumpfish and causes exophthalmos
(26). The rationale of our study was to explore any intraocular
immune response in wild lumpfish harboring scleral cysts and
cultured lumpfish infected with V. anguillarum.

Gross anatomy, histology, immunohistochemistry, genetic
and bioinformatic approaches have been utilized to explore the
cellular characteristics of scleral cartilage infected with M. albi
cysts and V. anguillarum. Herein, we report here that the
intraocular immune response to myxozoan cysts and V.
anguillarum infection are associated with a host response
involving IgM+ cells and CD10+ cells, which, in the context of
the immune system, is a marker for hematopoietic cells (27, 28).
These results indicate a novel ocular immune system component
in response to infection in a teleost.
Frontiers in Immunology | www.frontiersin.org 2161
MATERIALS AND METHODS

Lumpfish Samples, Histology, and
Whole Mounts
The work described herein was performed on specimens of
lumpfish obtained at the Dr. Joe Brown Aquatic Research
Building (JBARB), Department of Ocean Sciences, Memorial
University, under approval by the Institutional Animal Care
Committee (protocol #17-03-RG). Lumpfish eyes were collected
from wild male adults of unknown age and approximately 0.5 kg
(n=2), wild female adults of unknown age and approximately 3–
4 kg (n=3) and wild female adults that were domesticated for 4
years (n=4) in the JBARB lumpfish culture facility. The wild male
animals were collected fromHarbour Main of the Newfoundland
Avalon Peninsula in 2019. The wild female animals were collected
fromNewfoundlandcoastalwaters in twodifferent years (two from
2018 from several different geographical locations around the
Avalon Peninsula Newfoundland and one from the Champney’s
area of Trinity Bay, Newfoundland in 2019). All wild fish were
considered as overtly healthy. None showed clinical signs of illness
or exophthalmos. Fish were euthanized by a lethal dose of TMS/
MS-222 (400 mg/L). Eyes were carefully excised, either fixed in
4% paraformaldehyde and processed for paraffin embedding or
freshly dissected for tissue collection and whole mount Alcian
blue (cartilage)/Alizarin red (bone) staining. Dissections were
performed under a stereomicroscope fitted with an eyepiece
adapter facilitating photography.

Paraffin blocks were sectioned and slides stained with
hematoxylin and eosin (H&E) or the following special stains.
Giemsa stain is commonly utilized to visualize white blood cells,
Van Gieson stain is commonly used to detect matrix components
such as elastin, Masson’s Trichrome stain is useful for
differentially staining elements of bone, cartilage, extracellular
matrix and leukocytic features, and basic fuchsin/toluidine blue
stain can be used to detect cellular elements (29).

To visualize the lumpfish ocular skeleton, whole mounts of
scleral cups or were stained with Alcian blue (to stain cartilage
blue) and Alizarin red (to stain ossified bone elements red) as
previously described (30). Bony fin tissue from the same animals
was used as a positive control tissue. Differential histological
stains and whole mount stains were performed by the Histology
Core Facility in the Faculty of Medicine, Memorial University.

Detection of M. albi DNA in Lumpfish
Scleral Cartilage Tissue
Scleral cartilage cup tissues with or without grossly visible white
scleral cartilage tissue pockets were collected from freshly
euthanized wild adult lumpfish. Additionally, similar size
scleral cartilage cups were collected from cultured lumpfish.
Tissues were snap frozen, after which DNA was then isolated
from the tissues. Specific primer sets included 538MyxFw and
540MyxRv targeting a 1.5 kb fragment of genomic M. albi DNA
encoding for the 18S ribosomal RNA (EU420055.2) were
generated and used in polymerase chain reaction (PCR) as
previously reported (25). Mouse (Mus musculus) DNA and
naïve cultured lumpfish DNA were used for negative controls.
November 2020 | Volume 11 | Article 576897
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Lumpfish Holding, Immunization, and
V. anguillarum Challenge
V. anguillarum infected lumpfish eye tissues were sourced from
ongoing vaccination studies. The immunization and challenge
experiments were performed in accordance with the guidelines
of the Canadian Council on Animal Care and approved by
Memorial University of Newfoundland’s Institutional Animal
Care Committee (protocols #18-01-JS; #18-02-JS). Juvenile
specimens of lumpfish 50 ± 0.2 g (mean ± SE) were obtained
from the JBARB at the Department of Ocean Sciences, Memorial
University of Newfoundland, Canada. The animals were kept
according to established conditions (28), 10°C in 500 l tanks
supplied with 95%–110% air saturated and UV treated filtered
flow-through seawater, and an ambient photoperiod. The fish
were fasted during 48 h pre-vaccination. The fish were intra-
peritoneally (IP) vaccinated with formalin inactivated V.
anguillarum J360 (Chromosome I, NCBI accession number:
CP034572.1; chromosome II, NCBI accession number:
CP034573.1) and PBS-mock control. After 8 weeks-post
vaccination the animals were challenged with V. anguillarum
J360 (6.7x106 CFU/dose; for fish numbers and vaccinology
results see (28). Lumpfish ocular tissues were collected at 7
days post-challenge and processed for paraffin sectioning,
histology and CD10 immunostaining described below.

Lumpfish IgM Purification and Chicken
IgY Anti-Lumpfish IgM Production
To assess the presence of lumpfish IgM expression, an anti-
lumpfish IgM antibody was produced in chicken. Lumpfish IgM
was purified according to protocols described previously for
other Teleosts (31) with modifications. Briefly, IgM was
purified from pooled lumpfish fresh serum (250 ml) using an
immobilized mannan binding protein (MBP) column kit (Pierce
Biotechnology) according to manufacturer´s instructions, except
that 250 ml of serum were used instead of 1 ml. The integrity and
purity of the lumpfish IgM was evaluated by 10% SDS-PAGE
(Figure S1). Chicken IgY anti-lumpfish IgM antibody was
produced and biotinylated commercially at Somru BioScience
Inc. (Charlottetown, PEI, Canada). Briefly, chickens were
immunized via intramuscular injection into breast muscle with
a maximum volume of 500 µl/injection and a maximum
immunogen concentration of 0.4 mg/ml (200 µg/500 µl). Two
chickens were immunized with lumpfish IgM in combination
with Freund’s complete and incomplete adjuvant. The
immunization series was initiated when chickens were 14
weeks of age. The initial immunization was 400 µg of lumpfish
IgM in Freund’s Complete adjuvant in a total volume of 1 ml.
Four subsequent immunizations of 200 ug of lumpfish IgM in
Freund’s incomplete adjuvant in a total volume of 1 ml were
delivered at 14 day intervals. For all immunizations, 0.5 ml of
immunogen preparation was delivered per breast muscle. Serum
titers were monitored every 14 days using direct ELISA. Western
blot of purified lumpfish IgM was performed using the chicken
IgY anti-lumpfish IgM primary antibody and goat anti-IgY-HRP
(horseradish peroxidase; Promega) secondary antibody
(Figure S1).
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Immunohistochemistry
Immunohistochemistry (IHC) for CD10 was performed using a
Ventana Benchmark Ultra automated immunostainer (Roche) in
the Department of Anatomical Pathology, General Hospital,
Eastern Health, St. John’s NL, on sections from lumpfish eyes,
lumpfish head kidney and human tonsil applied to positively
charged slides using rabbit monoclonal IgG antibody clone SP67
directed against human CD10. Sections were processed on the
automated immunostainer using citrate-based (10 mM, pH 6)
and tris-based buffer CC1 (Roche, Switzerland) for antigen
retrieval at 100°C for 64 min followed by 32 min of incubation
at room temperature with either rabbit monoclonal IgG antibody
clone SP67 anti-human CD10 (Roche, Diagnostic 790-4506) or a
rabbit IgG (Roche, Diagnostics 790-4795) as negative control
using a 1:200 dilution and detected using Ultraview (Roche) and
counterstained with hematoxylin. Anti-alpha smooth muscle
actin (ASMA) IHC was performed as previously described
(19). Double anti-CD10/ASMA IHC was performed on a Leica
Bond automated immunostainer using parameters similar to
those used for automated CD10 staining. For IgM IHC, we used
the anti-lumpfish-IgM IgY antibody custom produced in
collaboration with Somru BioScience described above. Anti-
lumpfish-IgM IgY was applied at a 1/500 dilution of a 2.7 mg/ml
stock concentration using IHC procedures previously described
(19) except that an alkaline phosphatase-conjugated anti-IgY
secondary antibody was used at 1/250 dilution to develop the
IgM staining reaction. As a specificity control, the anti-lumpfish-
IgM IgY antibody was pre-absorbed for 1 h with a 100-fold excess
concentration of purified lumpfish-IgM prior to being applied to
the sections for IHC (32).

Sequence Analysis
Nucleotide Basic Local Alignment Search Tool (BLAST) 2.7.1
(33) was performed based on the sequences of the putative
lumpfish CD10 present in the public genome sequence of C.
lumpus (34), and Homo sapiens CD10 (EAW78758.1) gene
sequence. Amino acid sequence alignments were performed
using the CLC Workbench 20 (Qiagen). For phylogenic
analysis, the bootstrap consensus tree inferred from 100
replicates were taken to represent the evolutionary history of
the taxa analyzed (35). Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates were collapsed.
Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Joining and BioNJ algorithms to a matrix
of pairwise distances estimated using a JTT model, and then
selecting the topology with superior log likelihood value. The
analysis involved 34 amino acid sequences. All positions
containing gaps and missing data were eliminated. There was a
total of 704 positions in the final dataset. Evolutionary analyses
were conducted in MEGA7 (36). Protein structural-based
alignments were performed by using the web-based interface
for ESPript v.2.2 located at http://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi (37). The 3D structure of C. lumpus CD10 protein
was predicted using position specific iterative-BLAST (PSI-
BLAST) alignment and HHpred (https://toolkit.tuebingen.mpg.
de/#/) (38, 39).
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RESULTS

Gross Anatomical and Histological
Characteristics of the Scleral
Skeleton of Wild Lumpfish in the
Context of Myxozoan Cysts
All of the wild lumpfish studied herein were otherwise overtly
healthy showing no signs of illness or exophthalmos (Figure 1).
We observed, histologically, pockets of densely packed cellular
tissue within their eye scleral cartilage (described below in Figure
3). Such structures were similar to myxozoan cysts previously
described in diseased aquaria lumpfish (25). Sequential anterior
to posterior anatomical dissection of the lens, retina, and rete
mirabile vascular tissues (40) of wild adult lumpfish eye revealed
the cysts in the semi-transparent scleral skeletal tissue (Figures
2A–E). Soft clumps of cystic material can be easily pulled out
from the scleral skeletal tissue with ophthalmologic forceps
(Figure 2F) and were confirmed to be myxozoan positive
(see 3.2).

These cysts in scleral cartilage were seen in three out of five
independent healthy wild specimens. Two of these specimens
were harvested in 2018 and one in 2019 from separate
geographical locations near St. John’s NL. We did not observe
scleral cartilage cysts in any of 4 wild lumpfish specimens of
comparable size that were domesticated in the JBARB lumpfish
culture facility for 4 years.

Further characterization of the ocular cysts was performed.
Whole mount staining with Alcian blue and Alizarin red, of the
Frontiers in Immunology | www.frontiersin.org 4163
scleral cups from two of the healthy wild caught adult lumpfish,
revealed that one animal harbored grossly visible, posteriorly
protruding, scleral skeletal cysts clearly embedded within the
blue staining scleral skeletal tissue, resembling tubercles (Figures
2G–I). Alcian blue cartilage staining displayed the expected
general shape and configuration of the scleral cartilage cup,
including a posterior window of non-cartilaginous, non-
ossified sclera to accommodate the optic nerve and rete
mirabile tracts (Figure 2J).

Whole mount staining of a scleral cup from a cultured
lumpfish specimen revealed no scleral cartilage cysts but did
show the same general shape and configuration of the scleral
cartilage cup with posterior scleral optic tract window as with the
wild specimen (Figure 2K). Absence of Alizarin Red staining in
either the wild or the cultured lumpfish scleral cups indicated no
ossification to bone tissue, as compared with the positive control
fin (see red staining tissue in Figure 2L).

Histological sections of the otherwise healthy wild adult
lumpfish eyes displayed extensive densely packed cystic
structures with what appeared to be myxozoan spores (25)
present in the scleral cartilage (Figures 3A–F and 4A, B).
Histologically, the cystic tissue was strikingly similarity to
mammalian active bone marrow, a tissue containing high
numbers of leukocytes and little or no fat tissue (29), but also
contained hallmarks of scleral myxozoan cysts with spores
previously described as being associated with exophthalmos in
M. albi infection in scleral cartilage of clinically ill captive
lumpfish (25).
FIGURE 1 | Normal wild adult lumpfish. Head and eye regions of several approximately 3 kg wild adult female North Atlantic lumpfish, representative of most of
those studied herein, are shown immediately following sacrifice. As exemplified in the image, the wild specimens studied herein appeared overtly healthy and did not
show any overt signs of clinical eye disease or exophthalmos.
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The scleral cartilage cystic structures were found in central
portions of the eye globe, in close proximity to the most robust
portions of the rete mirabile (as shown in Figures 2 and 3A–F).
Giemsa stain, which differentially stains most leukocytes blue
and erythrocytes pink, revealed small blue staining white blood
cell-like cells with basophilic nuclei and larger blue staining
stromal-like cells in the cysts of the scleral cartilage (Figures 3C
and 4A). Giemsa staining of the rete mirabile revealed a more
prominent pink staining than the scleral cartilage cysts by virtue
Frontiers in Immunology | www.frontiersin.org 5164
of the larger proportion of red blood cells within the rete mirabile
(Figure 3C).

Van Gieson stain which is classically used to define matrix
components such as elastin staining all blood cells gold,
revealed a staining pattern of the scleral cartilage cysts
similar to the blood cell elements in the rete mirabile (Figure
3D). The scleral cartilage matrix material stained a typical
blueish green color with Masson’s Trichrome (blue staining of
bone, cartilage and extracellular matrix and eosin staining of
A B

D E F

G IH

J K L

C

FIGURE 2 | Anatomical characteristics of wild adult lumpfish scleral cartilage. Panels (A–F) show an anterior-posterior sequential dissection of an eye from a ~3 kg
North Atlantic wild adult lumpfish revealing, first, lens (l) set in middle of pigmented iris (A), next, retina (r) (B), next, the rete mirabile vascular organ (rm) (C) and finally
the semi-transparent scleral cartilage (sc) (C–E); arrows show the cysts. Panel (E) shows scleral cartilage cut in half through a cystic structure (arrow) with the tip of
the scissors (sz) visible in the image. Panel (F) shows the soft white clump of tissue (arrow) pulled out of the scleral pocket with ophthalmologic forceps (fc) of which
one metal tip is visible in the image. Panels (G–I) show an eye from a ~0.5 kg adult North Atlantic wild adult lumpfish. Panel (G) shows freshly dissected scleral
cartilage (sc) with protruding lesions (large arrows) next to the optic nerve head (on). Panels (H, I) show the same region after Alcian blue/Alizarin red whole mount
staining, panel (I) magnified twice as much. Alcian blue/Alizarin red staining of scleral cup from another ~0.5 kg adult North Atlantic wild adult lumpfish (J) and from a
similar size adult North Atlantic cultured lumpfish (K). In panels (J, K), the boundary of the scleral cartilage and sclera are indicated (scb), as is the position of the
optic nerve head (on). Panels (G–K) are from an ocular posterior viewpoint. Panel (L) shows fin tissue from one of the same adult North Atlantic cultured lumpfishes,
stained with Alcian blue/Alizarin red, and which was used as a positive control for fully ossified bone tissue as seen by red fin bone staining. Dissected and whole
mounted eyes were previously fixed in 4% paraformaldehyde which slightly opacifies the lens. Magnification: 65X. Scale bar in (L) applies to all panels.
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granulated cells), while the leukocytic-like elements stained red
similarly to the blood cells in the rete mirabile (Figure 3E).
Both H&E and basic fuchsin/toluidine blue stains also revealed
a similar staining pattern for the blood cell-like elements of the
scleral cartilage cysts and the blood cells in the rete mirabile
(Figures 3B, F).

Closer examination of the basic fuchsin/toluidine blue stain
indicated the presence of the myxozoan spores, and, in some
cases at different planes of section, revealing the spore polar
bodies previously described for the M. albi genus of these
myxozoans (25), (Figure 4B). The Masson’s trichrome stain of
the scleral cartilage cysts also revealed, at high magnification
Frontiers in Immunology | www.frontiersin.org 6165
(400x), highly eosinophilic cells similar to those which were also
present in leukocytic rich regions of head kidney (Figure 5).

The presence of lymphocytic-like cells (small round cells with
a large nucleus and little cytoplasm) and larger cells were
observed in tissue stained with Giemsa or basic fuchsin /
toluidine blue differential histological staining (Figure 4).
These results suggest that at least some of the cells in the
scleral cartilage cysts could be leukocytes.

The scleral cartilage cysts do not appear to be lined by
perichondrium, a connective tissue layer that overlies surfaces
of normally developing scleral cartilage tissue in teleosts (41).
Although a thin but histologically distinct layer of material is
A B

D

E F

C

FIGURE 3 | Histological morphology of cysts in scleral cartilage of wild adult lumpfish eyes. Histology of wild lumpfish eye displays extensive cystic structures
containing densely packed cellular tissue present in spaces of the scleral cartilage when stained with Hematoxylin & eosin (A, B), Giemsa (C), Van Gieson (D),
Masson’s Trichrome (E), and basic fuchsin/toluidine blue (F). The scleral cartilage cysts were located in central portions of the eye globe, in close proximity to the
most robust portions of the rete mirabile vascular tissue (rm). Consistent with the differential staining utility of Giemsa staining (C) which differentially stains white
blood cells (blue) versus red blood cells (pink), the scleral cartilage cysts stained mainly blue with Giemsa versus the more pink Giemsa staining observed in the rete
mirabile which is rich in red blood cells. Van Gieson (D), which stains all blood cells gold, and basic fuchsin/toluidine blue (F) which stains all blood cells purple,
revealed a histological staining pattern for the scleral cartilage cysts that was similar to the blood cell elements in the rete mirabile (rm). The scleral cartilage matrix
material stained a typical blueish green with Masson’s Trichrome while the cysts contained highly eosinophilic staining (E). r, retina; rm, rete mirabile; scl, sclera; sca,
scleral cartilage; c, cyst. Magnification: (A, B) 100X; (C–F) 200X. Representative images are shown.
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observable lining the cysts in specimens stained with Masson’s
trichrome (Figure 3E) and basic fuchsin/toluidine blue (Figures
3F and 4), it did not appear to contain nucleated cells and
therefore does not resemble true perichondrium.

Myxozoan Presence in Wild
Lumpfish Scleral Cartilage
PCR analyses for M. albi 18S ribosomal DNA of wild lumpfish
specimens with scleral cartilage cysts revealed amplification of
the expected 1.5 kb DNA fragment (Figure 6A). The 1.5 kb DNA
amplicon was not detected in PCR analyses for M. albi 18S
ribosomal DNA of scleral cartilage cup tissues collected from
freshly euthanized, similarly sized cultured lumpfish, or of DNA
samples prepared from mouse tissues (Figure 6A). Restriction
digests of the PCR reaction amplicons with BglII were next
performed to verify the specificity of the 1.5 kb amplicon for M.
albi 18S ribosomal DNA (Figure 6B). BglII digestion resulted in
Frontiers in Immunology | www.frontiersin.org 7166
digestion of the 1.5 kb amplicon into the expected two fragments
of ~910 bp and ~605 bp (Figure 6B).

IgM Expression in Wild Lumpfish
Scleral Cartilage Cysts
Histological staining suggested that the scleral cartilage cysts
contained cells of the immune system. High levels of expression of
IgM (42, 43) were detected by IHCmainly in the center of the scleral
cartilage cysts while more diffuse lower levels were observed at the
edges of the cysts. Mainly diffuse, lower levels of IgM staining with
occasional densely focused expressionpattern on individual cellswas
also present within the lumens of blood vessels of the retemirabile as
expected, serving as a positive internal control for IgM staining
(Figure7C). IgMexpressionwasnot observed inneural retinal tissue
(not shown)or in the cartilage tissue surrounding the scleral cartilage
cysts (Figure 7A). Furthermore, using the anti-lumpfish IgM IgY
antibodypre-absorbed for1hwitha100-fold excess concentrationof
A B

FIGURE 4 | Higher power view of leukocyte-like cells and myxozoan spores in Giemsa and basic fuchsin/toluidine blue histological stains of scleral cartilage cysts of
wild adult lumpfish eyes. Giemsa (A) which stains blood cell nuclei deep blue, revealed a polymorphonuclear histological staining pattern of some cells (arrowheads in
(A)) reminiscent of granulocytes in the scleral cartilage cysts. Basic fuchsin/toluidine blue stains (B) revealed myxozoan spores with or without polar bodies,
depending on plane of section (arrowheads in (B)). sca, scleral cartilage; c, cyst. Magnification: 400X. Representative images are shown.
FIGURE 5 | Eosinophilic leukocyte-like cells in Masson’s trichrome histological stains of scleral cartilage cysts of wild adult lumpfish eyes. Masson’s trichrome (left)
revealed intense eosinophilia of some cyst cells (arrows), similar to eosinophilic cells (arrows in right) in leukocyte rich regions of head kidney. c, cyst; hk, head
kidney. Magnification: 400X. Representative images are shown.
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purified lumpfish IgM resulted in no staining of the scleral cartilage
tissue (Figure 7B). Western blot of purified lumpfish IgM further
confirmed the specificity of the anti-lumpfish IgM antibody for the
75 kDa heavy and 25 kDa light chains of lumpfish IgM and for the
various dimers formed by these chains (Figure S1).

CD10 Expression in Normal
Lumpfish Tissues
In addition to IgM, we searched for potential molecular
homologs expressed in cells of the mammalian immune system
to confirm the leukocyte identity of the cyst cells. CD10 is a cell
surface endopeptidase expressed in cells involved in the immune
response in mammals (44). We found that the sequence of
human CD10 protein is overall 60% identical with the putative
lumpfish CD10 protein sequence (Figure 8). The secondary
structure domains, including the conserved cysteine residues
that form a disulfide-bound partner, the essential residues for
proteolytic activity and the ligand binding-residues are all
identical between lumpfish and H. sapiens CD10 (Figure 8)
(45). Although the protein sequence of lumpfish CD10 presented
in Figure 8 requires further verification, our analysis showed a
highly conserved neprilysin active site (45) required for
proteolytic activity (Figure 8). In addition, the essential
residues for protein folding and functional conformation were
found conserved in lumpfish CD10 (Figures 8 and 9A, B).
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The lumpfish CD10 structural prediction analysis supported
the presence of the residues required for correct folding of the
protein (Figures 9A, B). Two of the three glycosylation sites
present in human CD10 were found present in lumpfish CD10.
However, these glycosylation sites are not well conserved in the
sequences of other vertebrate CD10 (Figure 8). Phylogenetic
analysis of lumpfish CD10 revealed that it is closely related to
other Teleosts but distantly related to Danio rerio,Mus musculus,
and Homo sapiens (Figure 10).

We utilized a rabbit anti-human CD10 monoclonal antibody
(validated using clinical reference standard at NordiQC https://
www.nordiqc.org/epitope.php?id=23), raised against amino
acids 450–550 of human CD10 which, as shown in Figure 8,
has 68% identical matches and 80% positive matches with the
putative lumpfish CD10 protein sequence. In addition, amino
acids 450–550 of the human CD10 protein sequence share 22
regions of 100% identity with the lumpfish CD10 orthologue.
Moreover, we have recently successfully utilized this anti-CD10
antibody to stain CD10 positive cells in an experimental
infection scenario in various tissues of other teleosts (47).
Using this antibody we identified specific and distinctive CD10
expression in lumpfish head kidney, a tissue rich in lymphoid
cells (48), and in the lumpfish eye (Figure 11). CD10 was
expressed in numerous small leukocytic-like cells in follicular
regions of the head kidney and in basal cells of the renal tubules
A B

FIGURE 6 | Polymerase chain reaction (PCR) analysis of M. albi 18S ribosomal DNA in lumpfish specimens. (A) Representatives PCR analyses for M. albi 18S
ribosomal DNA of wild lumpfish specimens with (wild #2 lane) and without (wild #1 lane) white scleral cartilage cysts revealed amplification of an expected 1.5 kb
DNA fragment (arrow) only in the wild specimen with visible scleral cartilage cysts. The 1.5 kb DNA amplicon was not detected in PCR analyses for M. albi 18S
ribosomal DNA of scleral cartilage cup tissues collected from freshly euthanized, similarly sized cultured lumpfish (cultured #1, 2 and 3 lanes) or, of DNA samples
prepared from mouse tissues (M lane) and in the absence of DNA (lane -). (B) BglII digestion of PCR reactions for M. albi 18S ribosomal DNA (lanes c) resulted in the
cut of the 1.5 kb amplicon into the expected two fragments of ~910 bp and ~605 bp (arrowheads: wild #2 lane, c). These two fragments were not detected in BglII
digests of PCR reactions from lumpfish without visible scleral cartilage cysts (wild #1 lane and cultured #2 lane). Lanes u: uncut PCR reactions; lane L: 1 kb plus
DNA ladder.
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of the head kidney (Figures 11A, B). We also found CD10
expression in a well-defined peri-photoreceptor pattern in the
outer layers of the retina and in well defined bands in the inner
layers of the retina (Figures 11C, D), both of which largely
colocalize with expression of alpha smooth muscle actin (Figures
11E, F) (ASMA), a marker we have previously described to be
expressed in lumpfish retina (19).

CD10 Expression in Wild Lumpfish
Scleral Cartilage Cysts
Immunohistochemistry revealed the presence of a CD10+ cell
population in the scleral cartilage cysts of wild adult lumpfish
eyes (Figures 12A, B). The CD10+ cells in the scleral cartilage cysts
were relatively small round cells and expressed CD10 intensely.
CD10+ cells were infrequently observed within blood spaces of the
eye (rete mirabile, choroidal blood vessels and other vascular
compartments) encompassing ocular peripheral blood
compartment (not shown). The CD10+ cells were located in
more peripheral or cortical regions of the scleral cartilage cysts
(Figure 12A). Negative controls, in which the anti-CD10 primary
antibody was substituted with a species-matched IgG antibody
using the same CD10 staining protocol, showed only light brown
background (Figures 12C, D). Human tonsil, a lymphoid tissue,
was used as a positive control and this tissue showed numerous
CD10+ leukocytic cells as expected (Figure 12E).

CD10 Expression in V. anguillarum
Challenged Lumpfish Ocular Tissue
In order to assess the role of lumpfish ocular CD10 expression in
a separate pathogen infection scenario, histomorphology, CD10
and IgM expression were analyzed in ocular tissues of lumpfish
infected with V. anguillarum, in vaccinated and naïve lumpfish
(non-vaccinated fish). Giemsa staining revealed that the scleral
cartilage, the rete mirabile vascular elements and the retinal
layers, were relatively undisturbed in vaccinated and
challenged animals (Figure 13A). CD10 expression (Figure
13C) was localized mainly in the distinctive retinal banding
pattern found in healthy animals as shown in Figure 11.

Naïve infected lumpfish developed exophthalmos, and
showed various levels of retinal and subretinal tissue
disorganization (see lesion portions of retinal tissue arrowed in
Figure 13D compared to the surrounding, less disturbed retinal
tissues visible in Figures 13B, D). Most of the naïve infected
lumpfish were severely affected, retinal layers structure was lost
and retinal tissue became thickened and disorganized (Figures
13B, E). CD10+ cells were highly present in tissue severely
damaged and disorganized (Figures 13D, F, G). Patches of
what appears to be chondrogenesis were present in one of
naïve infected lumpfish (Figure 13E). Tissue areas with high
density of CD10+ cells closely coincided with these areas of
putative chondrogenesis (Figure 13F). Also, intraretinal IgM
expression was present at high levels in the choroidal vasculature
and in specific layers in both thickened lesioned retinal areas
(Figure 13J) and non-thickened areas of retinal tissues of all
naïve infected lumpfish.
A

B

C

FIGURE 7 | Immunohistochemistry for IgM in wild adult lumpfish eyes. IgM
staining in scleral cartilage cysts (A) and blood vessels of the rete mirabile (C)
appeared as a bright red staining reaction. No counterstain was applied in
order to emphasize both the densely focused cellular IgM and the sometimes
diffusely distributed IgM expression. IgM expression was observed within
blood vessels of the rete mirabile (used as positive control) (C) but not in the
cartilaginous portions (sc) of the scleral cartilage (A). Arrows in (A, C) indicate
examples of individual cells expressing high levels of IgM. Further negative
control using the anti-lumpfish IgM IgY antibody pre-absorbed for 1 h with a
100-fold excess concentration of purified lumpfish IgM resulted in no staining
of the scleral cartilage cyst (B). Magnification: 400X; scale bars 50 um. We
observed scleral cartilage cysts harboring IgM+ cells in scleral cartilage of
three out of five independent healthy wild specimens. Representative images
are shown.
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A B

FIGURE 9 | Lumpfish CD10 3D predicted protein structure. (A) Lumpfish CD10 protein, (B) Lumpfish and human CD10 protein overlap. The purple and blue
cylinders represent a-helix structures and the yellow arrows represent the b-sheet structures. H. sapiens CD10 accession number: NP_000893.2; C. lumpus CD10
accession numbers: MT978157, MT978158, MT978159, MT978160, MT978161, MT978162, MT978163, and MT978164.
FIGURE 10 | Lumpfish CD10 molecular phylogenetic analysis. The evolutionary history of CD10 was inferred by using the Maximum Likelihood method based on
the JTT matrix-based model (46).
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DISCUSSION

Teleosts use soft tissue organs such as head kidney for
hematopoiesis (48–50). Since CD10 is known as a marker for
hematopoiesis progenitor and stem cells (44, 51), the presence of
CD10 cells in ocular tissue raises the possibility that wild
lumpfish might utilize a form of ocular extramedullary
hematopoiesis, which has been described in mammals (52, 53)
for specific adaptations such as during response to ocular
infection by pathogens. Teleosts are known to utilize
plasmablast and plasma cell derived IgM in response to
pathogens (43) and IgM has been demonstrated to play a role
in response to inflammatory reaction in lumpfish (54).

Molecular biological studies of species such as lumpfish are
impeded by the lack of genetics and antibody reagents specific to
the organism under study. Although we were fortunate to be able
to assess the expression of lumpfish IgM, among the several
Frontiers in Immunology | www.frontiersin.org 12171
antibody reagents raised against mammalian leukocytic markers
(CD3, CD45, CD34) that we tested against the scleral cartilage
cysts in lumpfish, only CD10 antibodies demonstrated true
positive staining, supported by genetic and bioinformatic
results confirming a lumpfish CD10 orthologue. Moreover,
CD10 immunoreactivity was detected in normal noninfected
lumpfish head kidney and retinal tissue as well as in tissue from
animals infected with V. anguillarum, a pathogen completely
different from myxozoans. These results strongly support that
the anti-CD10 monoclonal antibody is indeed staining a
lumpfish CD10 orthologue epitope.

Here, we provide evidence supporting the presence of a host
immune response in association with subclinical myxozoan
infection of scleral cartilage of otherwise healthy wild lumpfish
of different ages sourced from different geographical locations of
the Northwest Atlantic. Whole mount staining confirmed that
the scleral skeletal cysts, which are observable at a gross
A B
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FIGURE 11 | Normal patterns of CD10 and ASMA expression in lumpfish tissues. CD10 expression (brown staining) was detected in numerous small cells in
follicular regions of the head kidney (A) and basal cells of the renal tubules (B). Inset in (B) is a negative control of an adjacent section of those used in (A, B) stained
using no primary antibody. (C), CD10 expression (brown staining) was detected in a well-defined peri-photoreceptor pattern in the outer layers of the retina (arrows)
and in well-defined bands in the inner layers of the retina (arrowheads). (D), ASMA expression (red staining) pattern in the retina was highly similar to CD10 pattern of
expression. CD10 and ASMA double staining in peri-photoreceptor pattern in the outer layers of the retina (E) and inner layers of the retina (F). The pigmented
epithelial layer (pe) in panel (E) is black due to the endogenous pigment in these cells. Double stained sections show overlap of stain and a blended magenta staining
color in areas of expression overlap (arrowheads in (F)). Magnification: 400X. Scale bars in (A, B) are also representative of scale in (C–F). Representative images are
shown.
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anatomical level as multiple discrete pockets of densely packed
soft cellular like material in the scleral skeleton (Figures 2A–G)
are embedded in cartilage rather than bone since these areas do
not stain with the Alizarin red bone stain (Figures 2H, I).
Neither wild or cultured lumpfish scleral cups showed any
appreciable histological staining with Alizarin red for bone,
indicating that lumpfish in general likely lack scleral ossicles.
Franz-Odendaal has proposed a relationship between the
configuration of the scleral skeleton and swimming depth of
teleosts in which deep sea animals are more likely to lack scleral
ossicles (21, 30, 55). Previous studies showing that lumpfish are
known to frequent deeper water (14–18) as well as our results
herein showing no evidence of scleral ossicle development in
lumpfish are consistent with the proposals of Franz-Odendaal.

Our results provide four lines of evidence that wild lumpfish
M. albi cysts contain host immune components. First, our results
Frontiers in Immunology | www.frontiersin.org 13172
using Giemsa and basic fuchsin / toluidine blue differential
histochemical staining (Figures 3–5) suggest the presence of
leukocytic cells within the scleral cartilage cysts of wild lumpfish
where we detected M. albi (Figure 6). The cells we observed in
the cyst tissue resembled the leukocytes described in previously
published histochemical studies by Boomker et al., and Mumford
et al. (56, 57). Second, we detected the M. albi 18S ribosomal
RNA [as previously reported by Cavin et al., 2012 (25)] in scleral
cartilage cup tissues collected from wild but not in cultured
lumpfish, the latter of which do not harbor scleral cartilage cysts.
This result supports the notion that an immune response to
pathogen invasion, presumably involving host immune cells such
as leukocytes, is occurring in the M. albi cysts. Third, CD10,
which is known to be a marker for hematopoietic progenitor cells
in mammalian bone marrow (51), is present in lumpfish
(Figures 8–11) and is expressed in small round cells in the
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FIGURE 12 | Immunohistochemistry for CD10 in wild adult lumpfish scleral cartilage cysts. CD10 stain of cysts present in the scleral cartilage appeared as dark
brown staining [arrows in (A, B)] against light brown background staining seen in (C, D) and a light blue hematoxylin counterstain. Sections adjacent to those used
for anti-CD10 staining but instead stained with negative control [rabbit IgG (C, D)] show a similar level of background staining reaction to that seen in the
background of the anti-CD10 preparations. The cysts present in the scleral cartilage contained numerous small round leukocyte-like cells expressing CD10 well
above the background staining seen in (C, D). In higher power view (B), polymorphonuclear cells reminiscent of granulocytes and negative for CD10 were observed
in the scleral cartilage cysts (arrowheads). (E), Positive control human tonsil section serves as a positive staining control for CD10 (dark brown staining).
Magnification: (A), 200X; (B-E), 400X. We observed scleral cartilage cysts harboring CD10+ cells in scleral cartilage of three out of five independent healthy wild
specimens. Representative images are shown.
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FIGURE 13 | Analysis of histomorphology and CD10 expression in vaccinated and nonvaccinated V. anguillarum challenged lumpfish ocular tissues. (A, B), Giemsa
staining of retinal regions of vaccinated (A) and nonvaccinated (B) V. anguillarum challenged lumpfish ocular tissues. (A), in the vaccinated challenged animal the
scleral cartilage (sc) visible in the lower left corner of the image (dark blue staining), the rete mirabile (rm) vascular elements visible in the bottom right quadrant of
image and the retinal layers (r) located in the top half of image all appeared relatively undisturbed. (B), in the nonvaccinated challenged animal, the normal retinal
layers were lost, retinal tissue, which took up most of the image area, became thickened and disorganized. (C, D, F, G), CD10 expression (dark brown) in retinal
regions of vaccinated (C: 100X, F: 400X) and nonvaccinated (D: 100X, G: 400X) V. anguillarum challenged lumpfish ocular tissues. (E), magnified view (400X) of a
subretinal region of the Giemsa staining shown in (A) of a vaccinated V. anguillarum challenged lumpfish displaying areas of putative chondrogenesis staining dark
blue (arrows). (F), CD10 expression (dark brown, arrows) in a section adjacent to that shown in (E) of the same vaccinated V. anguillarum challenged lumpfish
revealed areas of CD10 expression closely coinciding with the areas of putative chondrogenesis visible in (E). Arrows in (C, D, F, G) indicate the CD10 stain
appeared as deep dark brown staining reaction against the lighter brown background. Sections adjacent to those used for anti-CD10 staining but instead stained
with no primary antibody (H) show only a similar level of background staining reaction to that seen in the background of the anti-CD10 preparations. IgM expression
(bright red stain) is elevated in thickened retinal regions of nonvaccinated animals (J) but only in choroidal vasculature (cv) areas of vaccinated animals (I) V.
anguillarum challenged lumpfish. r, retina; rm, rete mirabile; sc, scleral cartilage; cv, choroidal vasculature; pe, pigmented epithelium. Magnification: (A–D, 100X),
(E–H), 400X. Scale bars in (A, B) are also representative of scale in (C, D). For these studies, three individual previously vaccinated V. anguillarum challenged
lumpfish and 4 individual non-vaccinated V. anguillarum challenged lumpfish were assessed. Representative images are shown.
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scleral cartilage cysts of wild lumpfish (Figure 12). Forth, specific
staining for IgM was found in both cell-focused and more diffuse
staining patterns in the scleral cartilage cysts (Figure 7). The
IgM staining was specific since pre-absorption of the anti-
lumpfish IgM antibody with purified lumpfish IgM abrogated
the staining. Furthermore, western blot of purified lumpfish IgM
using this antibody (Figure S1) revealed the expected heavy and
light chains and the various dimers formed by lumpfish IgM,
further confirming the specificity of the anti-lumpfish IgM
antibody. These results are consistent with those obtained
using an anti-lumpfish IgM antibody described by Bilal
et al. (58).

Future studies will be needed to explore and define if the
CD10+ cells in lumpfish scleral cartilage cysts are indeed
hematopoietic or express other leukocyte characteristics.
However, taken together, our collective evidence supports the
hypothesis that scleral cartilage cysts commonly develop within
the scleral cartilage of wild lumpfish and are composed of a
mixture of different host cells of leukocytic lineages and spores or
other life cycle material related to a subclinical myxozoan
infection. The high number of CD10+ cells in myxozoan
infected ocular cartilage tissue raises questions about the level
of specificity of this immune response. While lumpfish are
known to express genes coding for components of specific
immune responses (i.e., as mediated by T and B lymphocytes)
and have been demonstrated to mount measurable specific
immune responses (42, 47, 59, 60), less is known about innate
immune responses in lumpfish. However, lumpfish B
lymphocytes are known to be phagocytic (60), suggesting that
unique forms of innate immunity could exist in lumpfish. It
remains possible that the large CD10+ cell presence in M. albi
cysts represents a component of a nonspecific innate immune
response. Future studies will be needed to explore this.

The absence of scleral cartilage cysts with leukocytic-like
tissue and CD10 expression in lumpfish cultured under aseptic
conditions at JBARB suggests that CD10 might be useful as a
biomarker for myxozoan infection in lumpfish. Since none of the
wild animals we analyzed in this study had exophthalmos or
other overtly detectable clinical grade disease, our results suggest
that lumpfish might uniquely develop an intra-ocular host
response to stabilize or contain myxozoan damage to scleral
cartilage and other eye structures.

As mentioned previously, V. anguillarum infects the eyes of
lumpfish andcauses exophthalmia. Therefore,we also evaluated the
presence of CD10+ cells and IgM in the ocular tissues of lumpfish
vaccinated and non-vaccinated after challenge and infection,
respectively. While scleral cartilage, rete mirabile vascular
elements and retinal layers appear relatively undisturbed in
vaccinated and V. anguillarum challenged animals (Figures 13A,
C), non-vaccinated infected animals show non-artifactual loss of
normal retinal layers, thickening and disorganization of retinal
tissues (Figures 13B, D) and large numbers of CD10+ cells
associated with these retinal lesions (Figures 13D, G), similar to
those we described previously as various forms of retinopathy (61–
63). Moreover, areas of putative chondrogenesis or dystrophic
mineralization observed in one of the non-vaccinated infected
animals (Figure 13E) closely coincide with areas of CD10
Frontiers in Immunology | www.frontiersin.org 15174
expression (Figure 13F) reminiscent of the leukocytic infiltration
comprised of mast cells, macrophages, T and B lymphocytes and
neutrophils during auricular chondritis in cat (Felis catus) cartilage
regeneration as described by Wilson and colleagues (22). An
increased level of IgM expression was present in the retinal
lesions in the non-vaccinated infected animals compared to the
vaccinated challenged animals (Figures 13J, I, respectively)). Our
results suggest that the immune interaction with the pathogen,
either bacterial ormyxozoan, increasesCD10+ cells, IgM+ cells and
IgM in the ocular tissue. Our results support the idea that normal
lumpfish ocularCD10 expression changes in response to pathogens
and that CD10+ cells are recruited to regions of intraocular disease
in an ocular immune response to pathogens.

The expression of CD10 and its co-expression with other
markers such as ASMA in lumpfish tissues prompts additional
questions. CD10 marks hematopoietic progenitor cells in
mammalian bone marrow (51) and is considered to play a
functional role in development of stem cells (44). Other studies
have shown that CD10 expression by stromal cells is involved in
maturation niches mediating B lymphocyte development in bone
marrow (64). There is also evidence that CD10 plays a role in
chondrogenesis (65, 66). Herein we observed specific CD10
expression in numerous small cells in follicular regions of the
head kidney (Figure 11A) and in basal cells of the renal tubules
(67) of the head kidney (Figure 11B). Zebrafish renal tubule
tissue contains stem cells that can act to regenerate kidney
throughout life (68) but we do not know if these cells express
CD10 or if the CD10+ cells that we observed in lumpfish renal
tubules are stem cells. In normal adult lumpfish eye, CD10 is
expressed in a well-defined peri-photoreceptor pattern in the
outer layers of the retina and in well-defined bands in the inner
layers of the retina which, upon double IHC, is observed to
largely colocalize with ASMA (Figures 11C–F). The
colocalization of CD10 and ASMA in normal lumpfish retina
is intriguing but requires further study. The CD10 expression in
normal retina is also reminiscent of the expression of CD10 in
sable fish brain (47). Since ASMA is known to be expressed by
neural crest cell derived lineages (69, 70), further work could
explore if ASMA-like expression in C. lumpus retina is
functionally related to CD10 or other properties of retinal
nervous tissue in health and disease states. The size and shape
of the CD10+ cells in the scleral cartilage cysts best matches the
phenotype of “possible precursor cells” but could also represent
lymphocytes, macrophages or granulocytes previously described
in lumpfish (42). Another CD10 expression pattern that we
observed in the lumpfish eye was in cells of a more stromal or
dendritic morphology (64). Beyond its well-known classical role
in hematopoiesis, the dysregulated expression of CD10
(otherwise known as neprilysin, membrane metallo-
endopeptidase, neutral endopeptidase, common acute
lymphoblastic leukemia antigen), is known to be associated not
only with leukemia but also with ocular and neurological diseases
in mammal (44, 71–73). Much remains to be discovered about
the characteristics and roles of CD10 in both normal and
pathogen-bearing lumpfish tissues.

To conclude, we propose that lumpfish possess a novel IgM
and CD10+ cell-related intraocular response to pathogens in
November 2020 | Volume 11 | Article 576897
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order to mitigate damage to eye structures. Recent studies have
demonstrated that IgT-B cells play a key role in fish mucosal
immune responses to parasitic and bacterial pathogens (63).
Future studies could assess if IgT-B cells contribute to a putative
ocular specific immune response to infection by pathogens. A
recent national level analysis of cleaner fish use on salmon farms
in Norway concluded that, while benefits of the use of cleaner
fish on some farms is clear, suboptimal usage of cleaner fish
remains in some settings (74). Our results raise the possibility
that pathogen mediated visual disruption might impact cleaner
fish visual health in such settings. While our results provide some
examples whereby subclinical opportunistic disease might be
manageable by wild lumpfish, they also raise the more broadly
important questions of how subclinical disease processes impact
normal visual function and survival of lumpfish in the wild or
efficacy as pest biocontrol.
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Evolution and Expression of the
Immune System of a Facultatively
Anadromous Salmonid
Thomas J. Colgan1*†‡, Peter A. Moran1,2†‡, Louise C. Archer1,2, Robert Wynne1,2,
Stephen A. Hutton1,2, Philip McGinnity1,3 and Thomas E. Reed1,2†

1 School of Biological, Earth and Environmental Sciences, University College Cork, Cork, Ireland, 2 Environmental Research
Institute, University College Cork, Cork, Ireland, 3 Marine Institute, Newport, Ireland

Vertebrates have evolved a complex immune system required for the identification of and
coordinated response to harmful pathogens. Migratory species spend periods of their life-
cycle in more than one environment, and their immune system consequently faces a greater
diversity of pathogens residing in different environments. In facultatively anadromous
salmonids, individuals may spend parts of their life-cycle in freshwater and marine
environments. For species such as the brown trout Salmo trutta, sexes differ in their life-
histories with females more likely to migrate to sea while males are more likely to stay and
complete their life-cycle in their natal river. Salmonids have also undergone a lineage-specific
whole genome duplication event, which may provide novel immune innovations but our
current understanding of the differences in salmonid immune expression between the sexes is
limited. We characterized the brown trout immune gene repertoire, identifying a number of
canonical immune genes in non-salmonid teleosts to be duplicated in S. trutta, with genes
involved in innate and adaptive immunity. Through genome-wide transcriptional profiling
(“RNA-seq”) of male and female livers to investigate sex differences in gene expression
amplitude and alternative splicing, we identified immune genes as being generally male-biased
in expression. Our study provides important insights into the evolutionary consequences of
whole genome duplication events on the salmonid immune gene repertoire and how the
sexes differ in constitutive immune expression.

Keywords: facultatively anadromous, immunity, gene expression, gene duplications, sexual dimorphism, salmonids
INTRODUCTION

Species that migrate face a range of challenges. First, the physical act of migration can be
metabolically and energetically demanding, resulting in trade-offs with other metabolically
intensive physiological processes, such as immunity, when resources are limiting (1–3). Second,
migratory species move through different environments and hence may be exposed to different
pathogens and parasites (4, 5). For aquatic species that exhibit diadromy—the ability to move
between marine and freshwater environments—an efficient immune system is required to cope with
org February 2021 | Volume 12 | Article 5687291178
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the challenges imposed by living in, and moving between,
different osmotic environments with different pathogen and
parasite communities.

In vertebrates, a sophisticated immune system has evolved
that performs two vital functions: 1) the recognition and
distinction of invasive pathogenic organisms from normal cells
(“self”), and 2) coordinating an appropriate response through
triggering pathways responsible for the synthesis of effector
molecules that directly or indirectly reduce or remove the
pathogenic threat (6, 7). Aside from detection of non-self-
pathogenic organisms, the immune system also functions in
the removal of abnormal cells and thus provides an important
role in reducing the development and onset of disease.

Given the importance of the immune system in preventing
infection and establishment of disease, there is strong selection
pressure acting on immune genes. In response to these pressures,
immune genes are generally fast evolving (8, 9). Additional
innovations in immune potential can also arise through
tandem duplication, retrotransposition, larger scale duplication
of chromosomal regions or entire chromosomes, as well as whole
genome duplication events (WGD). For example, two rounds of
WGD events are suggested to have contributed to the genesis of
the adaptive immune system in vertebrates (10). Indeed, WGD
events produce duplicated copies of all genes, which selection can
act on resulting in retention or removal of one or both copies. In
terms of removal, as with general duplication events, gene loss
can occur through reduced purifying selection resulting in
functional divergence between the copies. Accumulation of
deleterious mutations may eventually lead to one copy
becoming non-functional (11). Gene loss may also be adaptive.
For example, loss of gene function in a duplicated copy may be
adaptive in response to environmental challenges (12, 13),
including pathogens (14, 15). Alternatively, after duplication of
a gene, functional divergence can occur whereby one copy
evolves a slightly different or entirely novel function relative to
the other copy. Functional divergence can result in
subfunctionalization, whereby individual copies specialize on
different components of the same function originally
performed by the ancestral gene pre-duplication (i.e., “division
of labor”), or neofunctionalization, whereby one copy may evolve
a novel function (16).

As stated previously, the continuous expression and
activation of immunity can be metabolically costly, resulting in
trade-offs with fecundity and longevity (17). In particular, the
sexes can differ in their levels of immune function with greater
immunocompetence generally evident in females in comparison
to males (18–23). Lower immunocompetence in males has been
attributed in proximate terms to differences in circulating levels
of hormones and their effects, such as androgen, and in ultimate
terms to differences in life-history strategies, with males investing
more in reproduction and associated secondary sexual characters
while females invest in immune function and longevity (24).
Moreover, in facultatively migratory species, differences are often
evident between the sexes in the rate or timing of migration (25–
28), which in turn has implications for exposure to pathogens
and parasites and investment in immune defense. Differences in
Frontiers in Immunology | www.frontiersin.org 2179
the level of immunity between the sexes can be detected at the
transcriptional level (22, 29–31), whereby genes associated with
the immune system may differ in their expression between the
sexes. Approaches such as genome-wide transcriptomics (“RNA-
seq”) are important tools for high-resolution detection and
profiling of genes that differ in expression amplitude, as well as
splicing, between the sexes. Such approaches have been applied
to improve our understanding of genes underlying sexually
dimorphic traits in a variety of taxa (32–35), including
immunity (36).

An interesting study system for understanding the evolution
and expression of the immune system and how it differs between
the sexes are the salmonids, a group of culturally, economically
and ecologically important teleost fish (37). The salmonids
consist of approximately 70 species across 11 genera that have
evolved flexible life-histories with a diversity of ecological
adaptations that allow for migration to, and survival in, a
range of freshwater and marine aquatic environments (38).
There is a gradient from entirely non-anadromous species
(which complete their entire life cycles in fresh water) through
facultatively anadromous species to species that are almost
entirely anadromous (39–44). Within facultatively anadromous
species, rates of anadromy and other migratory tactics can vary
between populations, and even among individuals within
populations, particularly between the sexes with females more
likely to undergo migration than males (42, 43, 45, 46).

Survival for prolonged periods in different aquatic
environments, which contain different pathogenic threats,
requires an immune system that can detect and respond to a
diverse array of immune challenges. These factors likely placed
strong selection pressures that shaped immune system evolution
but additional immune novelty in salmonids may be the result of
the salmonid-specific WGD event. The common ancestor of
salmonids underwent an autotetraploidization event
approximately 80–100 mya (47–49), which is believed to have
contributed to genomic and phenotypic innovation as well as
speciation within the salmonids (50). While the timing of the
WGD event and first appearance of the anadromy during
salmonid evolution are highly temporally detached, speciation
rates were shown to be elevated within anadromous salmonids
compared to non-anadromous salmonids with ecological factors,
such as climate cooling, rather than the WGD suggested as the
primary drivers of anadromy-linked diversification (47). The
sequencing of the Atlantic salmon (Salmo salar) genome
revealed that approximately 25% of the genome is undergoing
delayed rediploidization, which is associated with major
chromosomal rearrangements (48). Delayed rediploidization
has been ongoing in parallel with speciation events, which has
led to the proposal of ‘lineage-specific ohnolog resolution’
(LORe) as a mechanism to understand the impact of delayed
rediploidization on the functional divergence of ohnologs across
lineages that share a common ancestral WGD event (50). Under
LORe, species divergence occurs before the rediploidization
process is complete resulting in functional divergence of
ohnologs independently within each lineage. The alternative
model predicts rediploidization is completed prior to species
February 2021 | Volume 12 | Article 568729
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diversification resulting in functional divergence of ohnologs
within a shared ancestor (“Ancestral Ohnologue Resolution” or
“AORe” model).

Due to shared selection pressures acting on ohnologs within a
common ancestor, ohnologs that diverged in an ancestor are
predicted to possess conserved functions across modern lineages
(50). Recent genomic studies on salmonids have found evidence of
relatively high rates of retention of duplicated genes arising from
this most recent WGD (>50% of genes being found in functional
ohnolog pairs), as well as evidence of neofunctionalization, whereby
copies may diverge and are suggested to perform novel functions
(48, 51, 52). Indeed, the evolutionary consequences of such events
have served as impetus to examine functional divergence among
ohnologous genes with putative immunological roles in salmonids
(53–56). Despite these advances in our fundamental understanding
of salmonid immunology, we understand less for species, such as
the facultatively anadromous, brown trout (Salmo trutta). Recent
declines in sea migration of S. trutta populations in Ireland and
Scotland have raised concerns over the impact of disease and
parasites, such as sea lice, on brown trout health and population
performance (57–59). Given the enormous selection pressures
exerted by parasites on their hosts, host defenses, including
components of the host immune system, would be required to
adapt to tolerate or resist so as to increase host survival and fitness
(60). Therefore, increasing our understanding of brown trout
immunity is warranted.

Here we had three main aims: Firstly, to characterize
predicted immune genes found in the brown trout genome.
For this, we used comparative genomic approaches to identify
these genes in S. trutta based on homology with immune genes
annotated in model organisms, such as zebrafish (Danio rerio),
mouse (Mus musculus) and human (Homo sapiens). Given the
overall enlarged gene repertoire in salmonids due to the
salmonid-specific WGD event, as well as the strong selection
pressures placed on immune genes by pathogens from both
marine and freshwater environments, we would expect retention
of most canonical immune genes, as well as the potential
expansion of beneficial immune gene families. Secondly, we
aimed to investigate evolutionary patterns of functional
conservation and divergence, including gene loss in S. trutta
immune ohnologs. Our final aim was to identify immune genes
with sex-biased expression profiles. For this approach, we
performed transcriptomic analyses on the liver, an important
immunocompetent organ (61, 62), and quantified differences
between males and females in gene expression amplitude, as well
as alternative splicing, to identify molecular processes underlying
sex differences in immune transcription and regulation.
MATERIALS AND METHODS

Identification of Putative Brown Trout
Immune Homologs
To identify genes in brown trout with putative immune function,
we obtained gene lists for annotated immune genes in the
zebrafish, Danio rerio [obtained from Zebrafish Information
Frontiers in Immunology | www.frontiersin.org 3180
Network (ZFIN) database; (63)], as well as for the mouse, Mus
musculus (obtained from Mouse Genome Informatics (MFI)
database (64) and human, Homo sapiens [obtained from
ImmPort (65)]. Using biomaRt [v. 2.45.8; (66)], we parsed the
Ensembl BioMart database to identify “high confidence”
orthologs found in the brown trout genome based on
homology (phylogenetic protein trees), as well as conserved
synteny (gene order conservation score and whole genome
alignment scores). The threshold for classification of a brown
trout gene as a ‘high confidence’ ortholog included: 1) a
minimum gene conservation score of 50, which indicates the
percentage of how many of the four closest neighbors of a gene
match been orthologous pairs (i.e., at least two (50%) of
neighboring genes match); 2) a minimum whole genome
alignment score of 50; and 3) a minimum protein percentage
identity of 50%. This approach identified 2,275 brown trout
genes with homology to immune genes in three model organisms
(Supplemental Information Table 1).

Identification of Putative Immune Genes
Across Salmonids
As a preliminary measure to understand immune gene
repertoires across salmonids, we investigated the presence of
homologues of putative brown trout immune genes in other
salmonid species. To identify homology relationships, we first
followed the approach outlined by Gillard et al. (51), and
obtained protein sequences for the predicted proteomes from
Ensembl [release 101; (67)] for twelve teleost fish, including the
zebrafish (Danio rerio; GRCz11: GCA_000002035.4), three-
spined stickleback (Gasterosteus aculeatus; BROAD S1),
Japanese medaka (Oryz ias la t ipe s ; ASM223467v1 :
GCA_002234715.1), Northern pike (Esox Lucius; Eluc_v4:
GCA_004634155.1), Atlantic herring (Clupea harengus;
Ch_v2.02: GCA_900700415.1), Atlantic cod (Gadus morhua;
gadMor1), and guppy (Poecilia reticulata; GCA_000633615.2),
and the salmonids, rainbow trout (Oncorhynchus mykiss;
Omyk_1.0: GCA_002163495.1), Coho salmon (Oncorhynchus
kisutch; Okis_V2: GCA_002021735.2), Chinook salmon
(Oncorhynchus tshawytscha; Otsh_v1.0: GCA_002872995.1),
Atlantic salmon (Salmo salar; ICSASG_v2: GCA_000233375.4),
and brown trout (Salmo trutta; fSalTru1.1: GCA_901001165.1).
From Ensembl, we also obtained two mammalian outgroups,
human, Homo sapiens (GRCh38.p13: GCA_000001405.28), and
mouse, Mus musculus (GRCm38.p6: GCA_000001635.8). For
protein FASTA files downloaded from Ensembl, we extracted the
longest protein isoform per gene per species using the
OrthoFinder script “primary_transcripts.py” [v.2.3.11; (68,
69)]. We used OrthoFinder to assign groups of orthologs based
on protein sequence similarity. Multiple sequence alignment was
performed for protein sequences within each orthogroup using
MAFFT. Maximum-likelihood trees were estimated using
FastTree as implemented within OrthoFinder. OrthoFinder
constructed a total of 47,752 orthogroups of which 22,101 were
species-specific groups (Supplemental Information Table 2).
The percentage of genes per species represented in the
orthogroups was high (92%–97.5%). We parsed these
February 2021 | Volume 12 | Article 568729
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orthogroups using the putative brown trout immune genes
identified through the Ensembl-based analysis (n = 2,275
genes) and identified putative immune homologs present in
1,227 orthogroups (Supplemental Information Table 3). As a
secondary measure to understand immune gene expansions and
losses within the salmonids, we ran OrthoFinder using only the
five salmonid proteomes, as well as Northern pike, the closest
related species that did not undergo a fourth WGD event (70).
While other salmonid genomes are publicly available, we
restricted our analysis to Ensembl-generated datasets to
account for gene models being predicted using a similar
annotation pipeline (Supplemental Information Table 4). The
presence of single copy orthologs in both Northern pike and all
sequenced salmonids suggests that gene loss occurred in a
common ancestor of modern salmonids soon after the WGD
event or multiple independent losses have occurred across
the salmonids.

Expression of Brown Trout Immune Genes
To examine the functional expression of putative immune genes
of S. trutta, we obtained available RNA-seq libraries for eight
tissues from the NCBI (National Center for Biotechnology
Information) Short Read Archive (SRA) database (BioProject:
PRJEB33055). For each sample, we quantified transcript
abundance using the quasialigner, Salmon [v.0.12.0; (71)].
Using these transcript abundances, we calculated gene-level
counts using tximport [v.1.14.2; (72); Supplemental
Information Table 5] and corrected for library-sizes using
DESeq2 [v.1.26.0; (73)]. For each tissue, we quantified the total
number of immune genes expressed per tissue, as well as
compared relative abundance of immune gene expression for
each tissue against non-immune genes.

Identification of Putative Immune
Ohnologs
To identify putative immune ohnologs, we first extracted within-
species paralogs for brown trout using the Ensembl BioMart
database (filter: “with_strutta_paralog”). Ensembl employs a
pipeline that through protein trees can time and predict the
last common ancestor for paralogs. We then subsetted putative
immune genes identifying putative species-specific paralogs (n =
456), genus-specific (n = 344), as well as paralogs predicted to
have arisen in the Salmoninae ancestor, which may represent
paralogs generated as a result of the Salmonid-specificWGD. For
each of these “Salmoninae” paralogs present in the brown trout
genome, we subsetted and retained paralogs that shared at least
85% protein sequence similarity. We then obtained the Northern
pike ortholog of each putative paralog. We extracted paralog
pairs where only a single non-duplicated pike ortholog was
evident, which matched only two paralogs in brown trout. For
this, we kept only Northern pike orthologs that shared at least
85% sequence similarity to each of the brown trout paralogs. We
also investigated the physical genomic coordinates of each
ohnolog identifying that collinearity among putative immune
ohnolog pairs is a global feature of the data, consistent with these
genes being ohnologs. We therefore consider these brown trout
Frontiers in Immunology | www.frontiersin.org 4181
paralogs as putative ohnologs. We found no significant difference
(paired two sample t-test; p > 0.05) in predicted protein length
between each ohnolog pair or their respective non-duplicated
ortholog in Northern pike. This approach resulted in the
identification of 434 ohnolog pairs (n = 868 genes) with
potential immune function. We also extracted Atlantic salmon
homologs of putative immune ohnolog pairs in brown trout and
compared overlap with the S. salar ohnolog pairs described by
Bertolotti et al. (74). Of the 434 brown trout immune ohnolog
pairs, 408 pairs shared homologs in Atlantic salmon. Of this
number, 88% (n = 362) were also identified as ohnolog pairs
within the analysis of Bertolotti et al. providing independent
evidence for the classification of such immune genes as ohnologs.

Ohnolog Analysis of Immune Genes
Assessment of Putative Functional Conservation and
Divergence
For each ohnolog pair, we estimated the evolutionary distance
between each pair and the non-duplicated ortholog in Northern
pike using distmat from EMBOSS [v.6.6.0; (75)] (in terms of
amino acid substitutions per 100 amino acids; Supplemental
Information Table 6). This allowed for the determination of
copies that were more conserved or diverged in terms of protein
sequence while accounting for variation in predicted amino acid
length. To explore variation in functional domain architecture,
we obtained InterPro functional domains assigned to predicted
proteins for each pair from Ensembl BioMart (67). We then
counted and compared the number of assigned domains for each
ohnolog pair to identify any differences, which may be consistent
with the genes performing different functions. As variation in
protein length may explain variation in protein domains, we also
compared predicted protein lengths between ohnologs
identifying no significant difference in length (paired two
sample t-test; p = 0.6).

Assessment of Variation in Expression Profiles
Between Ohnologs
Using the gene-level counts generated by eight tissues, we
generated co-expression clusters for putative immune ohnologs
using Clust [v.1.10.8; (76)]. Here differences in expression
profiles between ohnologs may reflect functional divergence,
which has been determined in other salmonid species (48, 49,
51, 77). To determine divergence, we extracted ohnolog pairs
that were assigned to different co-expression clusters and used
corrected counts per sample generated by Clust for visualization
purposes. Gene assignments to clusters are provided in
Supplemental Information Table 7.

Assessment of Variation in Selection Patterns Acting
on Ohnologs
To understand differences in selection acting on each pair, we
calculated dN/dS ratios between each brown trout ohnolog and
their respective non-duplicated Northern pike ortholog
(Supplemental Information Table 6). We first aligned
predicted protein sequences using clustal Omega [v.1.2.4; (78)]
and converted the aligned sequences to nucleic acids using
February 2021 | Volume 12 | Article 568729
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pal2nal [v.14; (79)] to obtain codon-based nucleic acid
alignments. We then ran codeML as part of PAML [v.4.9;
(80)] to estimate dN/dS ratios.

Sampling of Laboratory-Based Brown
Trout
To provide additional functional information on brown trout
immune genes, and to examine potential sex differences in
immune expression, we sampled livers from mature male and
female S. trutta for transcriptomic analyses (Supplemental
Information Table 8). For the present study, the fish used
originated from a larger experimental aquaculture project that
explored the expression of alternative life history tactics in brown
trout (81, 82). This wider set-up involved 18 different tanks all
connected within a recirculating aquaculture system (RAS), but
in the current analysis, all our sampled fish came from two
independent tanks (with each tank comprising fish from a
different genetic background). Full details on the origins of the
fish, fish husbandry procedures and other general information
are given in Archer et al. (81, 82).

Tissue Collection for Gene Expression
Analysis
All fish were dissected between May and June 2018 (the endpoint
of the larger experiment) when the fish were between two and
three calendar years old. We collected livers from each individual
fish and transferred the tissues to fresh 2 ml Eppendorf tubes
containing RNALater solution. Samples were kept for 24 h at
room temperature, and then stored at -80°C for later analysis.
Samples during dissection were visually checked for mature
testes or ovaries. For confirmation of genetic sex, we also
obtained caudal fin clips from each fish during dissection and
stored in 100% ethanol before subsequent genotyping.

RNA Extraction, Purification, and
Quality Assessment
Total RNA was extracted from a total of 37 tissues using TRIzol.
Specifically, we extracted RNA from fifteen livers frommales and
from 22 livers from females. For RNA extractions, we removed
each sample from -80°C long-term storage and incubated them
on ice to thaw. Using a pipette, the RNALater solution was
removed. We added 1ml of autoclaved phosphate-buffered saline
to each tissue to briefly wash them before using sterilized forceps
to transfer each washed tissue to an individual 2ml screw-cap
homogenization tube. To each sample, 200ul of TRIzol was
added and the sample was transferred to -80°C storage. Tissue
disruption was performed using a 2 mm steel bead and a
Tissuslyer II (Qiagen, UK). To each sample, a 2 mm steel bead
was added and samples were homogenized at 30 Hz for 30 s.
Post-homogenization, samples were visually inspected to ensure
thorough disruption. Total RNA was extracted using chloroform
followed by isopropanol precipitation. Precipitated RNA was
washed using three washes of ethanol before elution in the
elution buffer (Sigma, UK). Total RNA was purified using the
Sigma GenElute Mammalian Total RNA kit. Quality assessment
was initially performed using a NanoDrop ND-1000
Frontiers in Immunology | www.frontiersin.org 5182
(ThermoFisher, UK) while an accurate assessment of quantity
was estimated using the Qubit fluorometer, followed by a
TapeStation 2200 (Agilent, UK).

Library Preparation and Sequencing
mRNA-enriched library preparation was performed for each
individual sample using the NEBNext® Ultra™ RNA Library
Preparation kit and sequencing performed on an Illumina
NovaSeq6000. Library preparation and sequencing was
performed by NovoGene, Hong Kong. Sequencing resulted in a
median of 26.1 million paired-end (PE) reads (2*150 bp) per
individual (min. 20.1 million PE reads; max. 34.2 million PE
reads). A combined total of 980 million PE reads were generated.
Summary of sample information is provided in Supplemental
Information Table 8.

Quality Assessment of Raw Sequences
We quality assessed raw FASTQ sequences using FastQC
[v.0.11.8; (83)] to identify adaptor contamination and
sequences of low quality. Raw reads were aligned against the
reference genome assembly (GCA_901001164.1) for Salmo
trutta using STAR [v.2.7.0a; (84)]. Alignment statistics were
calculated using samtools flagstat [v.1.9; (85)]. Summary
statistics of alignments were compiled using Qualimap [v.2.2.1;
(86)] and the output visualized using MultiQC [v.1.7; (87)].

Transcript Abundance, Gene-Level
Estimates, and Differential Expression
Analysis
We quantified transcript abundance using two complementary
approaches. Similar to the approach outlined above, using
Salmon, we quasialigned raw reads against cDNA sequences
for coding and non-coding genes available for S. trutta from
Ensembl. We calculated gene-level counts using tximport and
loaded these values into a DESeq2 object using DESeq2. Raw
gene-level counts are provided in Supplemental Information
Table 9. We performed a Wald test implemented by DESeq2 to
identify significantly differentially expressed genes between
males and females (Benjamini-Hochberg (BH) adjusted p <
0.05; Supplemental Information Table 10). To explore
similarities in expression profiles across all samples, a principal
component analysis was performed with DESeq2 for all samples
using gene-level counts for 33,228 genes expressed in the liver
following a variance stabilization transformation implemented
by DESeq2. As a complementary measure, for each individual,
we examined gene expression using a traditional aligner-based
approach. We aligned reads against the brown trout reference
genome assembly using STAR and extracted gene-level counts
from the resultant BAM files using HTSeq [v. 0.11.2; (88);
Supplemental Information Table 11]. We found an extremely
high correlation (Pearson’s correlation: r=0.9, p < 2.2e-16)
between the mean gene-level counts for both this approach, as
well as the Salmon approach outlined above. This is also true for
comparisons for individual samples across both approaches
(lowest r=0.83, highest r=0.97). As an additional measure, we
analyzed and compared the number of differentially expressed
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genes identified with DESeq2 when using the output of either
transcript quantification approach (Supplemental Information
Table 12). We found that >85% of genes identified as
significantly differentially expressed between the sexes by
Salmon were also identified as significant by the STAR-HTSeq
approach. As quasi- and pseudoaligners, such as Salmon and
kallisto, have higher accuracy and consistency in transcript
quantification compared to traditional aligners (89), we report
only the findings of our Salmon analysis.

Differential Intron Usage Between
the Sexes
While the sexes may express genes at different amplitudes, they may
also express different isoforms of the same gene. We used the intron-
splice analyzer leafcutter [v.0.2.8; (90)] to investigate differences
between the sexes. Briefly, for each sample, we aligned raw reads
against the brown trout genome assembly (GCA_901001165.1) using
STAR (–outSAMstrandField intronMotif, –twopassMode Basic). We
extracted splice junctions using bam2junc.sh and generated intron
clusters using leafcutter.py (parameters: –minclureads 50, –
maxintronlen 500000, –minreads 5). We then performed
differential intron analysis using leafcutter_ds.R whereby for a
cluster to be included it must be identified within at least five
individuals within each sex (parameters: –min_samples_per_intron
5, –min_samples_per_group 5) to allow for investigation of genes
with signatures of differential intron usage between the sexes.
Leafcutter implements a log likelihood ratio test comparing a null
model that assumes there is no difference between groups and an
alternative model, which does. We adjusted resulting p values for
multiple testing (False Discovery Rate < 0.05; Supplemental
Information Table 13).

Gene Ontology Term Enrichment Analysis
of Immune and Sex-Biased Genes
Gene Ontology term enrichment analysis and visualization of
outputs were performed using modified scripts generated by
Colgan et al. (91). As the zebrafish is a model organism with
extensive functional annotation of genes, we assigned GO terms
for genes in the Danio rerio genome to putative S. trutta
orthologs using biomaRt. We performed GO term enrichment
analysis using topGO [v.2.34; (92)] with the ‘weight01’ algorithm
and a node size of 20. The background universe consisted of all
genes (n = 29,527) annotated with a Gene Ontology term.

For functional annotation of putative S. trutta immune genes,
we performed a Fisher’s Exact test to identify enrichment of GO
terms for species-specific duplications, genus-specific and putative
immune ohnologs (Figure 1). For sex-biased immune genes, we
performed Gene Ontology term enrichment analysis using a
Kolmogorov-Smirnov (K-S) test. For all tests, we corrected for
multiple testing using the Benjamini-Hochberg procedure and
only reported terms as significant with an adjusted p < 0.05.

Statistical Tests
For comparison between metrics associated with ohnologs,
including variation in raw gene expression, predicted amino acid
length, dN/dS ratios and evolutionary distance to non-duplicated
Frontiers in Immunology | www.frontiersin.org 6183
ortholog outgroup, we used base statistical functions in R (v. 3.5.1).
For pairwise comparison of means, we used Welch Two sample t-
tests or Wilcoxon rank sum test. We tested for correlations using
Pearson’s product moment correlation coefficient.
RESULTS

Functional Annotation of Salmo trutta
Immune Genes
Through comparison with annotated immune genes in zebrafish,
mouse and human, we identified 2,275 putative homologs
encoded by the brown trout genome (Supplemental
Information Table 1). As expected, due to the salmonid-
specific WGD event, the number of genes with putative roles
in the immune system were elevated in salmonids in comparison
to non-salmonid fishes (Figure 2) with the analysis by
OrthoFinder indicating an additional 1,132 homologous
sequences based on sequence similarity alone. However, as the
immune orthologs identified by Ensembl are assigned based on
additional synteny-based information, we consider the 2,275 of
higher confidence and therefore, we based the rest of our
analyses on these genes.

To identify if putative S. trutta immune genes are transcribed
and therefore can be considered functional, we first investigated
gene expression of all potential immune genes across eight
available tissues (PRJEB33055). Collectively, we identified
evidence of expression for 2,233 genes out of 2,275 (98.1% of
immune genes) with 1,587 genes (69.8% of putative immune
genes) expressed across all tissue types (Figure 3; Supplemental
Information Table 5). We identified significantly higher
expression (Wilcoxon test: p < 0.05) of immune genes in
comparison to non-immune genes for all tissues examined,
including immunocompetent organs, such as the spleen,
kidney and liver, as well as the gills, which are an entry point
for infection.

Functional Conservation and Divergence
in Immune Genes
To understand the evolutionary consequences for the immune
system post salmonid-specific WGD, we compared the predicted
brown trout gene complement to that of the Northern pike, E.
lucius. Using the 2,275 putative immune genes in the brown trout
genome, we obtained 2,000 ‘high-confidence’ orthologs in
Northern pike. Of this number, 1,444 were present as 2:1
orthologs of Northern pike genes with 868 genes (434 pairs;
Supplemental Information Table 6) annotated by Ensembl as
paralogs with the time of duplication estimated within the
Salmoninae, suggesting that these genes may be produced by
the salmonid-specific WGD and represent ohnologs. Of the
other 2:1 duplicate pairs, 30 (n = 60 genes) and 27 (n = 54
genes) were estimated to have duplicated within the genus Salmo
and within S. trutta, respectively. The remainder may represent
older duplication events, form part of expanded gene families in
brown trout or represent gene losses in Northern pike. In terms
of potential immune gene loss, we identified 253 immune genes
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with 1:1 copies in both S. trutta and Northern pike. Of these 253
genes, OrthoFinder also identified 127 as single copy
across salmonids.

To investigate patterns of functional conservation and
divergence among immune ohnolog pairs, we first examined
structural variation between ohnolog pairs in terms of the
number of functional domains. Of the 434 immune ohnolog
pairs, all proteins were annotated with at least one functional
domain with 42 pairs differing in the number of functional
domains with the more diverged copy generally having fewer
domains suggestive that predicted proteins for at least ~11% of
immune ohnolog have the potential to perform different functions.
Overall, however, there was no significant difference in the number
of predicted functional domains that each copy had (Wilcoxon test:
p > 0.05; Figure 4). Similarly, there were no significant differences
(Wilcoxon test: p > 0.05) in the mean gene, CDS or predicted
protein length of ohnolog pairs. We also investigated variation
between the pairs in terms of divergence from the single copy
ortholog in Northern pike. Here, the more diverged copies based on
evolutionary distance had significantly higher dN/dS ratios (paired
two-sample t-test: p < 0.05; Figure 4) in comparison to more
Frontiers in Immunology | www.frontiersin.org 7184
conserved copies but overall indicated that both copies for those
pairs analyzed were under strong purifying selection (dN/dS < 0.25).

To understand differences in gene expression profiles between
immune ohnolog pairs, we performed a hierarchical clustering
analysis to explore patterns of functional divergence. As a
provisional measure, we first constructed co-expression networks
using all putative immune genes identifying eight clusters consisting
of 823 genes (smallest cluster = 20 genes; largest cluster = 257
genes). For immune ohnologs (n = 434 pairs), our analysis clustered
302 immune ohnologs into seven respective co-expression clusters
(Figure 5). Of this number, 152 assigned genes belonged to ohnolog
pairs (i.e., 76 pairs), where both ohnologs could be assigned to a co-
expression network. The majority of these pairs (n = 55 pairs) were
assigned to the same co-expression network indicating that both
copies have conserved expression profiles across tissues suggestive
that functions may also be conserved. Twenty one immune ohnolog
pairs showed divergent co-expression profiles (Figure 5). For the
remainder of the genes (n = 150) assigned to a cluster, they
represent only one ohnolog from a pair where the other copy was
unassigned due to lack of variation in expression or lack of
expression across tissues.
FIGURE 1 | Expanded immune gene repertoire in the brown trout genome. Barchart displaying the top 50 significantly enriched ‘biological process’ associated
Gene Ontology terms for putative immune genes with more than one copy in the brown trout genome in comparison to non-duplicated single copies in the Northern
pike genome. For each significantly enriched term (Benjamini-Hochberg adjusted p < 0.05), the -log10 transformed p value is provided. For each term, the number of
genes annotated with that specific term in the predicted S. trutta proteome is provided. The blue dotted vertical line represents threshold of significance (-log10
transformed p = 0.05).
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Assessment of Gene Loss in Brown Trout
Immune Genes
Single copy genes present in salmonid genomes may be the result
of adaptive loss or loss of a duplicated copy through neutral
processes. First, using the reduced comparative dataset, we
identified 4,297 single copy orthologs (SCOs) shared across the
genomes of these six species. Of this number, 223 genes were
annotated as putative immune genes but there was no evidence
of significant enrichment of immune genes among all single copy
orthologs (X2

df=1 = 0:54, p = 0:46) : We identified these genes as
significantly enriched for the Gene Ontology term ‘toll-like
receptor signaling pathway’ (GO:0002224). In total, these genes
were identified as being significantly enriched (BH adjusted p <
0.05) for 26 terms with the most significant terms per GO
category being ‘erythrocyte differentiation’, ‘immune response’,
‘complement activation’ and ‘cell chemotaxis’.

Sexual Dimorphic Immune Expression
Evident Within Brown Trout Liver
Differences in Gene Expression Amplitude Between
the Sexes
To investigate overall differences in gene expression between the
sexes, we first performed a principal component analysis.
Principal component 1 (PC1) accounted for 23% of the
variance in the dataset with PC1 largely separating males and
females providing evidence of sex-biased expression profiles
evident in the brown trout liver (Figure 6). We also find
additional variation within PC2, which is likely attributed to
differences in genetic background between tanks. Second,
through differential expression analysis, we identified 3,689
genes as significantly differentially expressed (BH adjusted
Frontiers in Immunology | www.frontiersin.org 8185
p‐value < 0.05) between the sexes (Supplemental Information
Table 10). Of this number, the majority (n = 1,969) had a female-
biased expression profile, which was a significant trend (binomial
test, p < 10-4). Differentially expressed genes between the sexes
were significantly enriched for 12 Gene Ontology terms with the
most significant per GO category being “nucleobase catabolic
process” (GO:0046113), “phosphatidylethanolamine binding”
(GO:0008429) and “nucleolus” (GO:0005730) (Supplemental
Information Tables 14-16).

In relation to immune expression, we detected 83% of putative
immune genes (n = 1,936 of 2,275) expressed in the liver. Of this
number, we identified 269 genes as significantly differentially
expressed (BH p< 0.05, Figure 7, Supplementary Information
Table 10) between the sexes. Thirty-five of these 269 genes were
annotated as single copy immune orthologs in the brown trout
genome. In contrast to the entire transcriptome, which generally
demonstrated female-biased expression, we detected more immune
genes with higher gene expression in males (n = 158), which was
more than expected by chance (binomial test, p < 0.03). Male-biased
immune genes were significantly enriched (Fisher’s exact test; BH-
adjusted p < 0.05) for 18 biological process-associated Gene
Ontology terms, including ‘erythrocyte development ’
(GO:0048821), ‘hemopoiesis’ (GO:0030097), and ‘response to
cytokine’ (GO:0034097). For female-biased immune genes, we
identified seven significantly enriched Gene Ontology terms
associated with hemopoiesis and neutrophil differentiation.

Evidence of Alternative Splicing Between Sexes
We identified 218 intron clusters corresponding to 176 genes with
evidence of significant alternative splicing (BH adjusted p‐value <
0.05; Supplemental Information Table 13) between males and
FIGURE 2 | Conservation of immune gene repertoire in salmonid genomes. Histogram displaying the number of putative immune genes found within representative
genomes of salmonid (Atlantic salmon, S. salar; Brown trout, S. trutta, Rainbow trout, O. mykiss, Coho salmon, O. kisutch, Chinook salmon, O. tshawytscha), and
non-salmonid teleost fish (Northern pike, E. lucius; Atlantic herring, C. harengus; guppy, P. reticulata; Japanese medaka, O. latipes; three-spined stickleback,
G. aculeatus; Atlantic cod, G. morhua).
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females. Of this number, 55 were also significantly differentially
expressed between the two sexes. We detected 15 alternatively
spliced genes with roles in the salmonid immune system. Four of
these genes were also differentially expressed between the sexes.

Conserved Sex-Biased Ohnolog Expression Among
Immune Genes
We investigated if ohnologs demonstrated sex-biased gene
expression and found 98 unique genes with sex-biased gene
expression of which 12 ohnolog pairs exhibited significant
differential expression for both genes (BH adjusted p < 0.05)
between the sexes. For the majority (n = 10) of these ohnolog pairs,
the ohnolog pairs have conserved differential expression whereby
expression in both copies was elevated in the same sex compared
to the other (n = 6 male-biased; n = 4 female-biased). Only for two
ohnolog pairs did we identify differences in expression profiles
between the ohnologs whereby the more conserved copies were all
increased in males compared to females, but the less conserved
copy had the opposite expression profile i.e., significantly reduced
in males compared to females.
Frontiers in Immunology | www.frontiersin.org 9186
DISCUSSION

Migratory species, such as anadromous salmonids, require
efficacious and adaptable immune systems to survive in a
diversity of environments. Here we provide an important
insight into the immune gene repertoire, as well as
conservation and differences in gene expression across tissue
types, for the facultatively anadromous brown trout S. trutta.
Our findings indicate duplications and expansions of genes
involved in immunological functions, such as chemotaxis and
immune cell differentiation. Second, we assessed immune
ohnologs for evidence of functional divergence in terms of
domain architecture and gene expression profiles, identifying
the majority to have conserved functional expression across
tissue types in brown trout, while, surprisingly, only a few
immune ohnolog pairs differed in terms of gene expression or
the number of functional domains. We also identify evidence of
immune gene loss in the salmonids. Lastly, we quantified sex-
biased differences in immune gene expression in the brown trout
liver, identifying the majority of differentially expressed immune
FIGURE 3 | Functional validation of S. trutta immune expression across tissues. UpSet plot of immune gene expression across eight tissue types in brown trout. For
each tissue, the plot contains a bar chart displaying the total number of immune genes expressed per tissue, as well as a histogram displaying the number of genes
identified as expressed across tissues.
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genes to have male-biased expression. Our findings provide a
novel insight into the immune complement of an ecologically
and commercially important salmonid.

Immune Gene Repertoire in Brown Trout:
Retention and Expansion of Canonical
Immune Genes
For teleost species that have undergone more recent whole
genome duplication events, such as the salmonids, retention of
duplicated genes may increase immune potential. In the brown
trout genome, we identified high confidence orthologs for known
canonical immune genes demonstrating that brown trout have
essential genetic components of both innate and adaptive
immune systems, as well as expansions (Figures 1 and 2). This
number increases if we include protein homologs identified by
OrthoFinder but additional synteny-based analyses would be
required to confirm these genes as putative immune homologs.
As our comparative analysis was mainly restricted to model
species with well annotated immune repertoires, novel immune
genes or genes highly diverged within the salmonids or restricted
to Salmo trutta will not be reported. Gene expression analysis
using eight available tissues indicates the vast majority of
predicted immune genes as functional with expression evident
across tissues (Figure 3). Retained duplicate copies were
enriched for Gene Ontology terms associated with both innate
and adaptive immunity. Among the most significantly enriched
terms was neutrophil chemotaxis (Figure 1). Neutrophils are
innate immune cells that are among the first responders to
pathogen infection and inflammation and are a key aspect of
the salmonid immune system. The response of these cells to
chemical stimuli, known as chemotaxis, is important for the
Frontiers in Immunology | www.frontiersin.org 10187
rapid response and subsequent migration of neutrophils to the
site of signal origin (93). Neutrophils possess antimicrobial and
phagocytic activity with the latter differing across teleost species
(94). The expansion in brown trout of genes involved in
chemotaxis may allow for the increased recognition of more
diverse chemical stimulants, which may be beneficial for their
migratory life-history that involves use of freshwater, brackish
and marine environments.

Due to the complexity of the life-histories expressed by brown
trout, immune repertoires are required for regulation and
maintenance of immune expression during migration, an
energetically stressful period, as well as to survive in both
freshwater and marine environments, which can contain
unique pathogenic threats (95). Variation in the strength of
selection acting on duplicated genes can result in amino acid
and/or regulatory divergence leading to the evolution of new
functions or indeed, the process of pseudogenization and gene
loss. Here, we found no significant difference in the overall
number of functional domains between immune ohnologs in
brown trout (Figure 4), as well as differences in expression
profiles across tissues (Figure 5). However, for certain pairs,
we did find evidence of domain architecture variation, as well as
differences in expression profiles across tissues. We find variation
in terms of functional domains for 42 pairs, and while future
experimental validation is required, such pairs represent
interesting candidates for investigating functional divergence in
immune ohnologs. Similarly, 21 ohnolog pairs demonstrate
divergence in gene expression profiles across eight tissues
examined (Figure 5). As our analysis involved eight tissues
rather than 15, which were previously used for Atlantic salmon
(48) and rainbow trout (49), our power to detect divergent
A B

FIGURE 4 | Assessment of functional divergence between S. trutta immune ohnolog pairs. (A) The number of predicted functional domains within the predicted protein
coded for by each immune ohnolog. (B) For each ohnolog, dN/dS ratios were calculated for each and their respective non-duplicated ortholog in Northern pike.
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expression profiles may be reduced. Similarly, previous studies
on salmonids explored conservation of ancestral function
ohnologs through the construction of genome-wide co-
expression networks, where one salmonid copy clustered by
expression profile with that of a non-duplicated ortholog in the
closely related, Northern pike, suggestive that one copy may
retain and perform a conserved function across taxa. We did not
explore such patterns in our analysis for brown trout due to the
limited tissues available for both brown trout, of which only five
were also available for Northern pike.

Of the ohnolog pairs with evidence of divergent gene
expression profiles, such genes were annotated with a range of
immunological function, including antiviral defense (DHX58,
zinc finger protein 148), apoptosis (RAC2), inflammation
regulation (MAPK8, PDE4B, Roquin-1), anti-microbial
Frontiers in Immunology | www.frontiersin.org 11188
response (Akirin-2, ARHGEF2), T-cell activation (LCK, HLX)
as well as tumor suppression (PRKCA, FAM49B, IMPDH1).
Specific ohnolog pairs of interest included pairs where both
genes were annotated as chemokine receptor type 7. In
mammals, CC-chemokine receptor 7 (CCR7) is part of the G
protein-coupled receptor family and can function in the
activation of naive B and T lymphocytes with additional
research suggesting the receptor may function in antiviral
defense (96). In teleosts, the functions of chemokine receptors
are less well understood but a CCR7 homolog has been
previously characterized in the rainbow trout, O. mykiss, where
based on sequence similarity, the predicted protein is suggested
to perform a similar function to that of mammalian homologs
(97, 98). The second ohnolog pair of interest were annotated as
tyrosine-protein kinase Lyn. Lyn belongs to a Src- family of
A

B

FIGURE 5 | Assessment of divergence in S. trutta immune ohnolog expression profiles. (A) Clustering based on gene-level counts assigned 302 immune genes,
which consist of one member of an ohnolog pair, to seven co-expression networks assigned based on the expression profile of each gene across eight tissue types.
Each co-expression cluster is represented by a single line graph whereby the y-axis consists of gene-level counts normalized by Clust and the x-axis consists of
eight tissues obtained from a single double haploid female. (B) Heatmap of expression profiles for ohnolog pairs where both ohnologs were assigned to different co-
expression networks based on expression profiles across eight tissue types. Ensembl gene ID and description (separated by hyphen) are provided on the y-axis with
number in parentheses indicating the cluster the gene was assigned to. The x-axis represents the eight tissues used to construct the co-expression networks.
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tyrosine kinases found in immune cells that can negatively
regulate important signaling pathways (99). The gene is also a
key mediator of pathways involved in B cell activation (99, 100) a
function suggested as conserved in teleosts (101).
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While extensive retention and functional divergence of ohnologs
have been characterized in other salmonids, gene loss can also
occur. Two primary molecular processes can lead to gene loss: as a
consequence of an abrupt mutational event, such as an error in
crossing over during meiosis, or through the slow accumulation of
mutations during pseudogenization after an initial loss-of-function
mutation (12). Comparative genomic studies have revealed biased
patterns in gene loss in terms of functional bias with genes involved
in certain cellular processes, such as DNA repair and transcription,
more likely to be represented among genes where a copy has been
lost (102, 103). In relation to WGD events, there is also evidence of
genomic positional biases in terms of gene loss (104). Clusters of
single copies may be due to reliance on similar transcriptional
regulation machinery or architecture. Here through comparative
analyses, we find gene loss conserved across salmonids. The
conservation of synteny across salmonid genomes would suggest
that loss of putative immune genes is non-random, as has been
shown for other species (12). Future work will benefit from
understanding the molecular, cellular and evolutionary
consequences of gene loss in these species.

Sexual Dimorphism in Trout Immune
Expression
Sexes share largely the same genome but express it differently giving
rise to different morphological and behavioral phenotypes. Here we
investigated differences in gene expression in the liver, an organ
FIGURE 6 | Sexually dimorphic gene expression in S. trutta liver. Principal
component analysis for gene-level counts revealed sexually dimorphic gene
expression in S. trutta liver. Principal component (PC1) explained 23% of
variance with males and females clearly separating. Each dot on the
scatterplot represent a single individual sample and are color-coded by sex
(female = blue; male = orange).
FIGURE 7 | Sexually dimorphic immune expression in S. trutta liver. Heatmap displaying significantly differentially expressed immune genes between the sexes.
Relative variation in immune gene expression is represented by a color gradient (gray = low, white = medium, red = high). Each column represents an individual trout
with a vertical black line separating male from female samples. Each row represents expression level for an individual immune gene.
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previously used to understand salmonid metabolism gene
expression (51), response to environmental stressors (105), as well
as genes underlying sexual dimorphism (106). While the liver may
have traditional roles in metabolism and antioxidant activity, a
growing body of literature on mammalian and teleost immunology
has provided important insights into the role of the liver in the
innate immune response, immune tolerance and hematopoiesis (74,
107–112), as well as creating hostile molecular environments for
parasites to migrate through (113, 114). Here we identified
differential immune gene expression both in terms of expression
amplitude (Figures 6, 7) and splicing between the sexes. Immune
genes exhibited a general male-bias in expression, which was in
contrast to overall gene expression in the liver being female-biased.
Immunological studies on sex differences in immune function in
brown trout have suggested reduced immune function in mature
males (115, 116), and therefore, females would have been expected
to have higher immune gene expression compared to males. While
our fish were laboratory reared and not directly immune challenged,
they were maintained in normal lab environments (i.e., clean but
not sterile) and therefore, we would expect a background level of
immune gene expression. Sex-biased differences in expression could
be due to anticipation of immune challenge. As male brown trout
are less likely to undergo sea migration, remaining resident and
completing their life-cycle in freshwater environments, pathogens
present in freshwater environments are more likely to encounter
males than females and therefore, parasite-mediated selection in
brown trout may result in variation in environment-dependent
immune expression between sexes. Indeed, males do suffer more
severe infestations by freshwater ectoparasites in comparison to
females (117), yet our understanding of immune potential and
function is lacking.

An interesting finding among the genes with sex-biased
differences was the presence of putative single copy orthologs.
As sexes largely share the same genome but have different fitness
optima and may express some genes differently, this can result in
sexually antagonistic loci, which increase fitness when expressed in
one sex but are detrimental in the other. Sex-biased gene
expression has been suggested as a mechanism to resolve such
conflict (118, 119). Aside from transcriptional regulation,
modifications in genomic architecture, such as sex-dependent
dominance (120), maintenance of sexually antagonistic loci on
sex chromosomes (121) or duplication events (122, 123) may also
resolve conflict. It is interesting therefore that since the salmonid
WGD, duplicate copies of immune genes have been lost either
through adaptive or neutral processes that may now be sexually
antagonistic. The application of population genetic approaches, in
combination with sex-biased gene expression, have been used to
reveal genomic signatures of loci associated with sexual conflict
(118, 124), which could be applied to future studies in brown trout
and other salmonids to provide important insights into the
evolutionary processes shaping sex differences.

CONCLUSION

Salmonid genomics is a rapidly advancing field and is providing
comprehensive insights into genes underlying phenotypically
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plastic traits, such as sea age at maturity, as well as genomic
structures resolving sexually antagonistic loci (28, 120). Here we
explore the consequences of a salmonid-specific WGD on
immune gene repertoire in brown trout, finding that brown
trout has an enlarged immune gene complement relative to non-
salmonids, with many immune ohnologs retained that have
conserved immune expression profiles between the pairs. We
find preliminary signatures of some ohnologs coding for proteins
that may have potential divergent functions between the pairs,
but functional validation is required to determine the exact role
these genes may play in the brown trout immune system. Lastly,
we add to a growing body of research that explores key
physiological differences among the sexes through the
identification of differences in immune expression.

Our findings provide important insights into immune gene
evolution and expression in a culturally, economically and
ecologically important species. Like many species, brown trout
face an uncertain future due to changing climates with increasing
temperatures potentially leading to reduced sea migration rates
(82) as well as potentially impacting immune function (125)
while pathogens, such as sea lice, associated with increasing
aquaculture, are also suggested to contribute to migratory
declines (126). Improved understanding of immune potential,
expression and function may benefit management strategies and
conservation schemes for wild populations to assist in the
maintenance of at-risk facultatively anadromous populations.
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of alternative migratory tactics in salmonid fishes. Biol Rev Camb Philos Soc
(2013) 88:602–25. doi: 10.1111/brv.12019

42. Ferguson A, Reed TE, Cross TF, McGinnity P, Prodöhl PA. Anadromy,
potamodromy and residency in brown trout Salmotrutta: the role of genes
and the environment. J Fish Biol (2019) 95:692–718. doi: 10.1111/jfb.14005

43. Kendall NW, McMillan JR, Sloat MR, Buehrens TW, Quinn TP, Pess GR,
et al. Anadromy and residency in steelhead and rainbow trout
(Oncorhynchus mykiss): a review of the processes and patterns. Can J Fish
Aquat Sci (2015) 72:319–42. doi: 10.1139/cjfas-2014-0192

44. Hutchings JA, Jones MEB. Life history variation and growth rate thresholds
for maturity in Atlantic salmon, Salmo salar. Can J Fish Aquat Sci (1998)
55:22–47. doi: 10.1139/d98-004

45. Ohms HA, Sloat MR, Reeves GH, Jordan CE, Dunham JB. Influence of sex,
migration distance, and latitude on life historyexpression in steelhead and
rainbow trout (Oncorhynchus mykiss). Can J Fish Aquat Sci (2014) 71:70–80.
doi: 10.1139/cjfas-2013-0274

46. Morita K, Tamate T, Kuroki M, Nagasawa T. Temperature-dependent
variation in alternative migratory tactics andits implications for fitness
and population dynamics in a salmonid fish. J Anim Ecol (2014) 83:1268–
78. doi: 10.1111/1365-2656.12240

47. Macqueen DJ, Johnston IA. A well-constrained estimate for the timing of the
salmonid whole genome duplication reveals major decoupling from species
diversification. Proc Biol Sci (2014) 281:20132881. doi: 10.1098/rspb.2013.2881

48. Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, et al. The Atlantic
salmon genome provides insights into rediploidization. Nature (2016)
533:200–5. doi: 10.1038/nature17164

49. Berthelot C, Brunet F, Chalopin D, Juanchich A, Bernard M, Noël B, et al.
The rainbow trout genome provides novel insights into evolution after
whole-genome duplication in vertebrates. Nat Commun (2014) 5:3657.
doi: 10.1038/ncomms4657

50. Robertson FM, Gundappa MK, Grammes F, Hvidsten TR, Redmond AK,
Lien S, et al. Lineage-specific rediploidization is a mechanism to explain
time-lags between genome duplication and evolutionary diversification.
Genome Biol (2017) 18:111. doi: 10.1186/s13059-017-1241-z

51. Gillard G, Harvey TN, Gjuvsland A, Jin Y, Thomassen M, Lien S, et al. Life-
stage-associated remodelling of lipid metabolism regulation in Atlantic
salmon. Mol Ecol (2018) 27:1200–13. doi: 10.1111/mec.14533

52. Macqueen DJ, Primmer CR, Houston RD, Nowak BF, Bernatchez L, Bergseth S,
et al. Functional Annotation of All Salmonid Genomes (FAASG): an
international initiative supporting future salmonid research, conservation and
aquaculture. BMC Genomics (2017) 18:484. doi: 10.1101/095737

53. Wang T, Hu Y, Wangkahart E, Liu F, Wang A, Zahran E, et al. Interleukin
(IL)-2 Is a key regulator of T Helper 1 and T Helper 2 cytokine expression in
fish: Functional characterization of two divergent IL2 paralogs in salmonids.
Front Immunol (2018) 9:1683. doi: 10.3389/fimmu.2018.01683

54. Wang J, Liu M,Wu Y, Yoon S, Alnabulsi A, Liu F, et al. Immune-modulation
of two BATF3 paralogues in rainbow trout Oncorhynchus mykiss. Mol
Immunol (2018) 99:104–14. doi: 10.1016/j.molimm.2018.04.016
Frontiers in Immunology | www.frontiersin.org 15192
55. Lee PT, Zou J, Holland JW, Martin SAM, Kanellos T, Secombes CJ.
Identification and characterization of TLR7, TLR8a2, TLR8b1 and
TLR8b2 genes in Atlantic salmon (Salmo salar). Dev Comp Immunol
(2013) 41:295–305. doi: 10.1016/j.dci.2013.05.013

56. Xu Q, Li R, Monte MM, Jiang Y, Nie P, Holland JW, et al. Sequence and
expression analysis of rainbow trout CXCR2, CXCR3a and CXCR3b aids
interpretation of lineage-specific conversion, loss and expansion of these
receptors during vertebrate evolution. Dev Comp Immunol (2014) 45:201–
13. doi: 10.1016/j.dci.2014.03.002

57. Penston MJ, McKibben MA, Hay DW, Gillibrand PA. Observations on
open-water densities of sea lice larvae in LochShieldaig, Western Scotland.
Aquac Res (2004) 35:793–805. doi: 10.1111/j.1365-2109.2004.01102.x

58. McVicar AH, Sharp LA, Walker AF, Pike AW. Diseases of wild sea trout in
Scotland in relation to fishpopulation decline. Fish Res (1993)17:175–85.
doi: 10.1016/0165-7836(93)90017-2

59. Poole WR, Whelan KF, Dillane MG, Cooke DJ, Matthews M. The
performance of sea trout, Salmo trutta L.,stocks from the Burrishoole
system western Ireland, 1970–1994. FishManag Ecol (1996) 3:73–92.
doi: 10.1111/j.1365-2400.1996.tb00131.x

60. Schmid-Hempel P. Variation in immune defence as a question of
evolutionaryecology. Proc Biol Sci (2003) 270:357–66. doi: 10.1098/rspb.2002.2265

61. Heymann F, Tacke F. Immunology in the liver—from homeostasis todisease.
Nat Rev Gastroenterol Hepatol (2016) 13:88. doi: 10.1038/nrgastro.2015.200

62. Magnadottir B, Lange S, Gudmundsdottir S, Bøgwald J, Dalmo RA.
Ontogeny of humoral immune parameters in fish. Fish Shellfish Immunol
(2005) 19:429–39. doi: 10.1016/j.fsi.2005.03.010

63. Ruzicka L, Howe DG, Ramachandran S, Toro S, Van Slyke CE, Bradford
YM, et al. The Zebrafish Information Network: new support for non-coding
genes, richer Gene Ontology annotations and the Alliance of Genome
Resources. Nucleic Acids Res (2019) 47:D867–73. doi: 10.1093/nar/gky1090

64. Bult CJ, Blake JA, Smith CL, Kadin JA, Richardson JE. Mouse Genome
Database Group. Mouse Genome Database (MGD) 2019. Nucleic Acids Res
(2019) 47:D801–6. doi: 10.1093/nar/gky1056

65. Bhattacharya S, Dunn P, Thomas CG, Smith B, Schaefer H, Chen J, et al.
ImmPort, toward repurposing of open access immunological assay data for
translational and clinical research. Sci Data (2018) 5:180015.a. doi: 10.1038/
sdata.2018.15

66. Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the
integration of genomic datasets with the R/Bioconductor package biomaRt.
Nat Protoc (2009) 4:1184–91. doi: 10.1038/nprot.2009.97

67. Kinsella RJ, Kähäri A, Haider S, Zamora J, Proctor G, Spudich G, et al.
Ensembl BioMarts: a hub for data retrieval across taxonomic space.Database
(2011) 2011:bar030. doi: 10.1093/database/bar030

68. Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy.
Genome Biol (2015) 16:157. doi: 10.1186/s13059-015-0721-2

69. Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol (2019) 20:238. doi: 10.1186/s13059-
019-1832-y

70. Rondeau EB, Minkley DR, Leong JS, Messmer AM, Jantzen JR, von Schalburg
KR, et al. The genome and linkage map of the Northern pike (Esox lucius):
Conserved synteny revealed between the salmonid sister group and the
Neoteleostei. PLoS One (2014) 9:e102089. doi: 10.1371/journal.pone.0102089

71. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast
and bias-aware quantification of transcript expression. Nat Methods (2017)
14:417–9. doi: 10.1038/nmeth.4197

72. Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq:
transcript-level estimates improve gene-level inferences. F1000Res (2015)
4:1521. doi: 10.12688/f1000research.7563.1

73. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:550. doi:
10.1186/s13059-014-0550-8

74. Bertolotti AC, Layer RM, Gundappa MK, Gallagher MD, Pehlivanoglu E,
Nome T, et al. The structural variation landscape in 492 Atlantic salmon
genomes. Nat Commun (2020) 11:1–16. doi: 10.1038/s41467-020-18972-x

75. Rice P, Longden I, Bleasby A. EMBOSS: the European Molecular Biology
Open Software Suite. Trends Genet (2000) 16:276–7. doi: 10.1016/S0168-
9525(00)02024-2
February 2021 | Volume 12 | Article 568729

https://doi.org/10.1101/gr.5217506
https://doi.org/10.1038/35046017
https://doi.org/10.1016/j.it.2013.10.006
https://doi.org/10.1146/annurev-animal-021419-083617
https://doi.org/10.1007/s11160-005-0802-5
https://doi.org/10.1007/s11160-010-9160-z
https://doi.org/10.1111/brv.12019
https://doi.org/10.1111/jfb.14005
https://doi.org/10.1139/cjfas-2014-0192
https://doi.org/10.1139/d98-004
https://doi.org/10.1139/cjfas-2013-0274
https://doi.org/10.1111/1365-2656.12240
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1038/nature17164
https://doi.org/10.1038/ncomms4657
https://doi.org/10.1186/s13059-017-1241-z
https://doi.org/10.1111/mec.14533
https://doi.org/10.1101/095737
https://doi.org/10.3389/fimmu.2018.01683
https://doi.org/10.1016/j.molimm.2018.04.016
https://doi.org/10.1016/j.dci.2013.05.013
https://doi.org/10.1016/j.dci.2014.03.002
https://doi.org/10.1111/j.1365-2109.2004.01102.x
https://doi.org/10.1016/0165-7836(93)90017-2
https://doi.org/10.1111/j.1365-2400.1996.tb00131.x
https://doi.org/10.1098/rspb.2002.2265
https://doi.org/10.1038/nrgastro.2015.200
https://doi.org/10.1016/j.fsi.2005.03.010
https://doi.org/10.1093/nar/gky1090
https://doi.org/10.1093/nar/gky1056
https://doi.org/10.1038/sdata.2018.15
https://doi.org/10.1038/sdata.2018.15
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1093/database/bar030
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1371/journal.pone.0102089
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41467-020-18972-x
https://doi.org/10.1016/S0168-9525(00)02024-2
https://doi.org/10.1016/S0168-9525(00)02024-2
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Colgan et al. Immune Repertoire of Brown Trout
76. Abu-Jamous B, Kelly S. Clust: automatic extraction of optimal co-expressed
gene clusters from gene expression data. Genome Biol (2018) 19:172. doi:
10.1186/s13059-018-1536-8

77. Campbell MA, Hale MC, McKinney GJ, Nichols KM, Pearse DE. Long-term
conservation of ohnologs through partial tetrasomy following whole-genome
duplication in Salmonidae. G3 (2019) 9(6):2017–28. doi: 10.1534/g3.119.400070

78. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable
generation of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol (2011) 7:539. doi: 10.1038/msb.2011.75

79. Suyama M, Torrents D, Bork P. PAL2NAL: robust conversion of protein
sequence alignments into the corresponding codon alignments. Nucleic
Acids Res (2006) 34:W609–12. doi: 10.1093/nar/gkl315

80. Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol (2007) 24:1586–91. doi: 10.1093/molbev/msm088

81. Archer LC, Hutton SA, Harman L, O’Grady MN, Kerry JP, Russell Poole W,
et al. The interplay between extrinsic and intrinsic factors in determining
migration decisions in brown trout (Salmo trutta): An experimental study.
Front Ecol Evol (2019) 7:222. doi: 10.3389/fevo.2019.00222

82. Archer LC, Hutton SA, Harman L, McCormick SD, O’Grady MN, Kerry JP,
et al. Food and temperature stressors have opposing effects in determining
flexible migration decisions in brown trout (Salmo trutta). Glob Chang Biol
(2020) 26:2878–96. doi: 10.1111/gcb.14990

83. Andrews S. FastQC: a quality control tool for high throughput sequence
data. In: Reference Source (2010). Available at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/.

84. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15–21. doi:
10.1093/bioinformatics/bts635

85. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. 1000
Genome Project Data Processing Subgroup. The Sequence Alignment/Map
format and SAMtools. Bioinformatics (2009) 25:2078–9. doi: 10.1093/
bioinformatics/btp352
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The immune system is unique among all biological sub-systems in its usage of DNA-
editing enzymes to introduce targeted gene mutations and double-strand DNA breaks to
diversify antigen receptor genes and combat viral infections. These processes, initiated by
specific DNA-editing enzymes, often result in mistargeted induction of genome lesions
that initiate and drive cancers. Like other molecules involved in human health and disease,
the DNA-editing enzymes of the immune system have been intensively studied in humans
and mice, with little attention paid (< 1% of published studies) to the same enzymes in
evolutionarily distant species. Here, we present a systematic review of the literature on the
characterization of one such DNA-editing enzyme, activation-induced cytidine deaminase
(AID), from an evolutionary comparative perspective. The central thesis of this review is
that although the evolutionary comparative approach represents a minuscule fraction of
published works on this and other DNA-editing enzymes, this approach has made
significant impacts across the fields of structural biology, immunology, and cancer
research. Using AID as an example, we highlight the value of the evolutionary
comparative approach in discoveries already made, and in the context of emerging
directions in immunology and protein engineering. We introduce the concept of 5-
dimensional (5D) description of protein structures, a more nuanced view of a structure
that is made possible by evolutionary comparative studies. In this higher dimensional view
of a protein’s structure, the classical 3-dimensional (3D) structure is integrated in the
context of real-time conformations and evolutionary time shifts (4th dimension) and the
relevance of these dynamics to its biological function (5th dimension).

Keywords: DNA-editing enzyme, immune response, cancer, gene mutations, cytidine deaminase, AID/APOBEC and
ADAR deaminases, protein structure/folding, evolutionary immunology
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INTRODUCTION

The adaptive immune system in its classical mammalian form
first appeared in the common ancestor of all jawed vertebrates
(gnathostomes), with the cartilaginous fish being the first extant
animals to evolve somatically diversified lymphocyte (B and T
cell) receptors (BCR or antibodies, and TCR, respectively) (1).
However, further study of the earlier-evolved jawless vertebrates
revealed that these animals too were capable of adaptive
immunity. Instead of B and T cell lymphocytes, their
respective humoral and cellular adaptive immune responses are
mediated by lymphocyte-like cells with Variable Lymphocyte
Receptors (VLRs). Interestingly, these VLRs also appeared to be
somatically diversified, highlighting the importance of
lymphocyte receptor diversification in the adaptive immune
response (2).

Lymphocyte receptors are diversified via purposeful
induction of DNA damage in the form of recombination and
gene mutation (3). Unlike other genes, in jawed vertebrates, the
genes encoding the adaptive immune antigen receptors are
segmented. To encode a functional receptor, the variable (V),
diversity (D; only in the case of the heavy chain), and joining (J)
fragments are assembled by V(D)J recombination, a site-specific
recombination process that is lymphocyte-specific and mediated
by the recombination-activating gene products 1 and 2 (RAG1/
2) co-enzyme complex (4–7). Following binding to
recombination signal sequences (RSS) at the ends of V, D, or J
gene segments, the RAG1/2 complex introduces double strand
breaks (DSBs) at the RSS-coding juncture. Non-homologous end
joining (NHEJ) is initiated to repair the DSBs, resulting in
ligation and forming the V(D)J-encoding gene.

This primary diversification process that occurs during B and
T cell development in the bone marrow and thymus respectively,
gives rise to the initial antibody (BCR) or TCR repertoire in B
and T lymphocytes. In the case of B lymphocytes, further
secondary diversification rounds of the BCR are initiated when
a mature peripheral B lymphocytes bind its cognate antigen (8).
As a result of secondary diversification, activated B cells,
expressing low affinity IgM, give rise to B cells secreting high
affinity antibodies of switched isotopes including IgA, IgG and
IgE. Secondary antibody diversification in jawed vertebrates
includes two processes: affinity maturation (AM) and isotype
switching (IS), driven by somatic hypermutation (SHM) and
Class Switch Recombination (CSR), respectively. SHM in the
antibody V region genes, followed by cellular selection leads to
antibodies of higher affinity to the cognate antigen. CSR changes
the class of antibody from IgM into other isotypes (i.e., IgA, IgG,
or IgE). CSR is mediated by DSBs in the switch (S) regions
flanking the heavy chain constant genes (CH) which initiate a
NHEJ event resulting in the replacement of CHm with other CH

isotypes, changing the antibody’s effector function (9–11). The
outcome of secondary antibody diversification is the production
of more effective isotypes of antibodies which also have as much
as 1000-fold higher affinity for the antigen. The mutations and
DSBs that underlie SHM and CSR are both caused by the enzyme
activation-induced cytidine deaminase (AID) (12, 13). AID is a
member of the AID/APOBEC (apolipoprotein B mRNA editing
Frontiers in Immunology | www.frontiersin.org 2196
enzyme, catalytic polypeptide-like) family of cytidine deaminase
enzymes that carry out cytidine (dC) to uridine (dU) conversion
in single stranded DNA or cytidine (C) to uridine (U) conversion
in RNA (14, 15).

The AID/APOBEC family includes 11 family members in
humans: AID, APOBEC1, APOBEC2, APOBEC3 (A-H,
excluding E), and APOBEC4. APOBEC4 and related enzymes
have been found as early as Cnidarian invertebrates but are
frequently absent in actinopterygians and present again in all
mammals (14, 16) (Figure 1A). The APOBEC3 sub-branch
emerged in mammals followed by rapid expansion and
diversification in primates (16, 64) (Figure 1A). APOBEC3s
function in immune response by acting as restriction factors
against viruses. They do so through mediating mutagenesis
of viral genomes, or interference with the reverse transcription
and integration of the viral DNA (65–68). In addition the
adenosine deaminases acting on double-stranded RNA
(ADARs) are enzymes that mediate cellular mRNA processing
through Adenosine (A) to Inosine (I) conversion; however,
they have also been demonstrated to mutate viral RNA
and carry out a range of cytoplasmic innate anti-viral functions
(69–73).

In contrast to jawed vertebrates, the jawless vertebrate
lamprey lacks a classical antibody and TCR, and their antibody
structure is grossly different, both at the genetic and protein
levels. Rather than the classical V(D)J recombination-based Ig
system of jawed vertebrates, lampreys employ a presumed gene
conversion-like process to assemble 8-10 variable leucine rich
repeat motifs in between conserved genes that encode N- and C-
terminal ends of their antibody protein. Although the jawless
vertebrates lack the classical RAG and AID/APOBEC enzymes,
the proposed lymphocytes antigen receptor diversification
process is thought to be mediated by AID/APOBEC-like
cytidine deaminase enzymes denoted CDA (cytosine
deaminase) of which there are two sub-types, CDA1 and
CDA2, the former group appearing to have multiple enzyme
members (2, 17, 74–78).

Though essential for immunity, the DNA-editing enzymes
used to diversify antigen receptors also mediate significant off-
target genome damage. There are several mechanisms in place to
ensure targeting of RAG1/2 to the Ig and T cell receptor (TCR)
genes. These mechanisms include precursor lymphocyte-
restricted RAG expression, CTCF-binding elements flanking
paired RSS sequences, active chromatin markers, active
transcription, and stalled RNA polymerase II (79–82). Despite
these regulatory mechanisms, RAG is known to cause
chromosomal translocation, deletion, and insertions leading to
different types of T cell and B cell lymphoid malignancies, and
many of these off-target RAG cleavage events are believed to
occur through recognition of RSS-like sequences at non-Ig loci,
termed cryptic RSSs (83, 84). It has also been shown that the
excised signal circle can play the role of RSS and cause RAG-
mediated DSBs at a cryptic RSSs in a process termed “cut-and-
run” (85). RAG-mediated chromosomal translocations,
presumably as a form of mis-targeting of V(D)J recombination
are implicated in the etiology of chronic myeloid leukemia
(CML), leukemias and lymphomas (79, 86, 87).
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Mis-targeted activity of AID also causes genome instability
and mutations in B cells (88). For example, in patients with
chronic myeloid leukemia (CML), AID-mediated hypermutation
of tumor repressor and DNA repair genes have been associated
with progression into B lymphoid blast crisis and Imatinib-
resistance phenotype (89). In diffuse large B cell lymphomas
(DLBCL), somatic hypermutation off-targeting has been
reported in proto-oncogenes (90). The IGH/MYC translocation
that is signature of Burkitt lymphoma (BL) has a frequency that
is correlated with AID activity level (91). AID-induced
hypermutations have also been observed in chronic lymphoid
leukemia (CLL) (92). There has also been evidence of AID-
mediated carcinogenesis in germinal center (GC) B cells as the
result of Epstein-Barr virus (EBV)-induced AID expression (93).
Interestingly, under strong inflammatory stimuli, the premature
expression of AID during B cell development creates an
opportunity for cooperation between RAG and AID to drive
the clonal evolution of childhood B cell acute lymphoblastic
leukemia (B-ALL) (94). The role of AID in tumorigenesis has
been conclusively established in several mouse models. In mouse
models of IgH/MYC translocation-driven BL, AID has been
shown to be directly responsible for this tumor-driving
chromosomal translocation (95), and AID transgenic mice are
also prone to AID-driven tumorigenesis (96).

In addition to AID, its APOBEC relatives, the APOBEC3 sub-
branch of enzymes (A3A, A3B, A3H), which have antiviral
properties, are also a significant source of genome damage and
mutations implicated in many types of cancers, such as breast,
ovarian, and lung cancers, as the driving mutation and cancer
progression associated signatures (68, 97–108). Their mutagenic
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activity in tumors is often the most prevalent mutational
signature, and overall, only second to aging-related mutations
signatures. In addition to AID/APOBEC cytidine deaminases,
recent evidence also implicates ADARs as sources of mRNA
mutations in cancer (109–112). Like AID, the role of APOBEC
enzymes in tumor initiation has also recently been established in
APOBEC-transgenic mouse models (113).

The diversification of the adaptive immune antigen receptors
is the only vertebrate example of controlled self-DNA editing
and damage in the form of purposeful mutation and
rearrangement. The RAG, AID/APOBEC, and ADAR DNA-
editing enzymes play important roles in adaptive and innate
immunity through the mutagenesis and recombination of the
endogenous Ig genes, and the response to viral infection.
The importance of these enzymes is underscored by the
immunodeficiency disorders caused by their deficiency: severe
combined immunodeficiency (SCID) and Hyper IgM syndrome
in the case of dysfunctional RAG and AID, respectively (114–
121). On the other hand, these enzymes also mediate
considerable disease-driving collateral damage to the genome.
Given their importance to immunity, infection, and cancer, it is
not surprising that the DNA-editing enzymes of the immune
system have been the topic of intense study in various fields
including immunology, virology, cancer, DNA damage/repair
and structural biology. In the next section, we provide an
overview of the methodological and model organism landscape
of this research area. The central thesis of this review is that the
evolutionary aspect of these enzymes, despite being an
understudied area, has provided key insights from the basic
biological and applied biomedical perspectives.
A B

FIGURE 1 | Evolutionary and evolutionary comparative studies of AID/APOBEC and AID/APOBEC-like enzymes. (A) The emergence of AID/APOBEC and AID/
APOBEC-like enzymes during evolution and the evolution of antibody genes (Ig/VLR), and occurrence of secondary antibody diversification (i.e., antibody maturation;
SHM and CSR) and primary antibody diversification (i.e., V[D]J recombination) within and outside of vertebrate class. (B) Comparison of number of reports examining
AID in human and mouse (blue; > 99%) and studies done on other species (yellow; < 0.7%). The total number of published peer-reviewed studies on AID as measured by
AID being a keyword in title/abstract (pubmed/scopus search) is 2368. Of these, 49 discussed the topic of AID in species other than human or mice (15–63) and 17 (0.7%)
presented experimental data examining evolutionary divergent AID orthologs (17, 20, 21 26, 30–33, 39, 42, 45, 47, 52, 56, 61–63). NC, noncanonical; MML, multiple mini
loci; TL, translocon; GC, Gene conversion (or Gene conversion-like); unk, unknown.
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CENTRAL THESIS: DESPITE THE
OVERWHELMINGLY ANTHRO- AND
MURINE-CENTRIC APPROACHES TO
STUDY DNA-EDITING ENZYMES,
EVOLUTIONARY COMPARATIVE STUDIES
FOCUSING ON DIVERGENT SPECIES
HAVE PROVIDED SIGNIFICANT INSIGHTS
A survey of published literature on PubMed/Scopus reveals
~5000 articles focusing on the DNA-editing and DNA-
damaging enzymes of the immune system (RAGs: 729, AID:
2368, APOBECs: 2628, wherein these enzymes are in the title/
abstract), published over the last 3 decades of work on RAGs and
1-2 decades of work on AID/APOBEC/ADARs. In the remainder
of this article, because our work has mostly focused on AID, we
will use this enzyme as a representative example of a genome-
editing enzyme that has been extensively studied for 20 years
[since its discovery in 1999 – (12, 13)] in the fields of immunity,
cancer, DNA damage/repair, and epigenetics. In the following
paragraphs, we examine the themes, experimental approaches
and model systems used to study AID. The principles discussed
and the conclusions reached at the end of this review in the
context of AID apply equally and in the same manner to other
DNA/RNA-editing enzymes involved in immunity (APOBECs,
RAGs, and others, discussed below), and, for that matter, to the
study of all other molecules that play roles in human health
and disease.

First, in terms of study themes, topics of investigation include:
understanding (1) functions, including “normal” immune
functions (antibody diversification), non-immune biological
functions (epigenetic regulation of the genome), and
deleterious functions as a result of mis-expression or mis-
targeted activity (initiation and progression of cancers), (2)
regulation, including regulation of expression, interacting
partners (protein, DNA or RNA), and regulation of the
targeting of these enzymes to specific genes or genomic loci,
(3) networks of cellular processes including for instance the
DNA repair and damage response pathways activated
downstream of these enzymes’ mutational activities, (4)
molecular mechanisms, including biochemical analyses, and
(5) 3D structure determination.

Second, in terms of methodological approaches, studies fall
into several categories: (1) whole animal in vivo, (2) mechanistic
experiments using primary cells or model cell line ex vivo,
(3) genomics or bioinformatics studies examining genome-
altering signatures of these enzymes, and association with
immunity or cancer, (4) structure determination by
crystallography or nucleic magnetic resonance (NMR) or
emerging computational methods, (5) “simple” cellular
experimental systems such as bacteria or yeast in which the
enzyme is exogenously expressed followed by reporter assays,
(6) biochemical reductionist cell-free studies of the enzymes as
purified molecules, in vitro.

Third, in terms of model organisms, which will be the
focus of this review, for DNA/RNA-editing enzymes involved
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in immunity and cancer, and indeed for most molecules
that play roles in human health and disease, the vast majority
of research has been focused on human and, to a lesser
extent, mice. For the past several decades, cellular and
molecular biology approaches for studying molecules involved
in human health focused almost entirely on a handful of
well-characterized model species, including the fruit fly D.
Melanogaster, the worm C. elegans, and rodents, most notably
lab mice. There are several reasons for this: first, many disease-
related molecules function in similar pathways in humans
and these model organisms and their dysfunction in the
model species closely mirrors the resulting human condition;
second, many of these disease-causing molecular pathways
are well understood within the model organisms due to
decades of research; and third, the model organisms are
easy to grow, observe and manipulate at the cellular and
genetic levels. Therefore, the concept of studying a handful of
model organisms to glean mechanisms of human disease is
logical. Indeed, studying molecular mechanisms of human
health/disease-related processes in great depth but in a limited
number of model organisms is what has led to an unprecedented
pace of generating insights into the molecular basis of
human diseases.

The total number of studies with AID as the main, or one
of the main topics of study, as of the time of preparing this
article, is 2368, of which 49 have discussed the topic of AID in
species other than human or mice (15–63). Of these, 14 are
literature reviews, and of the remaining 35, only 17 studies have
presented primary experimental data wherein activities or
functional properties of evolutionary divergent AID orthologs
were compared (17, 20, 21, 26, 30–33, 39, 42, 45, 47, 52, 56,
61–63). And, among these 17, only less than a handful of studies
had an evolutionary comparison as a main conceptual thrust.
Therefore, in terms of effort, this area makes up a minuscule
(0.7%) subset of the research devoted to the AID enzyme,
with > 99% of studies being restricted to human or mouse
AID (Figure 1B).

The goal of this review is two-fold: Our first aim is to make
the case that despite this underrepresentation of effort, several
important discoveries have been contributed by working on
evolutionary distant AID orthologs, with implications across
the fields of cancer, immunity, and genetics. Using the example
of AID, we aim to highlight the concept that despite being a road
infrequently taken, the evolutionary comparative approach to
molecules involved in human health and disease provides
immense value for fundamental biological discovery, with
emerging practical applications in therapeutics and
biotechnology. Our second aim is to suggest that considering
the scale of the evolutionary diversity of species, there is an
immense knowledge gap in our understanding of DNA/RNA-
editing enzymes from species other than human and mouse. In
the sections below, we first review the evolution of AID and
related enzymes, followed by a review of the contributions made
by examining AID through a species-comparative and
evolutionary lens, and the future potential of such avenues
of inquiry.
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EVOLUTION OF AID IN THE CONTEXT OF
RELATED DEAMINASE ENZYMES

The AID/APOBEC family is thought to have originated from
tRNA adenosine deaminase (Tad)/adenosine deaminase acting
on tRNA (ADAT2), the latter of which forms a heterodimer with
ADAT3 to deaminate adenosine (A) to inosine (I) in 34 tRNA.
These mutated tRNAs can recognize multiple mRNA codons, as
I pairs with U, C, or A in the wobble (3rd) position (15, 16).
Interestingly, ADAT2 may be able to deaminate cytidine in DNA
as well (122) indicating the substrate promiscuity of the AID/
APOBEC family may have evolved before the APOBEC family
divided into the multiple family members. Other enzymes related
to Tad/ADAT2, but not to the AID/APOBEC family, include
Tad1p/ADAT1, which deaminates tRNA, adenosine deaminases
acting on pre-mRNA (ADARs 1, 2, and 3), which is involved in
post-translational modifications of RNA (123–125); and cytosine
deaminase , cyt idine deaminase , and deoxycyt idine
monophosphate deaminase (dCMP), members of the
pyrimidine salvage pathway which recycles nucleotides (126).
These enzymes are found throughout the metazoa phylum (16).

Members of the classical AID/APOBEC family (APOBECs 1,
2, 3, and 4) and their newly discovered sister clades and members
are discussed below, in the order in which they likely evolved. It
is suggested that the AID/APOBEC family has evolved from the
tRNA adenosine deaminases containing the consensus motif
(C/H)xExnPCxxC (x is any given amino acid) as their catalytic
domain (14, 127). The shift in substrate specificity from adenine
to cytidine during the divergence of the AID/APOBEC family
from Tad2/TadA deaminases has been attributed to the
expansion of the a4-b4 loop (i.e., Loop8) and a conserved
tyrosine in this loop. The larger L8 decreases the size of the
substrate-binding pocket, and the conserved tyrosine could
participate in base-stacking interactions (128). Moreover, the
HxExnPCxxC motif is the conserved catalytic domain shared by
the AID/APOBEC family in which the glutamate (E) acts as a
proton donor and the histidine (H) with two cysteines (C)
coordinate a Zn2+ ion with the help of a water molecule (39,
52, 129, 130).

The secreted novel AID/APOBEC-like (SNAD) enzymes
belong to a sister clade to the classical AID/APOBEC family,
evolving in the first animals to diverge from fungi (sponges,
SNAD4) and appearing throughout the vertebrate phylum
(SNAD1). SNAD2 and 3 found only in the ray-finned fishes
are likely the result of whole genome duplication event and/or
subsequent expansion of this class. SNAD enzymes are the only
AID-like enzymes in multicellular eukaryotes with a
characteristic predicted secretion sequence and have therefore
been proposed to be secreted potentially for delivery to virus-
infected cells or extracellular parasites; however, their catalytic
activity and other biochemical characteristics remain unknown.
They may have originated from bacterial toxin proteins (16).

APOBEC4 (A4), a member of the classical AID/APOBEC
family, was likely next to evolve, first appearing in the
cnidarians (corals), which diverged after sponges (16). The lack
of introns in the A4 gene indicates it may be the result of
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early retrotranspositional events. A4 is present in the first
vertebrates, the jawless fish (agnathans), the lobe-finned fish
(sarcopterygians), and tetrapods, but is lost in sharks and often
lost in ray-finned fishes (actinopterygians). It is expressed in
human testes, but its biological role and catalytic activity are
unknown. Unlike the other members of the AID/APOBEC
family which are known to deaminate polynucleotides, critical
amino acids required for polynucleotide deamination (SWS and
F in the middle of the deaminase motif HXE….PCXXC) are
missing from A4, indicating it may act on other substrates (15,
16, 131).

The next-evolved branch of AID-like enzymes include
cytidine deaminase-like 1 (CDA1), CDA1L1, 2, 3, and 4, and
CDA2 found in the jawless vertebrates (agnathans). Lampreys
lack many canonical “pillars” of the adaptive immune system,
such as RAGs and MHC; however, they do have antibody-like
proteins (VLRs) that are diversified somatically, which led to the
discovery of CDA1-like, and CDA1 and 2 in the freshwater and
sea lampreys, respectively. These enzymes will be discussed in
detail in a following section (16, 17, 20).

This was followed by the emergence of AID and APOBEC2
(A2) in the common ancestor(s) of jawed vertebrate classes of
cartilaginous and bony fish. Hence, A2 and AID are considered
the ancestral family members of the classical APOBEC family
due to being present in most jawed vertebrates tested to date.
They appeared at the same evolutionary juncture where the
classical V(D)J-based Ig recombination and canonical heavy/
light-chain based antibody structures emerged (16, 57).
Interestingly, the involvement of CDA1 in diversifying the
lamprey’s immune receptors and the continuing of a similar
role for AID in the jawed vertebrate may be an example of
convergent evolution in that the acquisition of the lymphocyte
receptor diversification role by the AID-like branch had already
occurred before the further divergence of this branch within
vertebrates. A2 may be the result of early retrotranspositional
events, which used AID as a scaffold. Like A4, human A2 does
not appear to edit RNA, DNA, or free cytidine in vitro. Its
ortholog in zebrafish, which has been implicated in retina and
muscle generation, also lacks deaminase activity (132–134).
Additionally, A2 seems to inhibit transforming growth factor
(TGF)-b in Xenopus (frog, amphibian) and zebrafish (135).

The so-called novel AID/APOBEC-like Deaminases 1 and 2
(NAD1/2), while not being original members of the classical
AID/APOBEC family, are closer in sequence to A1, A2, A3 than
A4. NAD1 is found in ray-finned fishes, the coelacanth
(sarcopterygian), amphibians, lizards, and marsupials; NAD2 is
found only in amphibians. Neither NAD has been characterized
and their biological relevance remains unknown (16).

APOBEC1 (A1) is the founding member of the AID/
APOBEC family (136–138). It was originally thought to be first
evolved in mammals due to duplication of AID; however, this
duplication likely occurred in or before the lungfish. A1
deaminates the cytosine at position 6666 of Apolipoprotein B
mRNA, creating a premature stop codon at this position, altering
ApoB100 to ApoB48, which is essential for secretion of
triglyceride-rich chylomicrons (139). It was later discovered
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that like AID and A3s (below), A1 is also quite promiscuous,
acting on retroviral substrates and ssDNA (140, 141). As A1 is
among the later AID/APOBEC family members to evolve, the
RNA-editing capabilities seen in other members of this family
may be a late-evolved characteristic. On the other hand, due to
the progenitors of the AID/APOBEC family acting on RNA and,
in some cases, both RNA and DNA (142), substrate promiscuity
may be an original characteristic of the many family members,
whose activity has just not yet been fully elucidated. In support of
this, changes in substrate binding surface regions of the AID and
APOBEC-related deaminases appear to be the most rapidly
evolving structural feature of these enzymes, and AID certainly
appears to recognize RNA and DNA/RNA hybrids with very
high affinity though its catalytic activity is restricted to the
ssDNA strand (143).

APOBEC3 (A3) is the last group of AID/APOBEC enzymes
to have emerged, likely the result of AID’s gene duplication
events. A pronounced expansion has occurred most recently in
primates leading to 7 unique primate-specific A3 genes (A3A,
A3B, A3C, A3DE, A3F, A3G, and A3H) (64, 144). The expansion
of these enzymes has been proposed to be due to an arms race
between mammals and the targets of A3, retroviruses. The origin
of A3 is not fully clear: the initiating duplication event was
thought to take place in the first placental mammal where no A3
ortholog were found in animals that diverged before placental
mammals. It is thought that in rodents, pigs, and cattle, two AID-
like genes fused to form a single gene; in horses, bats, and felines,
one of the two genes repeatedly duplicated leading to an
expansion of A3 genes. However, the sequenced lungfish
genome appeared to contain a putative A3C gene (145). It is
possible that the A3C found in the lungfish was a novel
APOBEC-like gene representative of convergent evolution.
THE EVOLUTION OF IMMUNOGLOBULIN
LOCI AND DIVERSIFICATION

Pre-vertebrates (protochordates) lack AID but have AID-like
enzymes such as the aforementioned SNADs. While also lacking
B cell receptors, these animals have immune receptors belonging
to the immunoglobulin superfamily (146–149). It is believed that
a type of proto-AID (or AID ortholog) was present in the first
vertebrate ancestor, which then diverged to CDA in the lamprey
and to AID in the early jawed vertebrates, the shark (17, 18).
Similarly, it is hypothesized that the targets of this proto-AID
(somatically diversified lymphocyte receptors) diverged into
three unique receptors with three different lymphocyte cell
lineages: a secreted form (VLRB in the lamprey and BCR in
jawed vertebrates in B cell-like cells) and two membrane-bound
receptors (VLRA/C in the lamprey and TCR ab/gd in jawed
vertebrates in T cell-like cells) (18, 150). Due to CDA1/1L genes
lacking introns, it has been posited that CDA2 was the original
enzyme in all three lamprey lineages, with the ability to
somatically diversify all three VLRs, and that CDA1/1L genes
were the result of retrotransposon events after which CDA2 was
subsequentially silenced in CDA1/1L+ cell lineages. This idea is
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supported by the fact that in the first-diverged subsequent jawed
vertebrate, the shark, AID appears to initiate somatic
hypermutation of both B and T cell receptors (19, 35, 151,
152). This suggests that perhaps this broader dual role of AID
was lost in subsequent vertebrate lineages and the role became
focused on antibody diversification in B cells only but the dual
role appears again in limited later-diverged species, such as the
Ballan Rasse (ray-finned fish) and in camels (36, 153). Lamprey
CDAs have been relatively understudied after their discovery,
with their VLR antibodies garnering the most attention as novel
non-classical antibody structures that may hold biotechnological
and therapeutic potential (154–156).

The first immunoglobulin loci to evolve were those in the
elasmobranchs (sharks and skates) that are organized quite
differently from the most-studied mammal Ig loci. Shark Ig loci
are organized into multiple mini loci (MML) (149, 157), with a
mini locus or “cluster” equating to one V region placed next to
one or more D regions, followed by one J segment and a single
constant region (V-DDD-J-C)n (158). Some MML are
rearranged in the germline, while most are rearranged by the
RAG recombinase. Shark Ig undergo SHM, with long, tandem
substitutions unique to these species and presumed to be due to
AID-initiated mutations (57, 158–162). It was initially believed
that shark Ig did not undergo CSR; however, though shark Ig
sequences lack the conventional switch regions which first
appeared in amphibians, recombined VDJ of one cluster can
be “switched” with that of another, leading to a different constant
region attached to the recombined VDJ region, possibly initiated
by AID acting on recombination hotspots in a process that is
concomitant with SHM rather than separated as in after the
appearance of distinct switch regions (24, 163, 164). The studied
Sharks have three types of Ig: IgM, present in almost all
vertebrates, IgW (may be a counterpart to IgD), and IgNAR,
which is unique to sharks, being made up of only heavy
chains (165).

Outside of humans and mice, SHM and CSR have been
studied most in ray-finned fish. Poikilotherms such as ray-
finned fish have modest changes in antibody affinity, which has
been reported in several species to be initiated by SHM (40, 41,
43, 49, 57, 166–168). This is likely due to inefficiencies caused by
a lack of organized GCs; instead, ray-finned fish appear to have
GC-like clusters of melanomacrophages with AID-producing
cells in the centre (41, 169). Teleost fish (ray- and lobe-finned
fish) appear to have Ig loci made up of both MML and
translocon-type organizations, the latter of which is how most
tetrapod Ig loci are arranged. In ray-finned fish, the V, D, and J
segments are arranged as in mammalian Ig loci, with the IgM and
IgD constant regions at the 3’ end, one after the other. However,
the teleost-unique IgZ/T constant region is located further
upstream, separated from the IgM and IgD constant regions by
D segments (Vn-Dn-Jn-CZ-Dn-CµCd) (57, 157, 170–172).
Lungfish also have IgW and the lungfish-specific IgN and IgQ
(173). Though bony fish Ig loci do not undergo CSR which
appears first in amphibians, the IgM and IgD isotopes are
“switched” via alternative mRNA splicing, while IgZ/T can be
expressed after alternative V(D)J rearrangement.
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COMPARATIVE EVOLUTIONARY
STUDIES OF AID IN CELL-BASED
FUNCTIONAL ASSAYS
The most emphasis outside human and mouse AID has been on
fish, because of the expected level of divergence in the primary
sequence, and unique features found in fish AID’s primary
structure compared to the very well conserved mammalian
counterparts. Due to evidence of SHM in the early-diverging
vertebrate fish lineages as discussed in the above section, it was
hypothesized that an AID ortholog could be found in bony fish,
and it was indeed found in channel catfish (Ip-AID) (40). This
was the first non-human/mouse AID ortholog to be identified
followed by detailed work on tissue expression patterns and
possible roles in SHM. Shortly thereafter, it was determined that
zebrafish also has a bona fide AID gene (Dr-AID) and noted that
it, along with the predicted AID genes from other ray-finned fish,
encodes an additional 9 amino acids (aa) in the cytidine
deaminase motif, along with a different N terminal motif
compared to tetrapod AIDs (44). In 2004-2006, a series of
early studies looked at the functionality of a small number of
fish AID alongside Xenopus AID using exogenous expression in
bacteria or yeast and measuring mutagenic activity in colony
formation reversion assays, or expression in murine or human
AID-deficient B cells followed by assaying for CSR (31–33, 49).
Even though canonical CSR only occurs in tetrapods (37),
multiple fish AID orthologs were able to initiate both
mutations in E. coli, S. cerevisiae, and murine cells and CSR
when exogenously expressed in AID-deficient B cells, albeit less
effectively than mammalian AID (31–33, 49). This suggested that
CSR as it occurs in mammals evolved due to the emergence of
switch regions within immunoglobulin loci, and not due to
adaptations of the different AID orthologs, and that the
poikilotherm AID itself is fully capable of mediating CSR. In
depth analyses of the regions of human AID required for CSR
pointed to the C-terminus raising the possibility that this region
of AID may be important in other biological roles prior to the
evolutionary emergence of Ig CSR (174). Importantly, these
studies also provide strong opposition to the view that CSR
mediation by AID requires a specific set of protein co-factors,
because early fish AID are presumably not co-evolved with such
presumed co-factors required to chaperone AID to switch
regions of the Ig genes in mouse cells. These findings are in
line with later findings that the role of AID in mediating CSR is
simple dC mutation and DSB generation, and that likely AID is
targeted to these regions through the abundance of ssDNA
structures such as R-loops and DNA/RNA hybrids that are
inherently favored by AID (143, 175, 176).

In experiments wherein fish AIDs were exogenously
expressed in murine AID-deficient B cells, zebrafish AID and
mouse AID could mediate equally efficient CSR, with fugu AID
and catfish AID being respectively 4- and 7-fold less efficient
than these. Nuclear cytoplasmic shuttling of AID has been shown
to be a key regulator of its activity and catfish and fugu AIDs
appear to have nuclear export and localization domains
conserved with other non-mammalian vertebrate domains with
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expectant results upon their mutation and it was shown that
removal of this domain results in accumulation of AID in the
nucleus, confirming its functionality. However, generation of
hybrid AID with interchanged NES domains demonstrated that
the aforementioned difference in their ability to mediate CSR was
not due to different NES sequences, suggesting that fish AIDs
may have different inherent catalytic robustness (31, 32, 49, 177).
In the same set of experiments, the functionality of Xenopus AID
was also confirmed for the first time.

Another property of fish AID that was examined in these
early studies was temperature sensitivity. It was found that
incubating the cells in which the fish AID are being expressed
at lower temperatures than the typical 37°C (18°C for bacteria,
30°C for yeast, and 26°C for mammalian cell lines), yielded
generally more AID activity in the bacterial colony count,
yeast-null mutation, and GFP reversion based assays employed
in bacteria, yeast, and cell lines, respectively (15, 31, 32, 49). The
lamprey CDA1-class deaminases were also shown in bacterial
and yeast-based expression assays to be active cytidine
deaminases. Another example of a structure:function insight
was the example of using zebrafish AID to propose a role for
S38 phosphorylation-dependent interaction of AID with
replication protein A (RPA) and its role in mediating CSR.
Since zebrafish AID lacks this residue but contains D44
which can act as a phosphomimetic residue, it was proposed
that S38 phosphorylation dependent Replication protein A
(PRA) interaction is essential for CSR, though another study
using a zebrafish AID with a D44 mutation found that this
residue is not critical for CSR (30, 42, 62, 178); therefore the
importance of this axis of S38 phosphorylation-AID-RPA
remains uncertain, as the early view that specific cofactors
chaperone AID to the Ig locus ought to be considered in
balance with the various explanations that it may be the
process of transcription and its unique features at the Ig loci
including robust and bidirectional transcription, and unique
DNA or RNA secondary structures (e.g. G quadruplexes) are
the determinants that recruit AID to the Ig loci to carry out SHM
and CSR (179–182).

As the first tetrapods, amphibian (Xenopus) antibodies
undergo SHM and CSR; however, the switch regions in
Xenopus are AT-rich compared to GC-rich, which may affect
switching efficiency (183, 184). Xenopus AID has been shown to
demonstrate CSR activity, and is expressed in hematopoietic
tissues, hinting at a role in ontogeny (31, 51). Neither Xenopus
nor other amphibian AIDs have been biochemically
characterized. Avian Ig loci, at least the ones sequenced (duck,
chicken, and ostrich) are unique among the higher vertebrates in
that there is a single functional germline locus (V-Dn-J or V-J)
that is recombined via V(D)J recombination; further
diversification occurs via AID-mediated gene recombination
(similar to how VLRs are recombined), initiated by avian AID
(185–188). Aside from experiments demonstrating that bovine
AID can demethylate DNA via deaminase activity (61), no other
non-human, non-mouse AID has been characterized in the
higher vertebrates, and its targets (Ig) and activity (SHM and
CSR) in many non-human animals remain unstudied.
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COMPARATIVE EVOLUTIONARY
ANALYSES OF AID IN CELL-FREE
BIOCHEMICAL ASSAYS
Over the last decade, we have pursued a comparative
enzymology approach to study the biochemical properties and
structure:function aspects of purified AID from divergent
orthologs. The initial goal of this effort was to gain insights
into the 3D structure of human AID. Given AID/APOBECs’
involvement in immunity and cancer, intense research has been
dedicated to solving their 3D structures. Unfortunately, AID/
APOBECs proved to be problematic subjects for X-ray or NMR
because they are difficult to make in large quantities due to host
cell toxicity, and they form extensive non-specific interactions
with other molecules making them hard to purify and insoluble.
Hence, > 90% of the 40 reported AID/APOBEC structures are of
partial or significantly altered versions, quite a few with < 50%
identity to the native protein (PDB databank: https://www.rcsb.
org/) (53). These alterations were necessary to enable crystal
formation for X-ray crystallography or enhance solubility for
NMR. AID is a small (only 198 aa) protein but it has by far the
most positively charged surface amongst the AID/APOBEC
family, which underlies its exceptionally high binding affinity
(~nM-range) for its negatively charged ss-DNA substrate (189).
Partially because of this, it has not been possible to obtain a
native AID crystal or NMR structure despite intense attempts for
20 years since its discovery in 1999.

Based on the initial insights from the cell-based assays that
revealed differences in functional efficiencies of orthologous
AIDs and the relatively high divergence among mammalian
and fish AID, we posited that AID from more distantly
evolved species, might have distinct properties and that
discovering the basis of their differences would shed light on
AID’s inner workings. We began studying AID from key
evolutionary points. Fish were of great interest because they
are the most evolutionarily divergent species known to have AID,
and their AID sequences exhibit the highest degree of primary
sequence divergence. Parallel to the evolutionary approach,
several partial X-ray or NMR structures of APOBECs were
utilized in computational modelling to generate thousands of
predicted AID 3D structures. Through this computational
modelling and evolutionary approach, hereafter referred to as
the “computational-biochemical-evolutionary” method, parts of
AID were predicted to have a specific function. A library of
different AID versions (mutants, chimeras with exchanged
domains, fish orthologs) was generated, purified, and subjected
to functional biochemical enzyme assays (e.g., enzyme kinetics,
substrate binding, and optimal temperature determination) to
verify whether a motif predicted by the modelling indeed
mediated the supposed function. The experimental results were
cross-referenced with the evolutionary/computational
predictions, in order to refine a functional map of AID’s
structure, first published in 2015 through this approach (52).
This functional map of AID was later confirmed independently
by an X-ray crystal of a near-native AID in 2017 containing 20 aa
truncations and a handful of residues mutations which altered
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the surface charge of AID from ~+10 to +3 (52, 129). In the
following paragraphs, we review the insights gained through the
computational-biochemical-evolutionary method.

In 2012, by comparing the enzymatic activity and predicted
structure of Hs-AID with bony fish AIDs (i.e., zebrafish [Dr-AID]
and catfish AID [Ip-AID]), we demonstrated that different AID
orthologs present diverse biochemical properties, such as catalytic
rate and optimal temperature, which are governed by a single
amino acid in their C terminus (26). The difference in the optimal
temperature mirrored the ambient temperature of each organism.
We observed that Dr-AID was several fold more active than Hs-
AID while Ip-AID was significantly less active than Hs-AID, in
line with the previous observations of its lesser ability to mediate
CSR when deployed in an AID-deficient B cell (26). The different
catalytic rates amongst AID orthologs may reflect the different
evolutionary paths taken by each species’ immune system. The
computational modelling of the surface charge and topology, and
functional ssDNA binding assays of bony fish and human AIDs,
also led to an early picture of AID’s ssDNA binding grooves. The
width of this groove is ~ 10 Å. Given the width of ds-DNA helix
(~ 20Å), the identified DNA binding groove on AID explained its
substrate specificity for acting only on ssDNA and not dsDNA
(190–193). The presence of this DNA binding groove has been
confirmed upon crystallization of Hs-AID with ssDNA
(129, 194).

In 2013, we demonstrated that zebrafish AID, unlike its
human counterpart and several other bony fish AIDs had the
unique enzymatic ability to mutate 5-methyl dC (5mC) in
addition to regular dC (39). Soon after its discovery, a possible
role of AID in genome methylation and epigenetic
reprogramming was suggested where AID demethylation
activity in the CpG motifs would convert 5mC to
deoxythymidine (dT) (195). Supporting evidence came from
the fact that the AICDA gene is located in a cluster with other
pluripotency genes and is expressed in oocytes and primordial
germ cells (196). Soon after this initial report, AID-mediated
deamination of 5-mC was reported in induced pluripotent stem
(iPS) cells, primordial germ cells, B cells, cancerous cell lines, and
bovine and zebrafish embryo (60, 61, 197–201). Regarding the
enzymatic activity of AID on 5-mC, initially, it was claimed that
Hs-AID has comparable activity on 5-mC as well (196).
However, soon after, several reports showed that although Hs-
AID can indeed deaminate 5-mC, its activity on this substrate
and on other cytidine derivatives with bulky adducts is many
folds less than on dC (39, 202–204). This is a key aspect of AID
activity since AID-mediated CpG demethylation through a C to
T mutation could be a mutagenic process. Given the importance
of CpG motifs in gene expression and epigenetics, one would
expect to avoid efficient activity of AID on 5-mC. In fact,
methylation has been proposed as a protective mechanism
against undesirable AID activity (202). We then used our
comparative computational approach and reported that unlike
Hs-AID, Ip-AID, medaka AID (Ol-AID), and tetraodon AID
(Tn-AID), the zebrafish AID exhibits more efficient activity on
5m-C, deaminating it more efficiently than many other orthologs
deaminate regular dC and significantly more efficient as
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normalized to its own activity on dC (39). From a biological
standpoint, these results explained why in zebrafish, AID was
uniquely involved in embryonic development and its knockdown
resulted in genomes with hypermethylated CpG motifs. From an
AID structure:function standpoint, modeling predictions of
human and zebrafish AID catalytic pockets docked with dC
showed that both AIDs are predicted to form catalytic pockets
with the classical triad of Zn-coordinating residues (C87, C92,
and H56 in human AID) and catalytic glutamic acid (E58 in
human AID) that can accommodate a dC residue in orientations
that support the 4-stage deamination chemistry common to
cytidine and cytosine deaminase. Importantly, the catalytic
pocket of zebrafish AID was predicted to have one of its
composing loops extended and more flexible as compared to
that of human AID, thus providing more space for a 5mC
substrate that is bulkier than a dC (204). In this manner, the
computational-biochemical-evolutionary method not only
solved a biological puzzle about the role of AID in zebrafish,
but it also made a key structural biology contribution by
providing the first detailed maps of AID’s catalytic pocket
th rough pred i c t i v e mode l l ing co r robora t ed wi th
functional enzymology.

In 2015, using our computational-biochemical-evolutionary
method, we mapped a network of primary and secondary
catalytic residues that either contact and/or stabilize the dC in
a catalytic pocket (52). This network of amino acids consists of
G23, R24, R25, E26, T27, L29, N51, K52, N53, G54, C55, V57,
T82, W84, S85, P86, D89, Y114, F115, C116, and E122 in human
AID (52). These residues form the “walls” and “floors” of the
catalytic pocket and interact with substrate dC in several
predicted protein conformations through hydrogen bonding,
electrostatic interactions, and aromatic base stacking. The
importance of direct interactions between some of the
secondary catalytic residues and substrate DNA was validated
when the crystal structure of a partially truncated and mutated
but relatively near native AID was published (129). Given the
importance of proper positioning of dC inside the active site for
efficient deamination activity, defining the secondary catalytic
pocket residues was a step forward in solving the functional
structure of AID. In the same work, we also described a novel
structural regulatory mechanism of AID/APOBEC activity in
that the majority of Hs-AID conformations at any given time
contain catalytic pockets that are closed and inaccessible for
accommodating a dC for deamination (194). Furthermore, we
observed that the majority of ssDNA:AID binding events result
in ssDNA bound non-productively on the surface in
conformations that do not pass over the catalytic pocket,
presumably due to the highly positively charged surface of AID
(+11, the highest surface positive charge amongst AID/
APOBECs) (52, 194). Taken together, the frequent catalytic
closure and sporadic ssDNA binding are significant bottlenecks
for AID activity such that < 1% of all ssDNA:AID binding events
translate into a cytidine deamination event. We then proposed
that due to the potential danger of AID/APOBEC activity for
genomic DNA, this inherent structural regulatory mechanism is
in place as a safe-guard mechanism in AID and in the
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tumorigenic A3 family members; the main pillar of this
hypothesis was that the open:closed dynamic ratio in AID,
A3A and A3B correlated with their catalytic rates and with
their relative responsibility for mediating tumorigenic mutations
in cancers. We termed this novel mechanism Schrödinger’s
CATalytic Pocket (53). Here again, the computational-
biochemical-evolutionary method was key in providing the
functional proof for the existence and regulatory role of
Schrödinger’s CATalytic Pocket. A panel of chimeric AID
enzymes, including bony fish-human chimeras, was generated
since certain fish AID (e.g., the aforementioned zebrafish AID)
have catalytic pockets are composed of loops of different lengths
and hence different breathing dynamics compared to human
AID. The demonstration that the AID chimeras (e.g., human/
zebrafish catalytic pocket chimera AID, or AID/A3 chimera)
predicted to spend more time in the open conformation also
have higher catalytic rates, provided functional proof of the
concept for Schrödinger’s CATalytic Pocket. First revealed by
the computational-biochemical-evolutionary method, the pocket
dynamic has since been independently confirmed by structural
analyses of A3s.

In a study in 2017, to examine whether Hs-AID’s unique
biochemical properties (i.e., low catalytic rate and high affinity
for its substrate) were conserved across vertebrates, we compared
the enzymatic activity of Hs-AID to that of sea lamprey, nurse
shark, and coelacanth. These species were chosen to represent
key points of evolution, lamprey being a jawless vertebrate, shark
being the first jawed vertebrate with the classical Ig system, and
coelacanth being the “fossil fish” lobe fined fish thought to be the
closest fish ancestor of tetrapods (21). We found that despite the
biochemical variability amongst these enzymes in substrate
sequence preference (WRC vs. non-WRC motifs) and optimal
temperatures, the key defining enzymatic characteristics of AID
(lethargic catalytic rate and high nM range affinity for ssDNA
binding) were maintained (205). This finding suggests that these
unique biochemical regulatory features of low catalytic rate and
high ssDNA binding affinity in AID are evolutionary conserved
and thus important for its function, for instance the balance
between making SHM and CSR mutations while protecting the
genome from rampant promiscuous mutagenesis. Furthermore,
using computational modelling, we showed that all of the above-
mentioned AIDs are predicted to exhibit the Schrödinger’s
CATalytic Pocket phenomenon, revealing the importance of
this intrinsic structural regulatory mechanism for AID activity
throughout the vertebrate class (205). Importantly, this was also
the first study to show that two species, key in the evolution of
adaptive immunity in its classical mammalian form, the shark
and the coelacanth, do indeed have a functional AID enzyme.

In amore recent study, colleagues andwe turned our focus to the
extant agnathan the sea lamprey, in which thus far two AID-like
cytidine deaminases (CDA1 and CDA2) have been found (20).
Genetic analyses revealed thatCDA1andCDA2were found in both
the sea and freshwater lampreys, alongwith, unexpectedly,multiple
CDA1-like genes that could be divided into two distinct groups
(CDA1L1_1, _2, _3, _4 and CDA1L2_1, _2). Genomic DNA from
other individuals were searched for homologs of these new
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CDA1-like genes, which were found, along with splice variants of
CDA1L1_1 and CDA1L1_3. When their amino acid sequences
were compared with those of other AID orthologs, these novel
CDA-like proteins were found to contain the conserved deaminase
core catalyticmotif (HxExnPCxxC), suggesting they could be active
cytidine deaminase. In silico modeling of each CDA ortholog also
demonstrated the high likelihood of catalytic cytidine deaminase
activity, as each protein formed a putative cytidine deaminase
catalytic site, and catalytic activity was demonstrated by
expressing these enzymes in 293T cells and assaying the extracts
for cytidine deaminase activity. The enzymes exhibited cold
adaptation, with optimal temperatures being between 14-22°C,
and most had an acid pH-adapted activity profile, reminiscent of
the humanA3 branch enzymes (A3A, A3B, A3G, A3F) rather than
humanAID, and commensurate with structuralmodeling showing
that these proteins have a lower surface charge than human AID.
These results showed for the first time that lamprey has more than
just one version of a CDA1 enzyme, and remarkably, that these are
variably expressed in individuals of the same species, a novel
biological phenomenon the mechanism and importance of which
is yet to be discovered.
DISCUSSION

In the above sections, we reviewed the insights relevant to
structural biology, immunology, and cancer research that have
been brought forth by comparative studies of AID from non-
human/mouse species. This section highlights the future
potential of comparative evolutionary studies for impacting
emerging approaches in structural biology, base-editing, and
protein engineering. The concept of how evolutionary studies
illuminate each of these three arenas is illustrated in Figure 2.

First, with respect to structural biology (Figure 2 arrow 3,
bottom panel, and Figure 3), the significance of this
computational-biochemical-evolutionary approach for AID is
evident by its track record of providing the first 3D map of
AID structure and revealing the concept of Schrödinger’s
CATalytic Pocket in the AID/APOBEC family, both of which
have subsequently been confirmed by independent studies
employing the traditional structure solution methods of
crystallography and NMR. Thus, in the case of AID, not only
did the evolutionary-biochemical-computational approach for
solving its structure prove to be quicker, it was also the only
approach able to deal with AID in an unaltered native state, as
the only way to crystalize AID has been to alter it, with the most
near-native crystal structure still containing 20 aa truncation and
multiple surface mutations that change the charge of native AID
drastically (from +11 to +3) (52, 129). Furthermore, the
evolutionary-biochemical-computational method also revealed
additional time/space dimensions of the structure that are not
normally probed through the traditional methodologies (53). For
this reason, we termed this type of computational-biochemical-
evolutionary structure a five-dimensional (5D) description of a
3D structure. In the 5D structure of a protein, as opposed to the
classical protein structure which has always been viewed as a 3D
Frontiers in Immunology | www.frontiersin.org 10204
shape, the structure’s dynamics are further explored through
time (4th dimension) dimensions of ‘tempus’ and ‘aevum’. The
‘tempus’ analysis is the studying of a protein structure in a real
time manner where one can examine/predict the ‘protein
breathing’ on the time scale of fractions of a second, while the
‘aevum’ sub-dimension is one wherein dynamic change is
compared throughout ortholog evolution from both closely-
and remotely-related species, on the time scale of hundreds of
millions of years. The 5th dimension, which is “function”, then
explores the understanding of how these dynamic 3D and 4D
structures relate to the biological function of the protein,
including functions in human health/disease. Figure 3
illustrates the concept of how a 5D structure description
contains orders of magnitude more information than the
conventional 3D picture.

Others and we have shown that AID orthologs exhibit a vast
diversity in many of their biochemical properties such as
catalytic rate, optimal temperature, optimal pH, and substrate
sequence specificity. Indeed, the catalytic rate varies over 3 orders
of magnitude, temperature optima vary from very cold to human
body temperature, and pH optima vary over a range of nearly 2
units. Firstly, this is indeed a remarkable range of variation for
evolutionary closely related versions of the same enzyme, given
that a large portion of the enzyme’s primary sequence and its
overall 3D structural architecture are conserved. Secondly, each
of these biochemical characteristics is an indicator of a specific
structural aspect of a protein. For instance, variations in catalytic
rate can be due to differences in substrate binding or differential
dynamics of the catalytic pocket as dictated by breathing loops
that compose the catalytic pocket. Variations in optimal pH are
largely owing to the surface charge of the protein, which in AID
can vary from only slight positive in some bony fish (e.g., +3 in
Salmo Salar) to extremely positive (e.g., +11 in human and
mouse). Substrate specificity differences are mediated by a well-
defined substrate specificity loop which is one of the more
variable structural regions among the AID/APOBEC family
members, causing different surface binding pockets next to the
catalytic pocket that underlie differential preference for the -2
and -1 base positions next to the target dC that is positioned in
the catalytic pocket. For temperature sensitivity, proteins may
increase their thermoresistance using several strategies. In the
first mechanism, the enthalpy change (DHs) measured at the
temperature of maximum stability (Ts) becomes more negative,
causing DG for all temperatures to decrease. This strategy can be
seen as a stability curve to be shifted downward. The second
strategy is to increase (less negative) the change in the heat
capacity upon folding (DCp) which causes Tm to increase. In this
case, the stability curve would broaden. The last approach is to
increase Ts which shifts the curve to the right. Proteins may apply
one, two, or all of these strategies to improve their thermal
resistance, and this is dictated by differences in the secondary
structures employed in various parts of the protein and/or overall
flexibility of the structure. Thus, not only is each of an enzyme’s
biochemical properties reflective of a structural trait in terms of
the 3D folding of the structure, but the relationship between
properties (e.g., between catalytic rate and optimal temperature)
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FIGURE 2 | The concept and three main applications of the evolutionary-biochemical-computational approach to studying DNA-editing enzymes. The evolutionary
comparative approach is shown in the middle with 3 arrows each pointing to an area wherein this approach can make significant impact. The evolutionary comparative
approach shown in the middle panel consists of comparing biochemical properties (Michaelis-Menten kinetics, substrate binding kinetics, optimal temperature, optimal pH,
substrate sequence or shape specificity, etc.) of the enzymes using enzyme assays and considering insights in the context of their 3D solved structures or computational
predicted models as shown in this figure. Due to vast biochemical diversity observed amongst various AID orthologs, examining the biochemical properties of divergent AID
orthologs has shed light on many structure:function aspects of AID/APOBEC enzymes. Arrow 1: the evolutionary comparative study of DNA-editing enzymes can provide
insights into the evolution of the immune system, for instance on whether the immune systems use active deaminases and how/if they have gene sequences or other immune
genes that have co-evolved with their deaminases. Arrow 2: using different orthologs allows for generation of libraries of mutants and chimeric enzymes which can have
diverse biochemical properties such as DNA/RNA-targeting profiles and sequence specificities, and these can be used for applications such as base editing. Arrow 3: the
most important highlight of the evolutionary-biochemical-computational approach is the birth of the concept of 5-dimentional (5D) structural description, proposed in this
article. The 5D description integrates the classical 3D structure of a protein with dynamic changes in time (4th dimension) and the relevance of these to function (5th

dimension). The middle panel contains reproduced figures from previous publications. The thermosensitivity and enzyme velocity plots are from our previous work Quinlan EM
et al. (21). Biochemical regulatory features of activation-induced cytidine deaminase remain conserved from lampreys to humans. Mol Cell Biol 37:e00077-17. https://doi.org/
10.1128/MCB.00077-17. Copyright © 2017 American Society for Microbiology. The computational models are adapted from our previous work Holland et al. (20).
Expansions, diversification, and interindividual copy number variations of AID/APOBEC family cytidine deaminase genes in lampreys. 2018 Apr 3;115(14):E3211-E3220.
doi: 10.1073/pnas.1720871115 Copyright (2018) National Academy of Sciences.
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itself can also provide finer level information into the subtle
differences of 3D folding of the enzyme’s protein structure.

Modelling of proteins with no known related structure is a long-
standing challenge in the field of structural biology where the
recent breakthrough of AlpahFold has gained considerable
attention (206). The AlphaFold algorithm, a learned-based
method in contrast to knowledge- and physics-based ones, uses
co-evolution methods and deep convolutional neural networks.
Remarkably, combining the deep-learning methods such as
AlphaFold with molecular dynamics stimulations has improved
the accuracy of protein structural prediction even further (207).
However, to achieve an accurate result using learned-based
methods, access to a large dataset (e.g., multiple sequence
Frontiers in Immunology | www.frontiersin.org 12206
alignment [MSA] of 105 to 106 sequences) of evolutionarily
diverse sequences is necessary (208). Co-evolution-derived
contact methods are based on the idea that the residues in close
contact (< 8 Å considering the Ca) in the 3D structure, which
define the local secondary structural features, co-evolve while the
residues with medium- and long-range contact specify the overall
3D structure of a protein. In fact, the evolutionarily conserved
dynamical/functional domains (termed evolutionary domains
[ED]) have been predicted by coevolutionary coupling analysis of
co-evolving residues (209). The contact map of the protein can be
retrieved either through the evolutionary coupling analysis (ECA)
or supervised machine learning (SML). ECA relies on a high-
quality large MSA (with at least 64 times the square root of the
FIGURE 3 | 5-dimensional description of biological molecules. In the 5D structure description proposed here, the information from the traditional 3D structure is
combined with the structure dynamics in time (4th dimension = time, in real time measured in fractions of a second, and evolutionary time measured in millions of
years) and integrated with how these real-time and evolutionary dynamic structural changes impact the biological function of the protein (5th dimension = biological
function as dependent on 3D and 4D descriptions of a protein’s structure).
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length of the target protein) while SML methods are capable of
retrieving the contact map even in the case of smaller MSA by
combining the sequence-dependent and independent information
(210). Therefore, the approach of studying a family of proteins
from many orthologs that cover a large range of biochemical
properties, coupled with artificial intelligence (AI) learning, will
pave the road for even more refinement of such AI-based
computational approaches to protein folding, and especially so in
the field of enzymology. Given that this methodology may be
nearing the accuracy of experimental structure determination, as
announced recently, and the applicability of enzyme (e.g., virus
polymerases) structure prediction and engineering for treatment of
emerging pathogens, the evolutionary comparative study of
enzymes can make a critical contribution in this domain.

From a basic evolutionary immunology perspective (Figure 2,
arrow 1, top left), the comparative enzymology approach also has
brought forth meaningful insights and points for further
research. For instance, the discovery that AID’s catalytic pocket
has evolved in one fish species to be significant more active, or
capable of carrying out genome demethylation, speaks to issues
of DNA-repair and genome demethylation that provide hints
that in some instances in evolution, AID may indeed have had a
significantly higher weight of non-immune based physiological
functions as compared to the case in mammals where it plays a
strictly immune role. Though other roles such as epigenetic
remodelling have been proposed for human and mouse AID,
the fact that AID-deficient mice appear only to suffer from Hyper
IgM and no other perturbations suggest that any non-immune
functions of AID in mammals are either marginal or highly
redundant. This in turn suggests that perhaps AID initially
emerged for other functions in the fish and was later co-opted
by the immune system, a familiar pattern, that has already been
shown for other DNA-damaging enzymes used by the immune
system, namely the RAG recombinases. Demonstrating that AID
is an active deaminase in species like sharks and coelacanth,
which are key fishes in the evolution of vertebrates, also shed
light on AID’s role in earlier-evolved immune systems. Lastly,
the unexpected and novel expansion and inter-individual copy
number variation of the AID-like CDA1 enzymes in the lamprey
speaks to the intriguing possibility that somehow the enzymes
themselves may be the subject of an as-yet-undiscovered type of
genetic diversification or environmental response.

From the perspective of protein biotechnological advancements
in protein engineering (Figure 2, arrow 2, top right), the
comparative evolutionary enzymology method is also of value for
emerging biotechnological applications, such as in the emerging
field of base-editing. DNA base editing is a new genome editing
tool, introduced in 2016, based on the clustered regularly
interspaced short palindromic repeats (CRISPR) associated (Cas)
system of bacterial adaptive immunity, where a point mutation is
precisely introduced into the genomic DNA (211–214). This tool is
comprised of a guide RNA, a catalytically impaired Cas nuclease
coupled to a ssDNA mutating enzyme. There are two different
classes of ssDNA base editors, the cytidine base editors (CBEs) and
adenine base editors (ABEs), where different deaminases are used
as the ssDNA mutating enzyme (215). CBEs accomplish the
Frontiers in Immunology | www.frontiersin.org 13207
conversion of C:G to T:A using cytidine deaminases (i.e., AID/
APOBEC family members) while ABEs perform the reverse
mutation using adenine deaminases (e.g., TadA). The specificity
of the CBE complexes is defined by the protospacer adjacent motif
(PAM) which is recognized by the Cas enzyme, the activity-
window which is defined by the target sequence incorporated
into the single-guide RNA (sg-RNA), and the substrate specificity
of the ssDNA mutating enzyme. Since the sequence content of the
target dC is defined by the target genomic regions, diversifying the
substrate specificity of the ssDNA editing enzymes are of a great
interest. To accomplish this goal, different members of the AID/
APOBEC family, such as AID, APOBEC1, A3A, 3B, 3C, 3D, 3F,
3G, 3H, and CDA1 from human, rat, and sea lamprey, and their
variants have been tethered to Cas. Deamination of methylated dC
was also accomplished by using A3A variants as the ssDNA editing
enzyme (216). Given the observed diversity in the biochemical
properties of AID orthologs, using AID from different species,
especially bony fish, would assist in expanding the specificity of the
CBEs arsenal. A recent study acts as evidence for this; the study did
a screen of 153 in vitro-evolved cytidine deaminases (APOBECs,
AIDs, CDAs, etc.), led to ones that exhibited the lowest unguided
off-target DNA and cellular RNA deamination events along with
the highest on-target deamination events. Using this screening
approach to choosing a ssDNA editing enzyme, it became
possible to reduce the unguided off-target DNA deamination
events by 45-fold and transcriptome-wide deamination events by
12- to 69-fold, all while maintaining a similar DNA on-target
editing frequency (212). Others and we who have been studying
cytidine deaminase structure:function and evolution have also
generated libraries of chimeric and mutant enzymes, bearing
different motifs exchanged between orthologs in order to
pinpoint enzyme functionality to structural parts (Figure 2,
arrow 2, top right). In so doing, these libraries often contain
engineered enzymes with variable targeting and substrate
specificity profiles that could also prove as useful tools in the
field of base-editing.

In conclusion, molecules involved in human health and disease
are typically studied in only a handful of well-characterized model
species. Here, using the example AID, a DNA-editing enzyme
involved in immunity and cancer, we have reviewed how the few
studies that have examined this molecule in evolutionarily distant
species have brought forth important and unexpected insights in
structural biology, immunology, and cancer research. For other
DNA-damaging enzymes involved in immunity and cancer, such
as RAGs, the case is parallel, with less than a handful of hundreds of
studies probing non-mouse/human species; however, the studies
that have ventured into the evolutionary past have brought forth
intriguing ideas that have changed our understanding of RAG
function and evolution (217–221). This, taken together with the
fact that by far the greatest window of evolutionary diversity in
these DNA-editing proteins, and indeed in all proteins, lies in
earlier-evolved species that have remained unstudied, would make
it reasonable to conclude that much fundamental and applicable
biological insights can be uncovered by large-scale evolutionary
studies. The case of understudied orthologs discussed here
(Figure 1B) is made even more glaring considering that unlike
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the field of evolutionary immunology which is a recognized
subfield of immunology with its own research groups, journals
and scientific meetings, other disciplines such as DNA repair,
cancer research, neurodegenerative diseases, and many others do
not have a formal evolutionary sub-discipline. We have also
discussed how, in addition to generating novel fundamental
knowledge on biology, the evolutionary comparative approach
for studying protein structure:function is a valuable tool
to complement the emerging AI-guided protein folding
methodologies as well as protein engineering in the field of
base-editing and beyond.
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In mammals, Interleukin-17 cytokine family plays critical roles in both acute and chronic
inflammatory responses. In fish species, three Interleukin-17A/F (IL-17A/F) genes have
been identified to be homologous to mammalian IL-17A and IL-17F, but little is known
about their functional activity. In this study, Pf_IL-17A/F1, 2 and 3 genes were cloned from
yellow catfish (Pelteobagrus fulvidraco) and they differed in protein structure and exon
length, implying that they may have divergent bioactivity. Real-time quantitative PCR
analyses revealed that three Pf_IL-17A/F genes were highly expressed in blood and
mucosal tissues (skin+mucus and gill) from healthy adult fish. The mRNA expressions of
Pf_IL-17A/F1, 2 and 3 genes were significantly up-regulated in the gill, skin+mucus, head
kidney and spleen after challenge with Edwardsiella ictaluri and in the isolated peripheral
blood leucocytes (PBLs) of yellow catfish after stimulation with phytohaemagglutinin
(PHA), lipopolysaccharides (LPS), peptidoglycan (PGN) and polyinosinic-polycytidylic
acid (Poly I:C). These results indicate that Pf_IL-17A/F1, 2 and 3 genes may play a vital
role in the regulation of immune against pathogens. Additionally, the recombinant (r) Pf_IL-
17A/F1, 2 and 3 proteins significantly induced the mRNA expressions of proinflammatory
cytokines, chemokines and antibacterial peptides genes, and the rPf_IL-17A/F 2 and 3
proteins promoted phagocytosis of PBLs more powerfully than the rPf_IL-17A/F1.
Furthermore, the rPf_IL-17A/F1, 2 and 3 proteins might activate the NF-kB and MAPK
signal pathways by IL-17RA, ACT1, TRAF6, TRAF2, TRAF5 and TAK1, indicating that the
three Pf_IL-17A/F proteins may play different roles in promoting inflammatory response.
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INTRODUCTION

Water quality is one of the most critical factors of healthy
aquaculture. The deterioration of the water environment can
reduce fish growth rate and lower fish immunity, which may lead
to the invasion of pathogens and the occurrence of fish diseases.
Inflammation is broadly defined as a protective response of the
organism to stimulation by invading pathogens or endogenous
signals such as damaged cells (1). Moderate inflammation can
accelerate the clearance of pathogens and tissue repair. Cytokine,
as the medium of communication between cells, plays an
important regulative role in the development of inflammation
(2). As an important cytokine family, the interleukin-17 family
can promote inflammation by activating downstream pathways
to induce the expression of antimicrobial peptides, inflammatory
cytokines, and chemokines (3).

In mammals, the interleukin-17 (IL-17) cytokine family
comprises six members based on the structure similarity: IL-
17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F. IL-17A,
originally called cytotoxic T-lymphocyte antigen 8 (CTLA8) (4),
is a symbolic cytokine that plays a redundant role in
inflammation, host defense, and tumorigenesis (5). IL-17A and
IL-17F are most similar in amino acid sequences, and they are co-
expressed and play overlapping roles in the inflammatory
response (6). IL-17A and IL-17F were considered to be released
by the activated CD4+ T cell. In 2005, IL-17-producing T cells
were classified as a new distinct CD4+ T cell subset, T helper 17
cells (Th17) (7). In mouse, the naïve CD4+ T cells can differentiate
into Th17 cells under the control of a set of cytokines including
TGF-b, IL-6, IL-1b, IL-23, and IL-21, which lead to the activation
of retinoid-related orphan nuclear receptor gt (ROR-gt) and signal
transducer and activators of transcription 3 (STAT3) pathways
(8–12). IL-2, interferon-g (IFN-g), IL-4 or IL-12 on these
pathways can suppress the differentiation of Th17 cells (7, 13,
14). Though Th17 cells were thought as a major source of IL-17A
and IL-17F, IL-17A and IL-17F can also be produced by T cells
(Tc-17, gd-17, NKT-17), innate lymphoid cells (monocyte,
neutrophils, NK), and other non-immune cells (paneth cells,
epithelial cells) (15, 16). Upon infection and wounding, IL-17A
and IL-17F are rapidly produced by immune and non-immune
cells or later by adaptive Th17 cells, subsequently these two
released cytokines can induce the expression of host defense
genes, such as cytokines (IL-1b, TNF, IL-6, and GM-CSF),
chemokines (CXCL1, CXCL2, and CXCL8) and antibacterial
peptides (b-defensin and S100 proteins) in targeting cells
(epithelial cells, keratinocytes, endothelial cells, fibroblasts, and
muscle cells), which will further activate NFkB, MAPKs and C/
EBPs downstream pathways to protect the host from harmful
pathogens (17, 18). Though the roles of IL-17A and IL-17F
overlap, they exist in distinct roles in host defense mechanisms.
In the colon, IL-17A was produced mainly in T cells, whereas IL-
17F was produced in T cells, immune cells and epithelial cells.
Furthermore, IL-17A induced inflammatory cytokines more
strongly than IL-17F in the autoimmunity, but IL-17F has more
critical roles than IL-17A in protecting colonic epithelial cells
against the invasion of bacteria (19, 20).
Frontiers in Immunology | www.frontiersin.org 2215
In teleosts, five members of IL-17 family genes have been
identified except IL-17E. Three IL-17A or IL-17F homologous
genes have been found in zebrafish (Danio rerio) and named IL-
17A/F1, IL-17A/F2 and IL-17A/F3, because it is difficult to
distinguish IL-17A and IL-17F genes (21). Besides, IL-17A/F1,
2 and 3 genes have been identified in medaka (Oryzias latipes),
Japanese pufferfish (Takifugu rubripes), rainbow trout
(Oncorhynchus mykiss), Atlantic salmon (Salmo salar), channel
catfish (Ictalurus punctatus), sea bass (Dicentrarchus labrax),
large yellow croaker (Larimichthys crocea) and miiuy croaker
(Miichthys miiuy) (22–28). Zebrafish IL-17A/F1 and 2 genes are
localized on the same chromosome and are different from
zebrafish IL-17A/F3 (22). Moreover, fish IL-17A/F1 and 3 were
clustered in a branch on the phylogenetic trees, showing that fish
IL-17A/F1 and 3 share the greatest structural homology (28).
There have been many studies on tissue expression and
immunoregulation of teleost IL-17A/F genes. Teleost IL-17A/F
genes are mainly expressed in immune-related tissues (e.g.
kidney, head kidney, and spleen) and mucosal tissues (e.g. gills,
skin, and intestine) (23–28), and their gene expression can be
modulated following bacterial infection and in vitro or in vivo
stimulation of lipopolysaccharides (LPS), phytohaemagglutinin
(PHA) and other immune stimuli (25–28). However, there have
been limited researches on the bioactivity of IL-17A/Fs in
teleosts, such as rainbow trout, common carp, grass carp and
large yellow croaker. Recombinant rainbow trout IL-17A/F2 can
induce the expression of chemokines (IL-6 and CXCL8) and
antibacterial peptide (b-defensin3) in splenocytes (29). Common
carp rIL-17A/F2a can induce the expression of pro-inflammatory
cytokine (IL-1b) and antimicrobial peptides (S100A1, S100A10a,
and S100A10b) in the primary kidney (30). Grass carp rIL-17A/
F1 can enhance the expression of some pro-inflammatory
cytokines genes (IL-1b, TNF, IL-6, and CXCL-8), possibly by
activating the NF-kB and MAPKs pathways (31). Large yellow
croaker rIL-17A/Fs can promote the expression of pro-
inflammatory cytokines (IL-1b, IL-6, and TNF-a), two
chemokines (CXCL8 and CXCL13) and antimicrobial peptide
(hepcidin), potentially via the NF-kB pathway (28). These results
illustrate that fish IL-17A/F genes are involved in host defense by
inducing cytokines, chemokines and antimicrobial peptide. But
so far limited researches have been reported to compare the
similarities and differences among three IL-17A/F genes, and the
unique roles of IL-17A/F genes in fish immunity are still unclear.

Yellow catfish (Pelteobagrus fulvidraco) is an important
commercial freshwater fish in China. With the rapid
development of the aquaculture industry in recent years,
yellow catfish suffers from several kinds of bacterial diseases
such as ascites disease, enteric septicemia, and crack-head disease
(32, 33). Inflammation can effectively prevent and eliminate
invaded pathogens, and IL-17A and F could produce strong
inflammatory responses by inducing other pro-inflammatory
cytokines, chemokines, and antimicrobial peptides (19, 34).
Although three genes of IL-17A/F have been found in various
fishes, there is no research to compare their distinct function in
fish. In this study, we identified three IL-17A/F homologous
genes (Pf_IL-17A/F1, 2, and 3) in yellow catfish and investigated
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the mRNA expression of Pf_IL-17A/F1, 2 and 3 genes in various
tissues. Subsequently, we detected the expression changes of
three Pf_IL-17A/F genes in gill, skin+mucus, head kidney and
spleen after challenge of Edwardsiella ictaluri, and analyzed the
expression modulation of three Pf_IL-17A/F genes in isolated
peripheral blood leucocytes (PBLs) of yellow catfish after
stimulation with PHA, LPS, PGN and Poly I:C. Moreover,
recombinant Pf_IL-17A/F1, 2 and 3 proteins were produced
and used to compare their bioactivity in PBLs to modulate the
mRNA expression of proinflammatory cytokines, chemokines
and antimicrobial peptides genes, promote phagocytosis, and
activate the downstream signal pathways. The results will
provide useful information to better understand the expression
patterns and potential functions of three IL-17A/F genes against
pathogenic microbes in teleosts.
MATERIALS AND METHODS

Fish Collection
Healthy adult yellow catfish (one year old, ~50 g) were collected
from the Liangzi Lake, Hubei Province, and were transported to
the fish breeding base of Huazhong Agricultural University
(HZAU). Before artificial reproduction, gene cloning and
mRNA tissue distribution experiments, the fishes were
acclimatized to laboratory conditions in two circulating water
tanks (water temperature at ~26°C, dissolved oxygen at
~6.5 mg/L, and pH at ~8.5) and were fed a commercial diet
(Hubei Haid Feeds Company, Wuhan, China) twice a day (09:00
and 16:00). The offsprings from artificial reproduction were
cultivated in the circulating water tanks to provide fish samples
for bacterial challenge and isolation of PBLs.

Cloning of cDNA Sequences for
Three Genes
Three gene-specific primer pairs (IL-17A/F1-F1/IL-17A/F1-R1,
IL-17A/F2-F1/IL-17A/F2-R1, and IL-17A/F3-F1/IL-17A/F3-R1)
and three 3’-untranslated region (UTR)-specific primers were
designed based on the previous transcriptome data of yellow
catfish to obtain the core cDNA sequences of the Pf_IL-17AF1, 2
and 3 genes (Supplemental Table 1). The open reading frame
(ORF) and 3’ UTR of three Pf_IL-17A/F genes were obtained
using PCR and 3’ nested rapid amplification of cDNA ends
(RACE) PCR, respectively. The PCR product was cloned into the
pMD18-T vector (TaKaRa, China) and sequenced as described
previously (35).

The completed sequence of the ORF of the target gene was
found using the ORF Finder (http://www.ncbi.nlm.nih.gov/
projects/gorf/). The theoretical isoelectric point and molecular
weight of the amino acid were predicted using the ExPASy
(https://web.expasy.org/compute_pi/). The protein structure of
the target gene was predicted by the Simple Modular
Architecture Research Tool (SMART) (http://smart.embl-
heidelberg.de/). Homologous sequences of the Pf_IL-17A/F1,
Pf_IL-17A/F2 and Pf_IL-17A/F3 genes were searched in
GenBank with the BLAST program (https://blast.ncbi.nlm.nih.
Frontiers in Immunology | www.frontiersin.org 3216
gov/Blast.cgi). Amino acid sequence similarity and identity were
computed using the Sequence Manipulation Suite (http://www.
bio-soft.net/sms/index.html). A neighbor-joining (NJ)
phylogenetic tree was constructed for three Pf_IL-17A/F genes
and their homologues from other vertebrates based on the amino
acid sequences using the MEGA 6.06. Protein secondary
structure was predicted using Jpred4 program (http://www.
compbio.dundee.ac.uk/jpred/). Disulfide bonding and cysteine
connectivity were predicted using the DISULFIND program
(http://disulfind.dsi.unifi.it/). The synteny of IL-17A/Fs loci
was analyzed using Genomicus (https://www.genomicus.
biologie.ens.fr/genomicus-91.01/cgi-bin/search.pl).

Tissue Distribution
Fifteen adult yellow catfish (~50 g) were anesthetized with
tricaine methanesulfonate (MS-222, 300 mg/L), and 15
different tissues, including blood, swim bladder, skin+mucus,
hindgut, liver, stomach, brain, gill, spleen, head kidney, muscle,
heart, testis, fin and trunk kidney, were rapidly collected for RNA
isolation. Every five fishes were as a group of biological
duplication. All tissues were immediately frozen in liquid
nitrogen and stored at –80°C until RNA extraction.

Modulation of Pf_IL-17AF1, 2 and 3 Gene
Expression In Vivo and In Vitro
To examine the immune responses of the Pf_IL-17A/F1, 2 and 3
genes after bacterial challenge, juvenile individuals of yellow
catfish (~14 g) were collected at the fish breeding base of HZAU.
The bacteria (E. ictaluri) for immune challenge experiments were
obtained from the fish immunology laboratory of HZAU, and
were cultured on brain-heart infusion (BHI) and incubated 12 h
at 28°C in the incubator. Fish were injected intraperitoneally
with 200 mL of suspended E. ictaluri in phosphate-buffered saline
(PBS, pH 7.2) with a concentration of 1.5×107 CFU/mL as the
experimental group or with the same volume of PBS as
the control group. Fifteen fish were randomly sampled from
the experimental group at 3, 6, 12, 24, 48, 72 and 120 hours post-
injection and from the control group at 0 hours, and every five
fishes at each time point were as a group of biological
duplication. The sampled fish were anesthetized with 300 mg/L
MS-222, and then the gill, skin+mucus, spleen and head kidney
tissues were collected for RNA extraction. All tissues were
immediately frozen in liquid nitrogen and stored at –80°C
until RNA extraction.

To examine the immune responses of the Pf_IL-17A/F1, 2
and 3 genes in isolated peripheral blood leucocytes (PBLs) of
yellow catfish after stimulation with LPS, PHA and Poly I:C, the
blood sample was collected from adult individuals of yellow
catfish (~35 g), and PBLs were isolated by density gradient
centrifugation as described (35). 5×106 cells were incubated in
RPMI (RPMI with L-glutamine, penicillin, streptomycin and
20% fetal bovine serum (FBS); Solarbio, Beijing, China) with 30
mg/mL PHA (Yuanye, Shanghai, China), 15 mg/mL LPS (Sigma,
USA), 15 mg/mL PGN (Ryon, Shanghai, China), and 15 mg/mL
Poly I:C (Ryon, Shanghai, China), respectively. The cells were
gathered by centrifugation at 3, 6, 12 and 24 h after treatment
with PHA, LPS, PGN and Poly I:C. Non-treated cells were used
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as the negative control. All cells were immediately frozen in
liquid nitrogen and stored at –80°C until RNA extraction.

Production and Purification of
rPf_IL-17A/F1, rPf_IL-17A/F2 and
rPf_IL-17A/F3 Proteins
The ORF sequence of Pf_IL-17A/F1, Pf_IL-17A/F2 and Pf_IL-
17A/F3 genes after removal of the signal peptide sequence was
amplified with gene-specific primers (Table 1) for prokaryotic
expression. After digested with Sal I and EcoR I, the amplicon
was inserted into the multiple cloning sites (MCS) of the pET-
32a vector. The recombinant plasmid pET-32a-IL-17A/F1, pET-
32a-IL-17A/F2 and pET-32a-IL-17A/F3 were then transformed
into E. coli BL21 (DE3) competent cells, respectively, and the
recombinant IL-17A/F (rIL-17A/F) expression was induced at
37°C for 4 h with IPTG at a final concentration of 1.0 mM.
Subsequently, the rPf_IL-17A/F protein was purified by Ni-NTA
(nitrilotriacetic acid) affinity chromatography (Sangon,
Shanghai, China) according to the manufacturer’s instructions.
The identity of the recombinant protein was confirmed by SDS-
PAGE as a band with the correct molecular weight. The purified
protein was quantitated using the Bradford protein quantitation
assay by Nanodrop 2000 (Thermo Electron Corporation, USA).

Modulation of Gene Expression in
Yellow Catfish PBLs by Recombinant
IL-17A/F Isoforms
The blood sample was collected from adult individuals of yellow
catfish (~35 g), and PBLs were isolated by density gradient
centrifugation as described (35). 5×106 cells were incubated
Frontiers in Immunology | www.frontiersin.org 4217
in RPMI1640 (RPMI1640 with L-glutamine, penicillin,
streptomycin, and 10% fetal bovine serum (FBS); Solarbio,
Beijing, China) with different doses of rPf_IL-17A/F1, 2 and 3
proteins (5, 50, and 500 ng/mL) for 6 h, and then the mRNA
expressions of IL-1b and CXCL8 genes were detected to compare
their changes after different treatments and to screen an
appropriate dose for bioactivity analysis of three rPf_IL-17A/F
proteins in the yellow catfish PBLs. In the bioactivity experiment
of three rPf_IL-17A/F proteins, a dose of 500 ng/mL was used for
each rPf_IL-17A/F because the IL-1b and CXCL8 genes had
good responses in the yellow catfish PBLs at this treatment dose.
Freshly prepared PBLs were stimulated with rPf_IL-17A/F1,
2 and 3 proteins (500 ng/mL) for 3 h, 6 h and 12 h. Medium-
treated cells were used as a negative control. Also, the PBLs were
treated by rPf_IL-17A/F1, 2 and 3 proteins (500 ng/mL) or NF-
kB inhibitor PDTC (0.5 mM, Sigma-Aldrich) and p38 MAPK
inhibitor SB203580 (20 mM, Calbiochem, San Diego, USA) for
6 h. All cells were immediately frozen in liquid nitrogen and
stored at -80°C until RNA extraction. Afterwards, the mRNA
expressions of proinflammatory cytokines (IL-1b, TNF-a, IL-6,
IL-11, IL-22, and IFN-g), chemokine (CXCL1, CXCL8, CXCL11,
CCL3, and CCL4), antimicrobial peptide (b-defensin, S100A1,
and LEAP) and IL-17A/Fs downstream pathway genes (IL-
17RA, ACT1, TRAF6, TRAF5, TRAF2, and TAK1) in the PBLs
were examined by qPCR to detect the effects of three
recombinant Pf_IL-17A/F proteins (Supplemental Table 1).

Phagocytic Assay
PBLs in complete cell culture medium prepared above (2 × 106

cells/mL) were added to 6-well suspension cell culture plates
TABLE 1 | Transcriptional fold changes of inflammatory cytokines, chemokines, antibacterial peptides and downstream signaling-related genes in yellow catfish PBLs
after treatment with the rPf_IL-17A/F1, 2 and 3 proteins (500 ng/mL) for 3 h, 6 h and 12 h.

Gene category Gene name rPf_IL-17A/F1 rPf_IL-17A/F2 rPf_IL-17A/F3

3 h 6 h 12 h 3 h 6 h 12 h 3 h 6 h 12 h

Inflammatory cytokine IL-1b 1.39** 1.86** 1.32 3.69** 3.55** 0.70 142.39** 122.19** 58.63**
IL-6 2.83* 1.55 1.75 1.71* 2.40** 1.85** 4.35** 4.84** 3.69*
IL-11 1.09 0.79 1.24 1.47 3.64* 3.21* 9.16** 11.94** 5.81**
IL-22 1.29 0.55 0.78 1.62 4.15** 1.44 4.31* 0.86 0.30
TNFa 1.16 1.75* 0.99 2.50* 1.58* 0.75 7.08** 3.95** 1.25
IFNg1 0.85 0.83 0.60* 1.13 1.10 1.33* 0.75* 0.78** 0.63**

Chemokine CXCL1 1.95* 1.26 1.52* 0.79 1.23 1.16 1.02 1.35 1.67*
CXCL8 2.43* 2.00* 24.79** 2.76* 2.23** 1.35 0.50** 0.46* 2.11
CXCL11 5.46** 8.79** 2.03** 1.51* 1.46* 1.85** 2.68** 4.40** 8.95**
CCL3 1.72* 1.24 0.90 1.36 1.04 0.77 6.92** 0.84 0.82
CCL4 0.73 1.76* 2.09* 0.80 1.69* 2.09** 1.90** 9.91** 3.02*

Antibacterial peptide S100A 2.95** 1.90** 0.37** 3.04* 2.76** 0.85 2.55** 1.19 0.61*
LEAP 2.44* 1.05 0.29* 0.11** 3.53* 0.16* 1.38 4.61* 0.10*
b-defensins 1.51 0.97 0.74 0.22* 4.23* 0.71 2.47* 2.16* 0.54**

Downstream signaling-related gene IL-17RA 1.72 3.50** 0.12** 0.82 1.24 0.86 3.75* 2.77** 0.79
ACT1 1.26 4.88** 0.09** 4.21* 1.05 0.52 3.13* 2.41* 0.10**
TRAF6 3.54* 1.72* 0.19** 1.49 1.44 0.56** 6.07* 6.08** 0.45**
TRAF2 1.22 4.94** 0.09** 0.79 2.90* 0.21** 5.07* 5.70** 0.48**
TRAF5 3.44* 2.34* 4.08** 1.10 2.42* 0.37* 24.53** 40.63** 1.52
TAK1 1.71 1.75* 0.61 1.32 2.00* 0.41** 4.78** 8.58** 1.04
June
 2021 | Volum
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Data are the average transcriptional fold changes of 20 genes at each time point after treatment with three rPf_IL-17A/Fs, which were calculated compared to the control group at the same
time point (controls = 1, n = 3). The PBLs were isolated from five individuals of yellow catfish and were mixed equally, and the pooled sample was further divided into 12 experiment units for
different experimental treatments. Significant difference at each time point compared to the control is indicated by asterisks (*P < 0.05, **P < 0.01).
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(Corning) and incubated at 28°C with 5% CO2. The fresh PBLs
were stimulated with rPf_IL-17A/F1, rPf_IL-17A/F2, rPf_IL-
17A/F3 proteins (500 ng/mL), and also treated by medium
alone as a control. Fluorescent latex beads (Fluoresbrite Yellow
Green Microspheres, 1.0 µm in diameter; Polysciences) were
added 18 h later at a cell/bead ratio of 1:25, and then the PBLs
were incubated for a further 2 h. The cells were harvested using
PBS and the supernatant was removed by centrifugation at 400 g
for 3 min. Non-ingested beads were removed by centrifugation
(at 100 g for 10 min at 4°C) over a 3% BSA and 4.5% d-glucose
buffer solution prepared with PBS. The cells were washed with
PBS and analyzed with Beckman cytoflex Flow Cytometer,
measuring at least 50,000 cells after live cell gating according
to the forward scatter (FSC)/side scatter (SSC).

RNA Extraction and cDNA Synthesis
Total RNA was extracted from various tissues and cells using
Trizol Reagent (Invitrogen, USA) according to the
manufacturer’s instruction. The quality of total RNA was
checked by 1% agarose gel electrophoresis. The concentration
of total RNA was determined using a Nanodrop ND-2000
spectrophotometer (Thermo Electron Corporation, USA). The
first-strand cDNA was generated using the Revert Aid™

M-MLV Reverse Transcriptase Kit (Promega, USA) following
the manufacturer’s instructions. The cDNA products were stored
at –20°C.

qPCR
qPCR was used to detect mRNA expression levels of Pf_IL-17A/
F1, Pf_IL-17A/F2 and Pf_IL-17A/F3 genes in various tissues and
cells of yellow catfish using a 7300 RT-PCR system (Applied
Biosystems, USA). The gene-specific primer pairs for qPCR were
designed based on the cloned cDNA sequences of Pf_IL-17A/F1,
Pf_IL-17A/F2 and Pf_IL-17A/F3 genes (Supplemental Table 1).
The b-actin gene (XM_027148463.1) was used as an internal
control gene. The PCR reaction mixture consisted of 10 mL
LightCycler® 480 SYBR Green I Master (Roche, Germany), 7 mL
ddH2O, 2 mL cDNA (5 times dilution of a template) and 0.5
mL of either gene-specific primer (10 mM) in a total volume of 20
mL. The qPCR of each sample was performed in triplicate
according to the following conditions: 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s, annealing temperature
for 30 s and 72°C for 30 s respectively. At the end of each PCR
reaction, amplification curve and melting curve analyses were
performed to check the integrity of the reaction and the quality of
the product, respectively. To compare mRNA expressions of
Pf_IL-17A/F1, Pf_IL-17A/F2 and Pf_IL-17A/F3 genes, the 2-DDCt

method (36) was adopted to calculate the relative expression
levels of the target genes.

Statistical Analyses
All data from the qPCRs were expressed as the mean ± standard
error (SEM). One-way analysis of variance (ANOVA) and
Duncan’s post hoc test (a = 0.05) were used to examine the
differences of mRNA expression levels among different
treatments using STATISTICA 8.0 software. A t-test was
performed to examine the differences of mRNA expression
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levels between the control group and the experimental group
after different treatments (a = 0.05, 0.01). All histograms were
plotted using GraphPad Prism 5.0 software.
RESULTS

Characterization of Pf_IL-17A/F1,
Pf_IL-17A/F2 and Pf_IL-17A/F3
cDNA Sequences
The partial cDNA sequences of the Pf_IL-17A/F1, Pf_IL-17A/F2
and Pf_IL-17A/F3 genes were cloned from yellow catfish. The
Pf_IL-17A/F1 cDNA consisted of an ORF of 483 bp and a 3’-
untranslated region (UTR) of 236 bp. The ORF encoded a
protein of 161 amino acids (aa) with a predicted signal peptide
(1–27 aa), a typical IL-17 superfamily domain (74–153 aa) and
one N-glycosylation site (NDS73-75). The 3’-UTR contained three
mRNA instability motifs (ATTTA) (Supplemental Figure 1A).
The estimated theoretical isoelectric point (IP) and molecular
weight (MW) of Pf_IL-17A/F1 protein were 5.18 and 18.42 kDa,
respectively. The Pf_IL-17A/F2 cDNA was 816 bp in length,
including an ORF of 420 bp and a 3’-UTR of 396 bp. The ORF
encoded a protein of 139 aa with a predicted signal peptide (1–20
aa), IL-17 superfamily domain (55–132 aa), and one N-
glycosylation site (NRS55-57). The 3’-UTR contained two
mRNA instability motifs (ATTTA) and three putative
polyadenylation signal sequences (AATAAA) (Supplemental
Figure 1B). The estimated theoretical IP and MW of Pf_IL-
17A/F2 protein were 5.2 and 15.81 kDa, respectively. The Pf_IL-
17A/F3 cDNA contained an ORF of 483 bp and a 3’-UTR of 44
bp. The ORF encoded a protein of 160 aa with a predicted
signal peptide (1–16 aa) and IL-17 superfamily domain (73–152
aa) (Supplemental Figure 1C). The estimated theoretical IP
and MW of Pf_IL-17A/F3 protein were 5.21 and 18.05
kDa, respectively.

Sequence and Organization Analysis
of Pf_IL-17A/F1, Pf_IL-17A/F2 and
Pf_IL-17A/F3 Genes
Multiple alignment of amino acid sequences showed that eight
cysteine residues were highly conserved in different IL-17A/F
genes of vertebrates (Supplemental Figure 2). Four conserved
cysteine residues of fish IL-17A/F1 and IL-17A/F3 were expected
to form two intrachain disulphide bridges (C3/C7 and C4/C8),
fish IL-17A/F2 and tetrapod IL-17A and IL-17F possessed six
conserved cysteine residues forming three intrachain disulphide
bridges, respectively: fish IL-17A/F2 (C2/C6, C3/C7, and C4/C8),
tetrapod IL-17A and IL-17F (C1/C5, C3/C7, and C4/C8)
(Figure 1A). The secondary structures of Pf_IL-17A/F1, Pf_IL-
17A/F2 and Pf_IL-17A/F3 proteins all possessed four b-strands
as those of human IL-17A and IL-17F, while the length of the
fourth b-strand of Pf_IL-17A/F2 was shorter than those of Pf_IL-
17A/F1, Pf_IL-17A/F3 and human IL-17A and IL-17F
(Supplemental Figure 2).

The DNA sequences of Pf_IL-17A/F1, Pf_IL-17A/F2 and
Pf_IL-17A/F3 genes all had three exons and two introns as
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those of other fishes and tetrapod except for the IL-17A/F3
gene organization (four exons and three introns) of fugu, large
yellow croaker and rainbow trout (Figure 1B). The first exon of
IL-17A/F2 in yellow catfish and channel catfish and fish IL-17A/
F3 was shorter in length (9–18 bp) than that of other vertebrate IL-
17A/F genes (24–39 bp). The second exon of fish IL-17A/F2 (164–
176 bp) and African clawed frog IL-17F (89 bp) was very shorter
than that of other vertebrate IL-17A/F genes (191–245 bp). The
IL-17A/F3 gene of fugu, large yellow croaker and rainbow trout
possessed a shorter length of the third exon (144 bp, 147 bp, and
141 bp) and the fourth exon (133 bp, 136 bp, and 145 bp), whereas
the IL-17A/F genes of other fishes and tetrapod had a longer
length of the third exon (217–247 bp) (Figure 1B). Moreover, the
introns of IL-17A/F genes were distinctly different in length
among various fishes and tetrapod (Figure 1B).
Frontiers in Immunology | www.frontiersin.org 6219
Homology and Phylogenetic Analysis
of Pf_IL-17A/F1, Pf_IL-17A/F2 and
Pf_IL-17A/F3 Genes
Homology analysis of amino acids sequences showed that the
Pf_IL-17A/F1, Pf_IL-17A/F2 and Pf_IL-17A/F3 had the highest
similarity (69.2%, 79.1%, 83.8%) with the homologues in channel
catfish, followed by moderate similarity (51.0%, 55.6%, 57.4%)
with zebrafish, and low similarity (44.3%, 41.3%, 42.8%) with
medaka. In addition, the three Pf_IL-17A/Fs had very lower
sequence similarity (27.2%–37.8%) to IL-17A or IL-17F in
human, chicken, and western clawed frog (Supplemental
Table 2). The NJ phylogenetic tree of deduced IL-17A/F
amino acid sequences showed that the Pf_IL-17A/F1, Pf_IL-
17A/F2 and Pf_IL-17A/F3 of yellow catfish were clustered
respectively with those of other teleost IL-17A/Fs into three
A

B

FIGURE 1 | Conserved cysteine residues and predicted potential intra-molecular disulfide bonds in the deduced amino acid sequences of fish IL-17A/F1, 2 and 3
genes and tetrapod IL-17A and F genes (A) and comparison of the gene organization of these genes (B). (A) Cysteine residues potentially forming disulfide bonds
are linked by red lines in tetrapod IL-17A and F, and fish IL-17A/F1, 2 and 3. The disulfide bonds were predicted using DISULFIND. (B) The black boxes represent
untranslated region, the white boxes represent exons, and the lines represent introns. The genomic sequences are taken from the NCBI database: Yellow catfish,
GCF_003724035.1; Channel catfish, GCF_001660625.1; Zebrafish, GCF_000002035.6; Medaka, GCF_002234675.1; Rainbow trout, GCF_002163495; African
clawed frog: GCF_001663975.11; Chicken: GCF_000002315.6; human, GCF_000001405.39.
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branches (IL-17A/F1, IL-17A/F2, and IL-17A/F3), of which
the IL-17A/F1 and IL-17A/F3 branches were further clustered
into a group (Figure 2). However the IL-17A and IL-17F of
mammals, birds and amphibians were grouped into another
branch (Figure 2).
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Synteny Analysis of Pf_IL-17A/F1, 2,
and 3 Genes
Syntenic analysis of IL-17A/F genes showed the synteny
arrangements of three IL-17A/F genes were conserved across
teleosts, which were different from that of tetrapod IL-17A and
FIGURE 2 | Neighbor-joining (NJ) phylogenetic tree constructed based on deduced amino acid sequences of vertebrate IL-17A/F using MEGA 6.06. A bootstrap
analysis is performed using 1000 replicates to test the relative support for particular clades. GenBank accession number for each sequence is given after the species
name and molecular type.
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IL-17F genes (Figure 3). Unlike tetrapod IL-17A and IL-17F
genes, fish IL-17A/F1 and IL-17A/F2 genes were adjacent and
localized on the same chromosome, whereas fish IL-17A/F3 gene
was localized on another chromosome (Figure 3). The
membrane progestin receptor beta-like (paqr8) gene was
conserved across vertebrates. In addition, seven genes (mcm3,
stmn4l, gpn1, elp3, pnoc, znf395, and stmn4) were conserved
across teleosts, and eight genes (nfkbia, insm2, ralgapa1, brms1,
irrc57, emilin1, khk, and ankef) were only conserved across
yellow catfish, channel catfish and zebrafish.
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Expression Pattern of Pf_IL-17A/F1, 2
and 3 Genes in Various Tissues From
Healthy Adults
The tissue distributions of Pf_IL-17A/F1, Pf_IL-17A/F2 and
Pf_IL-17A/F3 mRNA expressions were detected by qPCR in
various tissues of adult yellow catfish (Figure 4). The results
showed that Pf_IL-17A/F1, 2 and 3 genes were constitutively
expressed in all 15 examined tissues, with an extremely high
expression level in the blood. Pf_IL-17A/F1 and Pf_IL-17A/F2
mRNAs were expressed with a high level in the skin+mucus, gill,
FIGURE 3 | Schematic representation of gene synteny at the IL-17A/Fs loci in teleosts and the IL-17A and IL-17F loci in African clawed frog, chicken and human.
The IL-17A/Fs, IL-17A and IL-17F genes are shown in red, the other syntenic genes are shown to be conserved across vertebrates (yellow), only across teleosts
(green), only in yellow catfish, channel catfish and zebrafish (blue), only in medaka and large yellow croaker (orange), and only across tetrapod (purple).
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testis, stomach, swim bladder, muscle, heart, hindgut and liver,
and a relatively low level in other tissues. Pf_IL-17A/F3 gene was
expressed with a high level in the skin+mucus, and a relatively
low level in other tissues. Three Pf_IL-17A/F genes were
expressed at a low level in the kidney, spleen and head kidney.
Overall, the expressions of Pf_IL-17A/F1 and Pf_IL-17A/F2
mRNAs were higher than those of Pf_IL-17A/F3 mRNA in
almost all tissues (Figure 4).

Expression of Pf_IL-17A/F1, 2 and 3 Genes
After Challenge of Edwardsiella ictaluri
and Stimulation With Stimulators
The expression levels of Pf_IL-17A/F1, 2 and 3 mRNAs were
detected in the gill, skin+mucus, head kidney and spleen tissues of
yellow catfish after challenge with E. ictaluri (Figure 5A). In the
gill, the expression of Pf_IL-17A/F1 mRNA was significantly up-
regulated from 3 h to 120 h with the peak level at 48 h (P < 0.01)
except for returning to the control level at 72 h, the expression of
Pf_IL-17A/F2 mRNA was significantly up-regulated from 3 h to
120 h with the highest value at 120 h (P < 0.01), and the expression
of Pf_IL-17A/F3mRNAwas significantly up-regulated from 3 h to
120 h with the peak at 72 h except for a decline to the control level
at 24 h (Figure 5A). In the skin+mucus, the expression of Pf_IL-
17A/F1 mRNA was significantly up-regulated from 6 h to 120 h
and reached the peak at 24 h (P < 0.01), and the expression of
Pf_IL-17A/F2 and Pf_IL-17A/F3 mRNAs was significantly up-
regulated from 3 h to 120 h with the peak level at 6 h (P < 0.01)
except that the Pf_IL-17A/F2 mRNA expression declined to the
control level at 24 h (Figure 5A). In the head kidney, the
expression of Pf_IL-17A/F1 mRNA was significantly up-
regulated from 3 h to 120 h with the highest level at 6 h (P <
0.01) except for a decline to a moderate level at 48 h (P < 0.05), the
expression of Pf_IL-17A/F2 mRNA was significantly up-regulated
from 3 h and 120 h (P < 0.01 or 0.05) except for a significant
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down-regulation at 72 h (P < 0.01), and the expression of Pf_IL-
17A/F3 mRNA was significantly up-regulated from 3 h and 120 h
(P < 0.01) except a decrease to the control level at 72 h
(Figure 5A). In the spleen, the expression of Pf_IL-17A/F1
mRNA was significantly up-regulated from 24 h to 120 h with
the peak at 72 h (P < 0.01) after a fluctuation from 3 h to 12 h, the
expression of Pf_IL-17A/F2 and 3 mRNAs was significantly up-
regulated from 3 h to 48 h with the peak at 3 h (P < 0.01 or 0.05),
afterwards it was significantly down-regulated to a low level at 72 h
(P < 0.01) and returned to the control level at 120 h (Figure 5A).

To further explore the immunoregulation of Pf_IL-17A/F1, 2
and 3 genes, the expressions of Pf_IL-17A/F1, Pf_IL-17A/F2 and
Pf_IL-17A/F3 mRNAs in isolated peripheral blood leucocytes
(PBLs) of yellow catfish were detected after stimulation with
LPS, PGN, poly I:C and PHA (Figure 5B). After LPS and PGN
stimulation, the expression of Pf_IL-17A/F1 mRNA was
significantly up-regulated at 3 h and 6 h (P < 0.01), and then it
was significantly down-regulated at 12 h (P < 0.01 or 0.05) and
returned to a moderate level at 24 h, while the expression of Pf_IL-
17A/F1 mRNA was significantly up-regulated from 3 h to 24 h
with the peak at 12 h after poly I:C stimulation (Figure 5B). The
expression of Pf_IL-17A/F2 mRNA was significantly up-regulated
at 3 h and 6 h, and it was significantly down-regulated at 12 h after
PGN stimulation (P < 0.01); while the expression of Pf_IL-17A/F1
mRNA was only significantly up-regulated at 6 h and the Pf_IL-
17A/F3 mRNAwas significantly up-regulated at 6 h and 24 h, and
they were significantly down-regulated at 12 h after LPS and Poly
I:C stimulation (P < 0.01) (Figure 5B). After LPS, PGN and Poly I:
C stimulation, the expression levels of Pf_IL-17A/F1, 2 and 3
mRNAs were significantly up-regulated at 3 h, 6 h and 24 h with
the highest values at 3 h, and they decreased to a level lower or
close to the control at 12 h (Figure 5B). After PHA stimulation,
the expression levels of Pf_IL-17A/F1 and 2 mRNAs were up-
regulated at 3 h and 6 h with the peak value at 6 h (P < 0.01
FIGURE 4 | Tissues expression levels of Pf_IL-17A/F1, Pf_IL-17A/F2 and Pf_IL-17A/F3 mRNAs in adult yellow catfish blood, swim bladder, skin+mucus, hindgut,
liver, stomach, brain, gill, spleen, head kidney, muscle, heart, testis, fin and trunk kidney. The mRNA expressions of three IL-17A/F genes were detected using qPCR
and normalized to the internal gene b-actin. Columns represent the means for each treatment (n = 3). Error bars represent standard error of the means.
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or 0.05), subsequently they were significantly down-regulated at
12 h (P < 0.01) and increased to the control level at 24 h, while the
expression of Pf_IL-17A/F3 mRNA was up-regulated at 3 h and
6 h with the peak at 3 h (P < 0.01) and decreased to a level close to
the control at 12 h and 24 h (Figure 5B).

Production, Purification, and Dose
Screening of Three Recombinant
Pf_IL-17A/F Proteins
To determine the biological function of Pf_IL-17A/F 1, 2 and 3,
three recombinant (r) Pf_IL-17A/F proteins were expressed as an
Frontiers in Immunology | www.frontiersin.org 10223
N-terminal 6-histidine-tagged fusion protein in E. coli and
purified with nickel-nitrilotriacetic acid (Ni-NTA) metal
affinity chromatography. SDS-PAGE analysis showed that the
molecular mass of rPf_IL-17A/F1, 2 and 3 proteins including
His-tag was roughly 33.6, 30.67 and 34.3 kDa, respectively
(Figure 6). Yellow catfish PBLs were treated with the different
concentrations (5, 50, and 500 ng/mL) of rPf_IL-17A/F1, 2 and 3
proteins for 6 h. The dose-course experiments showed that the
mRNA expression of IL-1b gene was significantly induced at 500
ng/mL of three rPf_IL-17A/F proteins (P < 0.01), and the mRNA
expression of CXCL8 gene was notably induced at 500 ng/mL of
A

B

FIGURE 5 | Pf_IL-17A/F1, 2 and 3 mRNAs can be induced after the infection of bacteria and the stimulation with stimulators. (A) The changes of relative expression
levels in the gill, skin+mucus, head kidney and spleen of yellow catfish after challenge of Edwardsiella ictaluri. Columns and deviation bars represent the means for
each treatment (n = 3) and the standard errors of the means, respectively. (B) The changes of expression levels in PBLs of yellow catfish after stimulation with LPS,
PGN, Poly I:C and PHA. The PBLs were isolated from five individuals of yellow catfish and were mixed equally, and the pooled sample was further divided into 20
experiment units for different experimental treatments. Columns and deviation bars represent the means for each treatment (n = 3) and the standard errors of the
means, respectively. Significant differences at different time points after challenge compared to the control are indicated by asterisks (*P < 0.05, **P < 0.01).
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rPf_IL-17A/F1 and 2 proteins (P < 0.01) (Figure 7). Therefore
yellow catfish PBLs were sensitive to the rPf_IL-17A/F1, 2 and 3
proteins at a dose of 500 ng/mL.

Modulation of Inflammatory Cytokines,
Chemokines, Antimicrobial Peptides and
Downstream Signaling-Related Genes’
Expression by Three rPf_IL-17A/F Proteins
in Yellow Catfish PBLs
After yellow catfish PBLs were stimulated with the rPf_IL-17A/
F1, 2 and 3 proteins (500 ng/mL) for 3 h, 6 h and 12 h, the
mRNA expression of inflammatory cytokines, chemokines,
antimicrobial peptides and downstream signaling-related genes
Frontiers in Immunology | www.frontiersin.org 11224
were detected by qPCR (Table 1). IL-1b, TNFa and IL-6 mRNAs
were notably induced in yellow catfish PBLs by the rPf_IL-17A/
F1, 2 and 3 proteins at some time points (P < 0.01 or P < 0.05).
IL-11 and IL-22 mRNAs were significantly induced in the PBLs
by the rPf_IL-17A/F2 and 3 proteins at some time points (P <
0.01 or P < 0.05). Interestingly, the mRNA expression of IFNg1
was notably inhibited in the PBLs by the rPf_IL-17A/F1 and 3
proteins at some time points (P < 0.05 or 0.01), whereas it was
significantly induced by the rPf_IL-17A/F1 protein at 12 h in the
PBLs (P < 0.05). CXCL11 and CCL4 mRNAs were significantly
induced in the PBLs by the rPf_IL-17A/F1, 2 and 3 proteins at
some time points (P < 0.01 or P < 0.05). CXCL1 and CCL3
mRNAs were notably induced in the PBLs by the rPf_IL-17A/F1
A B

FIGURE 6 | Production and purification of recombinant Pf_IL-17A/F1, 2 and 3 proteins by SDS-PAGE. (A) Production of rPf_IL-17A/F1, 2 and 3 proteins. Lane 1:
Tag protein; Lane 2: rPf_IL-17A/F1 protein; Lane 3: rPf_IL-17A/F2 protein; Lane 4: rPf_IL-17A/F3 protein. (B) Purification of three rPf_IL-17A/Fs proteins. Lane 1:
rPf_IL-17A/F3 protein; Lane 2: rPf_IL-17A/F2 protein; Lane 3: rPf_IL-17A/F1 protein.
FIGURE 7 | Effects of recombinant Pf_IL-17A/F1, 2 and 3 dose course on the expressions of IL-1b and CXCL8 mRNAs in PBLs of yellow catfish. PBLs were treated
with different doses of rPf_IL-17A/F1, 2 and 3 proteins (5, 50, 500 ng/mL) for 6 h. Transcriptional fold changes of the IL-1b and CXCL8 genes at different treatment
doses were calculated compared to the control group. The PBLs were isolated from four individuals of yellow catfish and were mixed equally, and the pooled sample
was further divided into 12 experiment units for different experimental treatments. Columns and deviation bars represent the means and standard errors for each
treatment (n = 3), respectively. Significant difference at different treatment doses compared to the control is indicated by asterisks (*P < 0.05, **P < 0.01).
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and 3 at some time points (P < 0.01 or P < 0.05). The expression
of CXCL8 mRNA was only distinctly induced in the PBLs by the
rPf_IL-17A/F1 and 2 proteins at some time points (P < 0.05 or
0.01). S100A1 and LEAP mRNAs were distinctly induced in the
PBLs by the rPf_IL-17A/F1, 2 and 3 at some time points (P < 0.01
or P < 0.05). b-defensins mRNA was distinctly induced in the
PBLs by the rPf_IL-17A/F2 and 3 proteins at some time points
(P < 0.05). The mRNA expressions of IL-17RA, ACT1, TRAF6,
TRAF2, TRAF5 and TAK1 were distinctly induced in the PBLs
by the rPf_IL-17A/F1 and 3 at some time points (P < 0.01 or P <
0.05). The rPf_IL-17A/F2 proteins can significantly up-regulated
the mRNA expressions of ACT1, TRAF2, TRAF5 and TAK1 at
some time points (P < 0.05) (Table 1). On the whole, the rPf_IL-
17A/F2 and 3 proteins could induce the mRNA expressions of
pro-inflammatory cytokine genes more powerfully than the
Frontiers in Immunology | www.frontiersin.org 12225
rPf_IL-17A/F1 protein, the mRNA expression levels of
chemokine genes induced by the rPf_IL-17A/F1 and 3 proteins
were higher than those by the rPf_IL-17A/F2 protein, and the
rPf_IL-17A/F1, 2 and 3 proteins all could induce the mRNA
expression of antimicrobial peptides and downstream signaling-
related genes in the PBLs of yellow catfish (Table 1).

Three rPf_IL-17A/F Proteins Promote
Phagocytosis of Yellow Catfish PBLs
To investigate the effect of three rPf_IL-17A/F proteins on the
phagocytosis of yellow catfish PBLs, the PBLs stimulated with
three rPf_IL-17A/F proteins (500 ng/mL) and incubated with
fluorescent beads were analyzed by flow cytometry. Lymphocytes
(Lym) and myeloid cells (Mye) were gated in the PBLs
(Figure 8A). The rPf_IL-17A/F2 and 3 proteins significantly
A C

D

B

FIGURE 8 | The rPf_IL-17A/F1, 2 and 3 promote phagocytosis of PBLs in yellow catfish. (A) Cell typing of PBLs by flow cytometry analysis. Yellow catfish PBLs
were incubated with rPf_IL-17A/F1, IL-17A/F2 and IL-17A/F3 proteins (500 ng/mL) or medium alone as a control for 18 h. The PBLs were then incubated with
1.0 µm fluorescent beads for 2 h and analyzed by flow cytometry. Mye: myeloid cells, Lym: lymphocytes. (B) The phagocytic activity of PBLs detected by flow
cytometry. Typical results from a biological replication experiment are shown. (C) The percentage of phagocytic leukocytes in lymphocytes and myeloid cells. (D) The
mean fluorescence intensity (MFI) of phagocytic cells. The PBLs were isolated from three individuals of yellow catfish and were mixed equally, and the pooled sample
was further divided into four experiment units for different experimental treatments. Columns and deviation bars represent the means and standard errors for each
treatment (n = 3), respectively. Significant difference in different protein treatments compared to the control is indicated by asterisks (*P < 0.05, **P < 0.01).
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promoted the phagocytic activity of myeloid cells in the PBLs
(P < 0.01), whereas the rPf_IL-17A/F1 protein just slightly
increased the phagocytic activity of myeloid cells, and the three
rPf_IL-17A/Fs proteins had no obvious effect on the phagocytic
activity of lymphocytes in the PBLs (Figures 8B, C).
Simultaneously, the mean fluorescence intensity (MFI) of
myeloid cells was significantly up-regulated in the PBLs after
stimulation with the rPf_IL-17A/F2 and 3 proteins (P < 0.05),
whereas the MFI of lymphoid cells was not altered after three
rPf_IL-17A/F proteins treatment (Figure 8D).

Recombinant Pf_IL-17A/F1, 2, and 3
Proteins Promoted IL-1b and CXCL11
mRNA Expression in PBLs via MAPK and
NF-kB Pathway
After the yellow catfish PBLs were exposed to the rPf_IL-17A/F1,
2 and 3 (500 ng/mL) for 6 h in the presence of NF-kB inhibitor
PDTC (0.5 mM) and p38 MAPK inhibitor SB203580 (20 mM),
the IL-1b and CXCL-11 mRNA expressions triggered by the
rPf_IL-17A/F1, 2 and 3 were differently blocked by the PDTC
and SB203580 (Figure 9).
DISCUSSION

In this study, partial cDNA sequences of three IL-17A/F genes
were cloned from yellow catfish. The deduced Pf_IL-17A/F1,
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2 and 3 amino sequences contained a signal peptide and an IL-17
superfamily domain as the human IL-17A and IL-17F, and their
isoelectric points were acidic and close in size (5.18–5.21),
indicating that Pf_IL-17A/F 1, 2 and 3 genes may have some
similar biological functions or signal pathways as the human IL-
17A and IL-17F genes (28, 29, 31, 37). Moreover, the Pf_IL-17A/
F1 and Pf_IL-17A/F2 cDNAs possessed several copies of mRNA
instability motif (ATTTA), which might regulate the degradation
of mRNA in their 3’-UTR (38).

During biological evolution, the two rounds of whole genome
duplication (WGD) event dated from 520–550 million year ago
in vertebrates (39, 40). Moreover, a teleosts-specific third WGD
event happened 226–316 million year ago, and approximately
50% of duplicated genes were retained that may have important
roles (41). Therefore, some teleosts may have more homologues
in some duplicated genes than mammals. In mammals, IL-17A
and IL-17F genes have high amino acid sequence similarity,
whereas there have been three or five IL-17A or F homologue
genes (IL-17A/F) found in teleosts (22, 26). Fish IL-17A/F1,
2 and 3 had the same genome organization with those of
tetrapods (three exons and two introns) except for IL-17A/F3
in fugu, large yellow croaker and rainbow trout (four exons and
three introns). In terms of exon length, we inferred that the third
exon of IL-17A/F3 in fugu, large yellow croaker and rainbow
trout might have been split into two small exons in fish evolution
process (22). Mammalian and avian IL-17A and IL-17F are
adjacently located on the same chromosomes (22). In fish,
IL-17A/F1 and IL-17A/F2 were adjacently located on the same
FIGURE 9 | Recombinant Pf_IL-17A/F1, 2 and 3 proteins promoted IL-1b and CXCL11 mRNA expression in PBLs via MAPK and NF-kB pathway. PBLs were
treated with 500 ng/mL rPf_IL-17A/F1, 2 and 3 for 6 h in the presence (+) or absence (-) of different inhibitors (PDTC and SB203580). The mRNA levels of IL-1b and
CXCL11 were determined by qPCR. The PBLs were isolated from four individuals of yellow catfish and were mixed equally, and the pooled sample was further
divided into ten experiment units for different experimental treatments. Columns represent the means for each treatment (n = 3). Error bars represent standard error
of the means. Different letters above the bars indicate significant difference among/between the means (One-way ANOVA and Duncan test, P < 0.05).
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chromosome, but IL-17A/F3 was located on another
chromosome, indicating that fish have more IL-17A/F
homologue genes than tetrapods because of genome
duplication and chromosomal rearrangement in fish biological
evolution (22).

Although mammalian IL-17A and IL-17F play important and
similar roles in inflammation, IL-17A can induce inflammatory
cytokines more strongly than IL-17F in the autoimmunity, and
IL-17F plays a more critical role than IL-17A in protecting
colonic epithelial cells from bacterial invasion (19, 20). In fish,
IL-17A/F1, 2 and 3 are vital pro-inflammatory cytokines through
which can promote the mRNA expressions of other pro-
inflammatory cytokines, chemokines and antimicrobial
peptides, but little is known about the functional difference of
fish IL-17A/F1, 2 and 3. Both human IL-17A and IL-17F
monomers have two pairs of anti-parallel b-sheets (strands 1–
4), with the second and fourth strands connected by two disulfide
bonds (6, 42). Similarly, Pf_IL-17A/F1, 2 and 3 were predicted to
possess four inferred b-strands, the second and fourth strands
were linked by two disulfide bonds, while the fourth b-strand of
Pf_IL-17A/F2 was shorter than those of Pf_IL-17A/F1, Pf_IL-
17A/F3, human IL-17A and IL-17 F. Moreover, Pf_IL-17A/F2
also formed another disulfide bond similar to human IL-17A and
IL-17F that is not bound by the receptor (42). The IL-17
superfamily domain was encoded by the second and third
exons, but the second exon of fish IL-17A/F2 is shorter than
those of fish IL-17A/F1 and 3. Furthermore, phylogenetic and
homological analysis showed that teleost IL-17A/F1 is more
similar to IL-17A/F3 than IL-17A/F2 in amino acid sequence.
Different amino acid sequences will construct distinct secondary
and tertiary structures and result in functional diversification.
These results imply that fish IL-17A/F genes may exist distinct
functional diversification due to the impact of their structure
difference on receptor-binding affinity/signaling.

In mammals, IL-17A and IL-17F are mainly secreted by Th17
cells (15). Here, the highest expression levels of Pf_IL-17A/F1, 2
and 3 mRNAs were detected in blood of healthy yellow catfish.
Moreover, PHA, as a stimulator of accelerating T cell
proliferation (43), was able to significantly induce the mRNA
expressions of Pf_IL-17A/F1, 2 and 3 genes in PBLs, indicating
that the production of IL-17A/F1, 2 and 3 in yellow catfish is
similar to that in mammals by T cells. In mammals, Th17
cytokines can protect the host from pathogens at epithelial and
mucosal tissues including the skin, lung and intestine (44). IL-
17A is produced by intestinal paneth cells (45). IL-17F mRNA is
expressed in colonic epithelial cells (20). Similarly, fish IL-17A/
F1, 2 and 3 mRNAs are highly expressed in mucosal tissues (skin,
gill, and intestine) and have low expressions in the head kidney
in channel catfish, Japanese pufferfish, and large yellow croaker
(23, 25, 28). Skin, gill and intestine are all part of the mucosal
surface, which is the first barrier exposed to a complicated
environment to prevent and eliminate invasive pathogens
through recruiting neutrophils and lymphocytes (46). In this
study, higher expression levels of Pf_IL-17A/F1, 2 and 3 mRNAs
were detected in skin+mucus, and low expressions of Pf_IL-17A/
F1, 2 and 3 mRNAs were present in the kidney, head kidney and
Frontiers in Immunology | www.frontiersin.org 14227
spleen. Furthermore, in teleosts, after stimulation of stimulators
(LPS or Poly I:C) in PBLs, IL-17A/F1, 2 and 3 mRNAs were
notably induced in zebrafish and grass carp (21, 31). After
bacterial challenge (A. hydrophila or E. ictaluri), IL-17A/F1, 2
and 3 transcripts were distinctly up-regulated in the head kidney
or mucosal tissues in channel catfish and large yellow croaker
(25, 28). Here, the expression levels of Pf_IL-17A/F1, 2 and 3
mRNAs were significantly up-regulated in all four detected
tissues after challenge of E. ictaluri and in yellow catfish PBLs
after stimulation of LPS, PGN and Poly I:C. These data suggest
that Pf_IL-17A/F1, 2 and 3 genes may play a crucial role in the
host defense against pathogens infection.

Interestingly, although the expression levels of Pf_IL-17A/F1,
2 and 3 mRNAs were low in the head kidney and spleen
of healthy yellow catfish, they were rapidly and dramatically
up-regulated in the head kidney and spleen after challenge
of E. ictaluri, indicating that fish IL-17A/F1, 2 and 3 genes
need to be modulated strictly like human IL-17A and IL-17F as
their persistent and excess expression is harmful for the host
(34). In mammals, IL-17A is mainly produced in T cells, whereas
IL- 17F is produced in T cells, innate immune cells and epithelial
cells (20). The mRNA expression of Pf_IL-17A/F3 gene is
relatively lower than that of Pf_IL-17A/F1 and 2 genes in
healthy yellow catfish, but it is more induced after stimulation
of stimulators and E. ictaluri infection, implying that Pf_IL-17A/
F1, 2 and 3 genes might have functional diversification.

Although mammalian IL-17A and IL-17F have many
overlapping functions, they play different roles in host defense
against bacterial infection. IL-17A is more effective to induce
pro-inflammatory cytokines than IL-17F (18, 47). In fish, IL-
17A/F1, 2 and 3 genes can induce the mRNA expressions of IL-
1b, TNFa, IL-6, CXCL8 and antimicrobial peptides (28–31), but
little is known about the different roles of IL-17A/F1, 2 and 3 in
the immune response.

The pro-inflammatory cytokines can directly activate the
immune cells to eliminate invading pathogens. In mammals,
IL-1b, TNFa, IL-6, IL-11 and IFNg can directly activate
macrophages and neutrophils (1, 48–50), and IL-22, which is
derived from Th17 cells and innate lymphoid cells, acts on
epithelial cells (1). In large yellow croaker, three rIL-17A/Fs
induced the mRNA expressions of IL-1b, IL-6 and TNF-a in the
head kidney (28). In this study, the rPf_IL-17A/F2 and 3 proteins
notably induced the mRNA expressions of IL-1b, IL-6, IL-11,
IL-22 and TNFa in PBLs at certain time points, while the
rPf_IL-17A/F1 protein only significantly induced the mRNA
expressions of IL-1b, IL-6 and TNFa at 3 h and/or 6 h.
Furthermore, rPf_IL-17A/F2 and 3 proteins enhanced the
phagocytosis of myeloid cells except for rPf_IL-17A/F1 protein,
whereas three rPf_IL-17A/F proteins were ineffective to promote
the phagocytosis of lymphocytes in yellow catfish PBLs. These
results indicate that the rPf_IL-17A/F2 and 3 proteins can more
significantly induce the expression of pro-inflammation
cytokines and contribute to the phagocytosis of myeloid cells
compared with the rPf_IL-17A/F1 protein. In mammals, IFNg, as
the symbolic cytokine, can inhibit the development of Th17 cells
from naive precursor cells (7). Similarly, the rPf_IL-17A/F2
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protein only distinctly up-regulated the mRNA expression of
IFNg in PBLs at 12 h, and the rPf_IL-17A/F1 and 3 proteins
notably inhibited the mRNA expression of IFNg, indicating that
fish IL-17A/Fs might control the development of fish T cells
whose functions like mammalian Th1 cells.

In mammals, both IL-17A and IL-17F can stimulate the
release of CXCL1, CXCL2 and CXCL8, and IL-17A can also
recruit and activate neutrophils under certain conditions (3, 47,
51). In grass carp, rIL-17A/F1 enhanced the mRNA expression of
CXCL8 in head kidney cells to stimulate PBLs migration (31).
Large yellow croaker rIL-17A/Fs could promote the mRNA
expressions of CXCL8 and CXCL13 in the head kidney (28).
In the present study, three rPf_IL-17A/Fs proteins notably
induced the mRNA expressions of CXCL11 and CCL4 in PBLs
at 6 h and 12 h, the rPf_IL-17A/F1 and 3 proteins significantly
up-regulated the mRNA expressions of CXCL1 and CCL3 at a
certain time point, and CXCL8 mRNA was induced by the
rPf_IL-17A/F1 and 2 proteins. These results showed that fish
IL-17A/Fs can promote the expression of chemokines to recruit
and activate immune cells.

In humans, IL-17A can more significantly induce the mRNA
expressions of b-defensins-2, S100A7, S100A8 and S100A9
compared with IL-17F in primary human keratinocytes (18).
Common carp rIL-17A/F2a could induce the mRNA expressions
of S100A1, S100A10a and S100A10b in the primary kidney (30).
Rainbow trout IL-17A/F2 promoted the mRNA expression of b-
defensins-3 in splenocytes (29). Three large yellow croaker IL-
17A/Fs proteins could enhance the mRNA expression of
hepcidin in the head kidney (28). In this study, three rPf_IL-
17A/F proteins were able to stimulate the mRNA expressions of
S100A1 in PBLs at certain time points, and only the rPf_IL-17A/
F2 and 3 proteins induced the mRNA expression of b-defensins.
Moreover, mammalian LEAP2 is not only highly expressed in
hepatocytes, but also is blood-derived antimicrobial peptide and
expressed in gastro-intestinal epithelial tissues and monocytes
(52, 53). But there is no literature that shows that the expression
of the LEAP2 gene is regulated by IL-17 at present. Here, three
rPf_IL-17A/F proteins were able to stimulate the mRNA
expression of LEAP in PBLs at certain time points. These
results uncover that, like mammalian IL-17A and IL-17F, fish
IL-17A/Fs can facilitate the expressions of antibacterial peptides
to eliminate the invading pathogens.

In mammals, IL-17A and IL-17F combine with IL-17RA and
IL-17RC to bind ACT1. Subsequently, ACT1 mediates TRAF6
ubiquitination to activate NF-kB and MAPK pathways, or ACT1
recruits TRAF2 and TRAF5 to enhance mRNA stability (3, 44,
47). In large yellow croaker, three rIL-17A/Fs proteins could
activate the NF-kB pathway (28). In yellow catfish, the rPf_IL-
17A/F1 and 3 proteins notably induced the mRNA expressions
of IL-17RA, ACT1, TRAF6, TRAF2, TRAF5 and TAK1 in PBLs,
whereas the rPf_IL-17A/F2 protein only enhanced the mRNA
expressions of ACT1, TRAF2, TRAF5 and TAK1 at 3 h or 6 h.
Furthermore, the IL-1b and CXCL11 mRNA expressions
triggered by the rPf_IL-17A/F1, 2 and 3 were blocked by the
NF-kB inhibitor PDTC and the p38 MAPK inhibitor SB203580.
These results indicate that compared with mammalian IL-17A
Frontiers in Immunology | www.frontiersin.org 15228
and IL-17F, fish IL-17A/F1 and 3 may have similar downstream
signal pathways, while the downstream signal pathway of fish IL-
17A/F2 may be somewhat different.

The individual variability of fish such as body size and
physiological status may have potential effects on immuno-
related gene expressions and phagocytosis of PBLs. In this study,
to reduce the potential effects of fish individual variability, the
randomized block design (3 blocks × M experimental treatments)
was used to control the test error. The PBLs were isolated from
several individuals of yellow catfish and were mixed equally, and
the pooled sample was further divided into a certain number of
experiment units (M) as a block for being dealt with different
experimental treatments such as the control and other experiment
conditions. The second and the third pooled samples were also
divided and treated as above. Therefore, in each experimental
treatment (i.e. experimental group), three experiment units were
from three different pooled samples; in each block, M experiment
units were from the same pooled sample, and they are
homogeneous. Therefore we used dependent t-test to compare
the difference between the control group and each other treatment
group, this will help to eliminate or reduce the effect of three
pooled samples’ difference on statistical analysis. Additionally,
pooling a PBLs sample from several fish individuals might
produce leucocyte activation to make graft rejection. However,
in this study, the death phenomenon of PBLs was not observed in
the pooled PBLs samples during the whole experiment. Even if the
pooling produces leucocyte activation, this activation will occur
both in the treatment groups by IL-17A/Fs and in the control
group without IL-17A/Fs. Through analysis of dependent t-test,
the effect of this potential leucocyte activation will be eliminated,
and the t-test results will mainly reflect the effect of IL-17A/
Fs treatments.

In conclusion, we cloned partial cDNA sequences of three IL-
17A/F homologous genes (Pf_IL-17A/F1, 2, and 3) from yellow
catfish. Pf_IL-17A/F1, 2 and 3 genes displayed distinct structural
characteristics. Pf_IL-17A/F1, 2 and 3 mRNAs were ubiquitously
expressed in fifteen examined adult tissues and preferentially
expressed in the blood, gill, and skin+mucus. The expressions of
Pf_IL-17A/F1, 2 and 3 mRNAs were all rapidly and significantly
up-regulated in the gill, skin+mucus, head kidney and spleen
after E. ictaluri challenge and in yellow catfish PBLs after
stimulation with PHA, LPS, PGN and poly I:C. Moreover, the
rPf_IL-17A/F1, 2 and 3 proteins showed divergent bioactivity
in PBLs. The rPf_IL-17A/F1, 2 and 3 proteins significantly
induced the mRNA expressions of proinflammatory cytokines,
chemokines and antibacterial peptides genes, and the rPf_IL-
17A/F 2 and 3 proteins promoted more powerful phagocytosis
of PBLs than the rPf_IL-17A/F1 protein. Furthermore, the
rPf_IL-17A/F1, 2 and 3 proteins could activate the NF-kB and
MAPK signal pathways by IL-17RA, ACT1, TRAF6, TRAF2,
TRAF5 and TAK1. The results indicate that Pf_IL-17A/F1, 2
and 3 play different roles in promoting the inflammatory
response and host defense against bacterial infection. These
data will help to better understand the potential function of
three IL-17A/F genes in fish immune responses towards
pathogen infections.
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