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Editorial on the Research Topic

Oral Immune-Enhancing Research in Fish

INTRODUCTION

Aquaculture is recognized globally as the fastest growing food-producing sector for human
consumption (1). However, to satisfy increasing international demand, it is predicted that
current production must be doubled by 2030 while improving the biosafety protocols (2). Such
an expansion will necessarily involve implementing innovative actions in aquaculture production
while also targeting effective health control measures and considering animal welfare.

Diet, environment, and host genotype have been repeatedly demonstrated to play an essential
role in defining the fish gut composition (3). However, only a few studies have examined the
association between disease severity and degree of dysbiosis in fish. Likewise, the management of
pathogens and parasites remains a sustainability challenge industry-wide due to poor understanding
of the associated fish immune mechanism across species, and the effects of climate change on
aquaculture remain uncertain and complex to validate (4). While these concepts are not necessarily
new, applying modern high-throughput sequencing approaches and state-of-the-art immune
techniques will accelerate our understanding of the complex trophic (e.g., prokaryotic,
eukaryotic) structures, the host recognition systems within aquaculture species and systems, and
the effect of an intervention on eventual health outcomes allowing aquaculture to benefit from
parallel advances in related disciplines (5).

Among the latest therapies developed, orally administered health promoters have demonstrated
a strong ability as critical mediators in enhancing the fish immune system. However, the interaction
between each element per fish species is highly complex and not always homogeneous along the
different developmental stages. Therefore, to assess the expected potential immunological
promotion and enhancement capacity, the use of dedicated, robust, and innovative molecular
tools accompanied by keen strategies of analysis devoted to elucidating the mode of action for the
tested compounds are required.

By collating evidence, eleven exciting research papers written by 79 authors in our Research
Topic entitled “Oral Immune-Enhancing Research in Fish” are presented in this ebook. Together,
they will provide a platform of discussion in the advancement of the actual knowledge and
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understanding beyond the immediate immune effects and the
corresponding immune mechanisms in fish fed with functional
feed additives, live supplemented feed, or even exposed to oral
pollutants that stimulates a differential immune response in the
animals under experimental or fish farm settings.

PHYTOGENICS AS SUSTAINABLE
HEALTH ENHANCERS IN
AQUACULTURE PRODUCTION

The implementation of innovative and sustainable production
strategies has proven that plants have the potential to enhance
the general physiology of animals. Phytogenics, defined as
environmentally friendly plant-derived bioactive compounds,
are used as functional feed additives that benefit animal growth
and health. These elements often comprise aromatic plants
extracts and essential oils rich in biologically active
compounds. In farmed fish, a broad spectrum of phytogenics
has been studied mainly due to their vast repertoire of properties,
including growth promotion, antimicrobial, immunostimulant,
antioxidant, anti-inflammatory, and sedative activities.
Nevertheless, a pressing issue from using a phytogenic is the
impact generated in the mucosal barrier and thus in the fish
defense. Despite its enormous potential, establishing the
phytogenics mode of action in mucosal tissues is essential for
their proper use and safe administration Firmino et al..

Firmino et al. used feed microcapsules containing a
blend of garlic essential oil, carvacrol, and thymol. They
analyzed the Gilthead seabream skin transcriptional profile
with some key skin mucus biomarkers and the resulting
pathogenic bacterial growth capacity in the fish external live
epithelium. Their results suggest that the phytogen-
supplemented diet promoted the secretion of non-specific
immune molecules into the skin mucus, causing the decrease
of bacterial growth capacity. Likewise, novel transcriptomic
enrichment analysis is presented, showing some cellular
elements like the phagocytosis linked to the phytogenic
treatment. Unfortunately, the exact mechanisms behind the
action of the tested elements were not yet unveiled. Lastly, their
results suggest that the tested additive could directly affect the
intestinal host-microbial community composition that may
influence the stress and immunological response in the skin.
This observation suggests that the effect of the experimental
diet on skin phagocytes and phagocytosis potential are a hot
research line that deserves further evaluation.

Torrecillas et al. investigated the effect of two commercial
additives in gill health of European sea bass fed with a low fish
meal (FM)/low oil (FO) diet. The diets contained galactomannan
oligosaccharides (Gmos) and a blend of garlic and labiatae-plant
oils (Phyto), while an unsupplemented group served as a control.
The morphological, histopathological, immunohistochemical,
and biochemical parameters of the fish gills of sea bass given
supplemented diets were protected from oxidative stress by
modulating the expression patterns of oxidative enzyme-
related genes. The diets also lowered the Pcna+ cell counts. It

was argued that the reduction in Pcna counts in the gills of the
fish-fed Phyto- and Gmos-supplemented diets might be
associated with reduced levels of oxidative species via
modulation of the endogenous antioxidant capacity. Moreover,
Phyto supplementation reduced lamellar fusion, whereas Gmos
supplementation reduced goblet cell count by 11% but did not
affect the distribution of goblet cells along the primary lamellae.
These protective effects could be considered in future prevention
strategies against gill mucosal diseases in fish species, especially
those sensitive to gill-associated pathogens.

In a different animal model, the gnotobiotic brine shrimp
(Artemia franciscana), Zheng et al. showed that essential oils of
M. alternifolia (containing mainly terpinen-4-ol and terpinene)
and L. citrata (containing mainly citral and limonene) could
significantly improve the survival of brine shrimp larvae when
bath challenged with pathogenic V. campbellii. At the
concentrations tested, no direct effect of the essential oils on
the pathogen could be detected as revealed by life/dead staining
and regrowth tests. The results rather indicated that
supplementation of these two EOs enhanced immune gene
expression, possibly contributing to protective immunity in
brine shrimp larvae against V. campbellii. Furthermore, the
EOs-regulate the expression of bacterial virulence factors,
including decreased swimming motility and biofilm formation
in vitro. This might contribute in part to protecting of the brine
shrimp larvae against pathogenic V. campbellii in vivo However,
further studies are needed to investigate the underlying
protective mechanism of EOs, such as analyzing the expression
of a larger panel of immune-related genes. Taken together, this
study seems to indicate that essential oils can be part of disease
intervention and/or prevention strategy in aquaculture.

SELECTIVE DIETARY MANIPULATION
OF THE MICROBIOTA ANALYZED

IN VITRO AND IN VIVO UNDER
VARIATED CONTEXTS

Complex microbial communities colonize virtually every surface
exposed to the external environment. They include prokaryotes,
eukaryotes, and viruses, which provide enormous enzymatic
capacity and play a key role in controlling many aspects of
host physiology. Remarkably, the aquatic environment possesses
an intrinsic aggressiveness due to the impressive number and
diversity of microorganisms that coexist per square millimeter.
Therefore, understanding the complex relationship between
commensal microbes and fish is vital in maintaining healthy
physiological homeostasis. Any disruption of this symbiosis (i.e.,
dysbiosis) can drive inflammation, and even worse, the
development of inflammatory diseases (6). Indeed, studies
using the 16s rRNA amplicon sequencing strategy have
provided evidence that some pathologies are complex
multifactorial diseases characterized by a profound dysbiosis of
the microbial community. As a good example, in Atlantic
salmon, it has been demonstrated that yellow mouth disease is
dominated by distinct amplicon sequenced variants of
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Tenacibaculum maritimum, together with opportunistic taxa,
including Vibrio spp., play a role in the clinical disease
progression (7). Several strategies to generate a positive loop in
maintaining host health through microbiota management have
been proposed. Among the diverse strategies to selectively
manipulate host-microbe interactions, diet is a significant factor
that shapes the proportional representation of the microbiota
present, particularly in the gut and their relative gene content (8).
Reciprocally, the microbiota configuration influences the
nutritional value of food Montalban-Arques et al. Although these
approaches are particularly promissory, a critical issue determining
a successful output from the potential promoters expected on
providing solid immune indicators and showing a reliable disease
enhancement at the time of dissecting responses is the robustness of
the employed assays. In this special issue, we put forward solid
pieces of research providing reliable evidence on the host-microbe
relationships and the dietary manipulatory capacity.

The study performed by Firmino et al. presents an integrative
analysis linking the gene transcriptional activity with the
microbiota responses in the gut of gilthead seabream. The fish
were fed with a regular diet supplemented with a functional feed
containing microencapsulated essential oils from garlic,
carvacrol, and thymol. The formula displayed an extensive
holistic capacity of modulating the immune response and the
microbial composition towards a beneficial profile characterized
by the decrease in the classes Bacteroidia and Clostridia.
Likewise, the feed additives increased the bacterial sequences
associated with glutathione and lipid metabolism. Therefore, the
study provides new insights into host-microbial metabolism’s
shared role in building up a local immune response and crosstalk
between gut and microbiota.

So far, the major challenge has been to understand the poorly
studied signals and mechanisms of leukocytes after the addition of
novel feed ingredients and their interaction with the microbiome at
mucosal interphases in fish. Due to the unique characteristics
displayed by the zebrafish model, exciting and solid progress in
the recognition of new dietary elements and the associated
mechanisms in the complex development and function of
leukocytes and other types of cells with immune capacity has
been documented (9). Here, Xie et al. using the powerful
zebrafish as a model of intestinal inflammation show that
excessive recruitment of leukocytes triggered by soybean meal can
be reverted by applying a dietary sinomenine therapy. Sinomenine
is an agonist of alpha7 nicotinic acetylcholine receptor (0t7nAchR),
a critical mediator controlling neuro-immune functions with anti-
inflammatory properties through nicotine. Treated animals
resulted with a higher proportion of CD4+ or Foxp3+
lymphocytes in the base of the intestinal folds, suggesting a
synergy between ai7nAchR and regulatory T-cells (Treg) in the
response. Moreover, reduced enteritis and increased glucose
metabolism were associated with the shift of Sphingomonas and
Shigella composition and the increase in Cetobacterium biomass,
suggesting that sinomenine can prevent fish foodborne enteritis at
the immune or microbiota levels.

To gain further insights on the impact that dietary
modulators have over the host commensal microorganisms

and immunity, Castejon et al. investigated the integral role of
the microbiota upon immunity and antibody processing in
response to an extended endocrine disruptor in the aquatic
environment in the Gilthead seabream. Specifically, the 17a-
ethinylestradiol (EE,) and the agonist G protein-coupled
estrogen receptor agonist G-1 (G1) in the gut of gilthead
seabream. Humoral lytic and oxidative stress response,
essential mucosal inflammatory marker genes, and goblet cells
contribution to immunity at the gut mucosal surface were
explored. Additionally, the microbiome landscape on the
immune repertoire following the dietary treatment and a
priming immunization protocol using a model antigen (KLH)
was revealed. Minor changes were observed on the stress markers
or the gene expressions. However, the dietary treatment with EE2
combined with the immunization promoted remarkable changes
in the bacterial class Betaproteobacteria and, unexpectedly, on
the estrogen-degrading genus Novosphingobium a major
member of the endobolome. Overall, this study highlighted the
intrinsic relationship between xenoestrogens and their associated
receptors in the ubiquitous fish immune regulation. Moreover,
the subtle but significant crosstalk with the fish gut endobolome
was described in fish for the first time.

There is an increasing consensus of the relevance for evaluating
in vitro the biological mode of action of isolated compounds before
moving forward to in vivo trials Firmino et al.. From the
immunomodulatory point of view, amino acids (AA) are crucial
components in the biosynthesis of immune support-associated
molecules. In fish, several articles reported the effect of the dietary
administration of AA on a spectrum of immune-related functions
(10), with no particular attention on the cell-specific modulatory
mechanisms. Thus, this necessitates in vitro studies that provide fast
lights about the response dynamic for specific immune cell subsets
prior to the in vivo stage. Machado et al. showed that methionine
and tryptophan perform distinct roles in the immune response of
head kidney leukocytes (HKL). While L-methionine increased the
modulation of the expression of pro-inflammatory gene markers,
tryptophan augmented the expression of the anti-inflammatory
counterparts. However, the increase was only perceived when the
HKL were exposed to lipopolysaccharides-extracted or UV-
inactivated Photobacterium damselae subsp. pisicida (Phdp).
Exposing HKL to Phdp produces and releases an exotoxin that
induces apoptosis. Therefore, the exposure of HKL to the exotoxin
resulted in a diminished signal of apoptosis in the L-methionine-
incubated cells. Meanwhile, the L-tryptophan group showed a pro-
apoptotic activity by the elevated expression of the initiator caspase
8 and an increased activity of caspase 3, suggesting a lowered
resilience in the L-tryptophan-treated HKL in response to the
infection by Phdp.

CLASSIC PROBIOTIC BACTERIA,
IMMUNOSTIMULANTS, AND NOVEL
RECOMBINANT PROTEINS

Probiotics and immunostimulants have been used as preventive
strategies for limiting and controlling fish diseases. Probiotics
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supplementation is aimed to maximize the profit from the crosstalk
between the host and the commensal microbiota for improving the
fish robustness and resilience. The study of Mufioz et al. used the
Lactococcus lactis — a commensal bacteria found in mammals and
salmonids, for producing the recombinant type Ia interferon (rIFN-
Ia). Likewise, its role in protecting against the infectious pancreatic
necrosis virus (IPNV) following in vitro and in vivo strategies was
assessed. The study showed in vitro upregulation of antiviral genes
(mx; pkr) after the administration of different doses of rIFN-IA and
a reduction of the IPNV viral load determined through qPCR. The
oral administration of Atlantic salmon (Salmo salar) with the L.
lactis rTFN-Ia, revealed a higher expression of antiviral-related genes
in spleen rather than head kidney. In addition, it showed a lower
IPNV load in live Atlantic salmon even up to 60 days post-infection,
suggesting that this oral strategy improved the antiviral response.
Adopting a similar strategy, Santibanez et al. evaluated the effect of
the L. lactis recombinant rIFN-y-producer oral administration on
rainbow trout (Oncorhynchus mykiss) through a challenge against
10® CFU of E. psychrophilum. The higher survival rate on rainbow
trout fed L. lactis rTFN-y suggests that this application would be a
useful novel strategy for conferring oral protection to fish against
the infection of some extracellular bacterial pathogens. However,
further evaluations of the system in vivo and using variated
developmental stages are required.

On the other hand, yeasts are considered immune modulators
since they contain B-glucan, mannans, chitin, and nucleic acids, that
can be recognized as microbial-associated molecular patterns
(MAMPs) by pattern recognition receptors (PRRs) with high
capacity of training the innate memory in fish myelocytes Zhang
et al. The study of Morales-Lange et al. used the Cyberlindnera
jadinii yeast in a 40% soybean meal (SBM) diet. The perspective of
the study is interesting because they propose the use of the spleen to
evaluate the effect of the novel diet fed in Atlantic salmon (Salmo
salar). The study includes the evaluation of the immune response by
RNAseq and indirect ELISA. Furthermore, the C. jadinii was
exposed to two different down-stream processing conditions:
heat-inactivated (ICJ), or autolysation (ACJ). In line with
previous effects reported in the intestine after the dietary
administration of SBM, these authors confirmed the pro-
inflammatory status in spleen, being characterized by the
increased TNFo and IFNY levels recorded. Notably, ACJ response
was characterized by the increasing level of IL-10 and the
diminished content of TNFa. hus, the authors suggest using ACJ]
as a component in the formulation of diets for sustainable Atlantic
salmon farming.

B-glucans have been extensively used in the aquaculture
industry. However, the species-specificity, length of their side
chains, and frequency of administration have depicted a variable
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Essential oils (EOs) are promising alternatives to chemotherapeutics in animal production
due to their immunostimulant, antimicrobial, and antioxidant properties, without
associated environmental or hazardous side effects. In the present study, the modulation
of the transcriptional immune response (microarray analysis) and microbiota [16S
Ribosomal RNA (rRNA) sequencing] in the intestine of the euryhaline fish gilthead
seabream (Sparus aurata) fed a dietary supplementation of garlic, carvacrol, and thymol
EOs was evaluated. The transcriptomic functional analysis showed the regulation of
genes related to processes of proteolysis and inflammatory modulation, immunity,
transport and secretion, response to cyclic compounds, symbiosis, and RNA metabolism
in fish fed the EOs-supplemented diet. Particularly, the activation of leukocytes, such
as acidophilic granulocytes, was suggested to be the primary actors of the innate
immune response promoted by the tested functional feed additive in the gut. Fish
growth performance and gut microbiota alpha diversity indices were not affected,
while dietary EOs promoted alterations in bacterial abundances in terms of phylum,
class, and genus. Subtle, but significant alterations in microbiota composition, such
as the decrease in Bacteroidia and Clostridia classes, were suggested to participate
in the modulation of the intestine transcriptional immune profile observed in fish fed the
EOs diet. Moreover, regarding microbiota functionality, increased bacterial sequences
associated with glutathione and lipid metabolisms, among others, detected in fish fed
the EOs supported the metabolic alterations suggested to potentially affect the observed
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immune-related transcriptional response. The overall results indicated that the tested
dietary EOs may promote intestinal local immunity through the impact of the EOs on
the host-microbial co-metabolism and consequent regulation of significant biological
processes, evidencing the crosstalk between gut and microbiota in the inflammatory

regulation upon administration of immunostimulant feed additives.

Keywords: gut-associated

lymphoid tissue,

microbiota, additive, functional feed, aquaculture, oral

immmunization, teleost, gut immune crosstalk

INTRODUCTION

In the post-antibiotics era, concerns about the potential loss of
productivity due to an increase of infectious diseases are a reality
within the animal production sector. The production of aquatic
protein through aquaculture is not an exception. Regarding
the aquaculture industry, the increasing pathogen resistance
to chemotherapeutic treatments and their use restrictions,
along with the rising public awareness regarding food safety,
environmental impact, and animal welfare, have encouraged
the development of alternative dietary treatments, such as
functional feeds (1). Similarly, to livestock, functional feed
additives may benefit farmed fish through the regulation of
the host metabolism, nutrient absorption, and enhancement of
host performance. Furthermore, it may activate the immunity
of the host either by direct stimulation of the innate immune
system or through the sustenance of commensal microorganisms
and inhibition of pathogens in the intestinal tract (2). These
factors, either individually or combined, may have a profound
impact on key performance indicators. For instance, fish farmers
recognize the direct effect of health promotion through feed in
their economic gain by the improvement of key performance
indicators (i.e., improving somatic growth, reducing feed
conversion rates, promoting host welfare, and diminishing
morbidity, among others). The wide array of potential benefits
derived from functional feed additives and nutraceuticals has
focused the light on their study and validation in aquafeeds.
Among functional feed additives, phytogenics consist of a
heterogeneous group of plant-derived products widely used
in animal nutrition. Essential oils (EOs), a blend of organic
substances synthesized by aromatic plants during secondary
metabolism, whose chemical composition may vary according
to plant and environment characteristics and/or extraction
procedures, are the most common class of phytogenics used
in livestock nutrition as well as in aquafeeds. EOs have been
increasingly studied as promising chemotherapeutic alternatives
due to their antimicrobial, immunostimulant, antioxidant, anti-
stress, and growth-promoting properties, without associated
environmental or hazardous side effects. In addition, there
is also evidence that EOs may exert a positive impact on
the gut health of livestock, including aquaculture relevant fish
species (3). Particularly, some studies have recently reported the
advantageous outcomes of the dietary administration of garlic
(4), carvacrol, and/or thymol (5) in the gut health of aquatic
species, which suggest them as interesting phytogenic targets for
aquafeed additive development.

During the last years, the concept of “gut health” has
become a trending topic due to its significance on the nutrition,
metabolism, immunity, pathogen control, welfare, behavior, and
performance of the host. Despite the term not being well-defined
in the literature and perhaps having a subjective definition,
the key components of this term in animal production are: (i)
the diet, (ii) the functional structure of the mucosal barrier,
(iii) an effective digestion and absorption of nutrients, (iv)
an appropriate and stable microbiota, and (v) an effective
immunity (6). Similar to higher vertebrates, teleost fish have
a specialized and sophisticated gut immune system, although
a significant variation is observed in the gastrointestinal tract
of different species according to their nutritional requirements
(7). The intestinal mucosal layer (including the mucus and the
epithelial cells) form an important physical and biochemical
defense barrier against exogenous substances, such as bacteria,
toxins, and allergens. It also participates in the local immune
response through the recognition and processing of antigens,
the recruitment of innate and adaptive immune cells, and the
secretion of cytokines, chemokines, antimicrobial peptides, and
mucins through the gut-associated lymphoid tissue (GALT) (2).

A key actor in gut integrity and functionality is the microbial
community that colonizes it. In this sense, the gut commensal
microbiota, besides protecting the host against pathogenic
bacteria invasion, are able to modulate the gene expression of
processes involved in the stimulation of epithelial proliferation,
nutrient metabolism, and innate immune responses, promoting
intestinal homeostasis (3). Under this context, any interference
on the intestinal mucosal barrier integrity and/or the microbiota
composition may impair gut condition and health, leading to
disease-related dysbiosis (8). An increasing body of evidence
supports the general assumption that feed additives can influence
considerably the fish gut condition, affecting the intestinal
epithelium, microbiota, and mucosal immunity (2). There is
also evidence that fish innate and adaptive immune system may
influence the regulation and composition of the gut microbiota
and vice versa. Such interactions are not clearly deciphered so
far, especially in lower vertebrates (8). In this way, functional
genomics studies provide a wide range of applications that
allows an increased and better understanding of the mechanisms
underlying this symbiosis. Consequently, this information is of
paramount importance for deciphering the mode of action of
feed additives and their proper dietary administration.

Under this context, the present study aimed to evaluate the
intestinal tissue transcriptional activity and microbiota responses
in the gut of the euryhaline fish gilthead seabream (Sparus aurata)
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fed a functional feed additive consisting of a microencapsulated
blend of garlic, carvacrol, and thymol EOs. Additionally, the
authors also sought to provide new insights about the shared role
of host-microbial co-metabolism in building-up a local immune
response promoted by the tested feed additive.

MATERIALS AND METHODS

Rearing Conditions

Gilthead seabream fry (body weight, BW = 5.0 & 0.2 g; mean
=+ SD) were purchased from Piscicultura Marina Mediterrdnea
S.L. (Andromeda Group, Valencia, Spain) and transported to
the research facilities of the Institute of Agrifood Research and
Technology (IRTA) in Sant Carles de La Rapita (Tarragona,
Spain). Fish were randomly distributed among six tanks (450 L
capacity) connected to the IRTAmar® recirculation system (5-
10% water replacement per day for compensating evaporation
and siphoning losses) in order to keep water quality through
UV, biological, and mechanical filtration. At the beginning of
the trial, 150 juveniles (25 fish per tank; initial density =
2kg m~3) were individually measured in body weight (BW,
g) and standard length (SL, mm) to the nearest 0.1g and
1 mm, respectively (BW = 40.3 £ 0.1g; SL = 12.0 £ 0.2 mm).
This assay took place under natural photoperiod, with daily
monitoring of the water temperature (25.1 & 1.5°C), oxygen (6.8
+ 1.7 mg/L; >80% saturation) (OXI330, Crison Instruments,
Barcelona, Spain), and pH (7.5 £ 0.01) (pHmeter 507, Crison
Instruments), whereas salinity (35%0) (MASTER-20 T; ATAGO
Co. Ltd), ammonia (0.13 + 0.1 mg NHI/L), and nitrite (0.18
+ 0.1mg NO; /L) levels (HACH DR9000 Colorimeter, Hach®,
Spain) were weekly controlled.

Diets and Feeding Trial
Diets were manufactured by Sparos Lda. (Olhao, Portugal) as
follows: main ingredients were ground (below 250 um) in a
micropulverizer hammer mill (SH1; Hosokawa Micron, B.V.,
Doetinchem, The Netherlands). Powder ingredients and oils
were then mixed according to the target formulation in a paddle
mixer (RM90; Mainca, S.L., Granollers, Spain). After extrusion
(2mm pellet size), all feed batches were dried in a convection
oven (OP 750-UF; LTE Scientifics, Oldham, UK) for 4 h at 45°C.

A basal (control) diet was formulated with high levels of
marine-derived protein sources to contain 46% crude protein,
18% crude fat, and 21.5 MJ/kg gross energy (Table 1) as described
in Firmino et al. (9). The second experimental diet was the
control diet supplemented with 0.5% of the functional additive
composed of a blend of microencapsulated garlic, carvacrol, and
thymol synthetic EOs (AROTEC-G®, TECNOVIT-FARMFAES,
S.L, Spain). When dealing with feed additives, especially
EOs, their proper and controlled administration is of special
importance. Thus, encapsulation technology was used for EOs
incorporation into the experimental diet in order to improve
its bioavailability and efficacy, as well as the standardization of
its dosing in order to avoid variability and discrepancies among
studies (10).

Diets were tested for 65 days in a feeding trial carried out
in triplicate tanks. Fish were hand-fed two times per day at the

daily rate of 3.0% of the stocked biomass, which approached
apparent satiation. At the end of the trial, all the fish in each tank
were netted, anesthetized (buffered 150 mg/L MS-222, Sigma-
Aldrich, Spain), and measured for BW and SL. We calculated
different performance parameters: specific growth rate (SGR; %
BW/day) = 100 x (In BWf - In BWi)/days (where BWf and BWi
represented the final and the initial body weights, respectively).
Fulton’s condition factor (K) = (BWI/SLf 3) x 100 (where SLf
was the final SL). This is a morphometric index that estimates
the body condition of fish, assuming that heavier fish of a given
length are in better condition (11).

In addition, four fish were randomly selected from each
tank, euthanized with an overdose of the abovementioned
anesthetic, and their gut removed. For transcriptional analysis
purposes, a small section of the mid-anterior intestine from
each fish was dissected, placed in RNAlater™ (Invitrogen,
Thermo Fisher Scientific, Lithuania), incubated overnight (4°C),
and stored at —80°C until further RNA extraction. There is
evidence that the mid-anterior section of the fish intestine has
a specialized immunological functionality when compared with
other intestinal sections (12). The remaining sections of the
anterior and posterior intestine were frozen separately in dry ice
and stored at —80°C for further microbiota analysis.

Transcriptional Analysis

RNA Isolation and Quality Control

Gilthead seabream mid-anterior intestine samples were
randomly selected per dietary treatment. Total RNA was
extracted individually using the RNeasy® Mini Kit (Qiagen,
Germany) and eluted (final volume = 35 pl) in nuclease-free
water and treated with DNAse (DNA-free™ DNA Removal Kit;
Invitrogen, Lithuania). Total RNA concentration and purity
were quantified using a Nanodrop-2000® spectrophotometer
(Thermo Scientific, USA) and stored at —80°C. Prior to
hybridization with microarrays, RNA samples were checked for
RNA integrity (Agilent 2100 Bioanalyzer; Agilent Technologies,
Spain) and selected by the criteria of a RIN value >8.5. Three
different pools of samples per dietary treatment were established
(n = 4 fish each).

Microarrays

A transcriptional analysis for the intestine from both
experimental groups was carried out using the Aquagenomics
S. aurata oligonucleotide microarray v2.0 (4 x 44K) (SAQ)
platform. Detailed information and transcriptomic raw data
are available at the Gene Expression Omnibus (GEO) public
repository at the U.S. National Center for Biotechnology
Information (NCBI), accession numbers GPL13442 and
GSE159643, respectively. The sampling labeling, hybridization,
washes, and scanning were performed as described before (9).
For this purpose, a one-color RNA labeling was used (Agilent
One-Color RNA Spike-In Kit; Agilent Technologies, USA). RNA
from each sample pool (200 ng) was reverse-transcribed together
with the RNA spike-in. Then, total RNA was used as a template
for Cyanine-3 (Cy3) labeled cRNA synthesis and amplification
with the Quick Amp Labeling Kit (Agilent Technologies). cRNA
samples were purified using the RNeasy Micro Kit (Qiagen). Dye
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TABLE 1 | Formulation and proximate composition of the basal diet.

Ingredients Basal diet (%)
Fishmeal 70 LT FF Skagen 20.0
Fishmeal CORPESCA Super Prime 10.0
CPSP 90 2.5
Squid meal 2.5
Soy protein concentrate (Soycomil) 5.0
Wheat gluten 5.0
Corn gluten 8.0
Korfeed 60 4.5
Soybean meal 48 8.0
Rapeseed meal 4.0
Sunflower meal 3.0
Wheat meal 7.0
Whole peas 25
Fish oil —COPPENS 9.0
Soybean oil 1.5
Rapeseed oil 2.5
Vitamin and mineral Premix PVO1 2.0
Soy lecithin—powder 2.0
Antioxidant powder (Paramega) 0.4
Dicalcium phosphate 0.6
TOTAL 100.0
Proximate composition, % in dry basis

Crude protein 46.2
Crude fat 18.4
Gross Energy 21.5

incorporation and cRNA yield were checked (NanoDrop ND-
2000® spectrophotometer). Then, Cy3-labeled cRNA (1.5mg)
with specific activity > 6.0 pmol Cy3/mg cRNA was fragmented
at 60°C for 30 min, and hybridized with the array in presence
of a hybridization buffer (Gene Expression Hybridization Kit,
Agilent Technologies) at 65°C for 17 h. For washes, microarrays
were incubated with Gene Expression wash buffers and
stabilization and drying solution according to the manufacturer’s
instructions (Agilent Technologies). Microarray slides were then
scanned (Agilent G2505B Microarray Scanner System), and
spot intensities and other quality control features were extracted
(Agilent Feature Extraction software version 10.4.0.0).

Intestine Functional Analysis: The Search Tool for the
Retrieval of Interacting Genes

The Search Tool for the Retrieval of Interacting Genes (STRING)
public repository version 11.0 (https://string-db.org) was used to
generate the transcripteractome that takes place in the intestine
of fish fed the EOs-supplemented diet. A Protein-Protein
interaction (PPI) Networks Functional Enrichment Analysis for
all the differentially expressed genes (DEGs) was conducted
with a high-confidence interaction score (0.9) using Homo
sapiens as model organism. Gene ontology (GO) enrichment
analysis (p < 0.05) was also assessed including all the DEGs
obtained. To confirm gene orthologs and match gene acronyms

between both H. sapiens and gilthead seabream species, protein
BLAST was run, and the GeneCards (www.genecards.org) and
UniProt (www.uniprot.org) databases were accessed as described
in Firmino et al. (9).

Intestinal Microbiota

DNA Extraction

Samples were thawed gradually on ice, and the intestinal
contents were extracted by pressing toward the ends with
a sterile object. After homogenizing the content, a sample
(50 mg) was taken for DNA extraction following the protocol
based on saline precipitation (13). DNA concentration was
quantified fluorometrically with the Qubit™ dsDNA HS Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and its
purity and integrity assessed using a NanoDrop™ One UV-Vis
Spectrophotometer WiFi (Thermo Scientific, USA) and through
an agarose gel electrophoresis.

Amplicon Sequencing of 16S Ribosomal RNA and
Sequence Data Processing

The 16S rRNA of samples were sequenced on an Illumina®
MiSeq platform (Illumina, San Diego, CA, USA) with 2 x 300
bp paired-end sequencing in the Ultrasequencing Service of the
Bioinnovation Center of University of Malaga (Mdlaga, Spain).
Sequencing was carried out using the sense forward 5 TCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGG
CWGCAG 3’ and 5 GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGGACTACHVGGGTATCTAATCC 3’ reverse
primers directed to the variable regions V3-V4 of the 16S
rRNA gene. All Illumina reads were analyzed using the FastaQC
software in order to assess sequence quality. Further data
processing including trimming and 16S rRNA analysis and
visualization was performed with a workflow based on the
mothur software package (1.39.5 version). Briefly, chimeras were
detected using the software UCHIME version 4.2 (https://drive5.
com/uchime, effective tags obtained) and sequences were aligned
and clustered into operational taxonomic units (OTUs) with an
identity cut of 80%. The total count threshold was set at 0.005%
using the Greengenes database (13).

Microbial Functional Analysis: PICRUSt

Within the metagenomic study, the analysis of the most
represented functions of the microbial community was
conducted. For this purpose, PICRUSt (version 1.1.3) was
used for comparing the predicted functional profiles from
the anterior and posterior intestines of gilthead seabream
fed both administered diets. PICRUSt is a bioinformatics
software designed to predict the functional profile of a microbial
community based on the study of the 16S rRNA. Reads
from 12 samples (three samples from intestine sample and
treatment) were filtered by rarefaction curves from 46,331 reads,
and singletons were removed. A total of 45,844 sequences,
which clustered into 103 OTUs identified in the Greengenes
database, were used for additional bioinformatics analysis
(Supplementary Figure 1). Sequencing data were introduced
into the PICRUSt bioinformatics software, and samples were
normalized to the number of copies of the 16S rRNA. Functional
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metagenomes for each sample were predicted from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) catalog and
collapsed to specified KEGG levels.

Statistics

Differences between biometrical parameters of both experimental
dietary groups were analyzed through an unpaired ¢-
test assuming data homoscedasticity (GraphPad PRISM
7.00; p < 0.05).

Raw data extracted from microarrays were imported and
analyzed using GeneSpring version 14.5 GX software (Agilent
Technologies). The 75th percentile normalization was used to
standardize the arrays for comparisons, and data were filtered
by expression. The DEGs were obtained from a gene-level
differential expression analysis. An unpaired ¢-test was conducted
without correction (p < 0.05) to identify DEGs between dietary
treatments. The DEGs were grouped according to their fold-
change value (FC, p < 0.05) and represented using the GraphPad
PRISM software. The Principal Component Analysis (PCA)
on conditions was carried out using GeneSpring software;
four eigenvectors were calculated using a covariance matrix to
describe the aggrupation of the control and EOs groups in a 3D
plot. The gene expression values (log2-expression ratios) were
represented by a hierarchical clustering heatmap analysis (MeV
software v4.0), with Pearson distance and average linkage (9).

All data analysis of the intestinal microbiota was processed
using Phyloseq and Vegan libraries in R statistical package.
Readings were normalized based on rarefaction curves (46,331
reads) and singletons were removed. In addition, it was
calculated the coverage using the Good’s coverage coeflicient,
as well as the ecological indexes. Alpha diversity was estimated
using the Chaol, Shannon, and Simpson indices, to assess
taxonomic wealth, diversity, and dominance, respectively. For
statistical analyses between diversity indices, the t-test (p <
0.05) was used; while the taxonomic comparison was carried
out using the R package DESeq2 (p < 0.01). Differences in the
functional prediction between diets were made using the ANOVA
multiple comparison test with the Tukey-Kramer correction
(corrected p < 0.05).

RESULTS

Growth Performance

At the end of the study, no significant differences were observed
between fish fed the EOs-supplemented diet and the control diet
in terms of somatic growth (BWf = 150.8 & 14.9 vs. 157.8 &+
14.2g; SLf = 17.1 & 0.6 vs. 17.3 £ 0.6 mm), daily growth rates in
terms of BW (SGRpw = 2.03 = 0.01 vs. 2.12 &= 0.07% BW/day)
and Fulton’s condition factor (K = 3.0 £ 0.1 vs. 3.1 & 0.1),
respectively (Unpaired t-test, p > 0.05). A survival rate of 96
and 92% was recorded for the EOs-supplemented and control
diets, respectively.

Microarrays and Gut Transcripteractome

A total of 581 DEGs were found when comparing the
transcriptomic profiling of the intestine from fish fed both diets
(p < 0.05; Supplementary Table 1). The detailed analysis of

gene FC revealed that genes were mostly upregulated in the
fish fed the diet containing the functional additive (70.2% of
DEGs), although its modulation was moderate in terms of FC
intensity. In particular, 408 of the abovementioned DEGs were
upregulated, with 404 of them within the 1.0 < FC < 1.5
interval. The remaining four DEGs were grouped within the 2.0
< FC < 3.0 interval. In addition, 173 DEGs were downregulated
(29.8% of DEGs; p < 0.05) and all of them were grouped
within the —1.5 < FC < —1.0 interval (Figure 1A). Common
segregation among the pool samples within the same dietary
treatment was observed in the hierarchical clustering of the
intestine transcriptomic response based on correlation patterns
from the DEGs response (p < 0.05) (Figure 1B). PCA analysis
confirmed the differential transcriptomic profile among dietary
treatments. The first component (Y-axis) accounted for 79.03%
of variation; the second and third components (X-Axis and Z-
axis, respectively) accounted for 6.26 and 6.03% of the variation;
these three components show the perfect separation between the
control diet and the fish fed with the additive (Figure 1C).

From the whole set of DEGs, a functional network analysis was
performed. The transcripteractome showed 252 coding proteins
(nodes) with 473 interactions (edges). The remaining 329 DEGs
(annotated as unknown genes) were excluded from the analysis.
Based on the 70 GO terms obtained from the enrichment analysis
(Supplementary Table 2), 6 main representative groups for the
biological processes were identified in the transcripteractome:
(1) proteolysis; (2) immunity; (3) transport and secretion; (4)
response to cyclic compounds; (5) symbiosis; and (6) gene
expression (Figure 2).

The tested functional feed additive resulted in the positive
regulation of biological processes related to the proteolysis
category (32 upregulated genes and 16 downregulated
genes;  Supplementary Figure 2;  Supplementary Table 3).
Several biological processes considered, namely,
“proteolysis,”  “regulation of proteolysis,” “regulation of
peptidase activity,” “regulation of endopeptidase activity,”
and “protein deubiquitination.” In addition, biological processes
associated with immunity showed a more balanced regulation in
fish fed the EOs-supplemented diet (17 upregulated genes
and 14 downregulated genes; Supplementary Figure 3;
Supplementary Table 4). Several relevant GOs related to
immunity were obtained, such as “cell activation,” “leukocyte
activation,” “leukocyte activation involved in immune response,”
“neutrophil activation,” “neutrophil degranulation,” and
“regulated exocytosis.” The tested functional feed additive
also favored biological processes associated with transport and
secretion (50 upregulated genes and 26 downregulated genes;
Supplementary Figure 4; Supplementary Table 5). Among
them, “transport,” “intracellular transport,” “vesicle-mediated
transport,” and “secretion” processes were identified in the
functional network. Moreover, some biological processes in the
category of the response to cyclic compounds were positively
affected by the dietary inclusion of EOs (25 upregulated genes
and 11 downregulated genes; Supplementary Figures 5, 6;
Supplementary Table 6). In particular, the following processes
were evidenced, such as the “response to organic cyclic
compound,” “cellular response to organic cyclic compound,’

were
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FIGURE 1 | Differential expression analysis of the gilthead seabream (Sparus
aurata) mid-anterior intestine transcriptomic response to the garlic, carvacrol,
and thymol essential oils (EOs)-supplemented diet. (A) Comparing both
groups, 581 differentially expressed genes (DEGs) (p < 0.05) were found.
From these, 408 genes were upregulated: 404 mainly concentrated in the
1.0-1.5-fold change (FC) interval; and 4 DEGs were grouped in the 2.0 < FC
< 3.0 interval. Additionally, 173 genes were downregulated (o < 0.05) and
grouped in the range —1.5 < FC < —1.0. (B) Hierarchical clustering of the
gilthead seabream mid-anterior intestine transcriptomic response for the
control diet and EOs-supplemented diet, based on similitude patterns of the
DEGs detected from three sample pools per dietary group. Data of the six
microarrays are depicted, one for each represented pool. Both increased and
decreased gene expression patterns are shown in green and red, respectively.
All transcripts represented are statistically significant (o < 0.05). (C) Principal
component analysis (PCA) of the DEGs of gilthead seabream intestine
response to the control diet (yellow) and EOs-supplemented diet (red). PC1,
PC2, and PC3 components loadings (Y-axis = component 1, 79.03% of
variation; X-axis = component 2, 6.26% of variation; Z-axis = component 3,

6.03% variation). For DEGs detalls, please see also Supplementary Table 1.

» o«

“response to lipid,” “cellular response to lipid,” “response to
hormone,” “response to steroid hormone,” “cellular response to
hormone stimulus,” “cellular response to steroid hormone
stimulus,” “response to alkaloid} “response to nitrogen
compound,” and “response to organonitrogen compound.”
Furthermore, symbiosis correlated biological processes, such

as “symbiont process, interspecies interaction between

organisms,” and “multi-organism process,” were positively
modulated (33 upregulated genes and 13 downregulated genes)
in the intestine of fish fed the diet containing the functional feed
additive (Supplementary Figure 7; Supplementary Table 7).
Finally, the biological processes associated with gene
expression and RNA processing (62 upregulated genes
and 10 downregulated genes; Supplementary Figure 8;
Supplementary Table 8), among them “gene expression,’
“RNA processing,” “RNA splicing,” “messenger RNA (mRNA)
processing,” “mRNA metabolic process,” “mRNA export from
nucleus,” and “ribonucleoprotein complex export from nucleus”
were observed to be much more upregulated in the intestine of
fish fed the EOs-supplemented diet than in the control group.

A reasonable number of genes were observed to be shared
among the immunity category and the other categories of
gene expression/RNA processing (16%), proteolysis (29%),
transport/secretion (77%), response to cyclic compounds (32%),
and symbiosis (32%), suggesting a strong relationship between
these biological processes that favors the host mucosal tissue
immunity in response to the dietary EOs. Additionally, from the
total DEGs obtained from the transcriptomic profile of the fish
fed the EOs-supplemented diet, a set of genes was selected based
on their expression and biological relevance (Table 2) in order to
assess the participation of the intestine transcriptional regulation
upon the observed microbiota modulation.

Intestine Microbiota Analysis

No variation was registered on the alpha diversity indices of the
intestinal microbiota, regardless of the region of the intestine
considered (Table3; p > 0.05). However, the coefficient of
variation (CV) for the Chaol index was higher in the anterior
(CV = 18.7 vs. 52%) and posterior (CV = 23.9 vs. 12.3%)
intestinal segments of fish fed the diet containing the functional
feed additive (Supplementary Figure 9). Similarly, the Shannon
and Simpson diversity indexes were neither affected by the
inclusion of the functional feed additive in the diet. Library
coverage was calculated using Good’s coverage index with a result
0f 99.98 £ 0.01.

The relative abundance of microbial taxa at the phylum
level is shown in Figure 3A. Proteobacteria, Firmicutes, and
Actinobacteria were commonly found in all samples regardless
of the dietary condition and region of the intestine considered.
However, only the phylum Spirochaetes showed significantly
lower abundances in the posterior intestine in fish fed the diet
supplemented with the functional feed additive (p < 0.05).
At class level, y-Protebacteria were the dominant group (60-
73%; p < 0.05) in all samples assayed, whereas the abundance
of Clostridia in the anterior intestine, and Brevinematae and
Bacteroidia in the posterior intestine significantly decreased
in fish fed the diet containing the blend of EOs (t-test,
p < 0.05; Figure 3B).

At the genus taxonomic level, bacterial abundance (relative
abundance > 1%) was significantly affected by the functional
feed additive tested (t-test, p < 0.05). In particular, the anterior
intestine of gilthead seabream fed the EOs-supplemented diet
showed a significant increase (t-test, p < 0.05) in Photobacterium
(y-Proteobacteria, Vibronaceae) and Corynebacterium
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FIGURE 2 | Transcripteractome of the differentially expressed genes (DEGs) in the mid-anterior intestine of juvenile gilthead seabream (S. aurata) fed the garlic,
carvacrol, and thymol essential oils (EOs)-supplemented diet (see also Supplementary Tables and Supplementary Figures 2-8). Protein—Protein Interactions
Network (PPI) network nodes colors indicate the six representative processes identified from the functional enrichment analysis for each DEG

represented —proteolysis, immunity, transport, and secretion, response to cyclic compounds, symbiosis, and gene expression. A nodes represent upregulated genes
and ¥ nodes represent downregulated genes. Graphic keys and network stats are indicated in the graphical figure legend.

(Actinobacteria, Corynebacteriaceae) abundance whereas a
reduction in Comamonas (Proteobacteria, Comamonadaceae)
was also found (t-test, p < 0.05; Figure4). Regarding the
posterior intestine, a significant decrease in the abundance of the

genera Paracoccus (Proteobacteria, Rhodobacteraceae), Prevotella
(Bacteroidetes, Bacteroidaceae), and Rothia (Actinobacteria,
Micrococcaceae) was also detected in fish fed the functional feed
additive (¢-test, p < 0.05; Figure 5).
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TABLE 2 | List of selected differentially expressed genes (DEGs) of the

mid-anterior intestine of juvenile gilthead seabream (Sparus aurata) fed a diet

TABLE 2 | Continued

supplemented with a blend of garlic, carvacrol, and thymol essential oils (EOs). Gene name Acronym FC P-value
Gene name Acronym FC P-value GENE EXPRESSION
Zinc Finger Protein 572 znfs72 - 0.019
PROTEOLYSIS AND DEUBIQUITINATION CDK5 Regulatory Subunit Associated cdkbrap3 0.014
UFM1 Specific Peptidase 2 ufsp2 0.012 Protein 3
Proteasome 20S Subunit Alpha 6 psmat 0.014 Zinc Finger E-Box Binding Homeobox 2~ zeb2 . 0.003
Ubiquitin Specific Peptidase 10 usp10 0.026 Heterogeneous Nuclear hnrnpu 0.012
Proteasome 26S Subunit, ATPase 3 psmc3 0.040 Ribonucleoprotein U
Ubiquitin Specific Peptidase 48 usp48 0.036 Cellular Communication Network wisp1 . 0.040
Proteasome 20S Subunit Alpha 4 psmad4 0.027 Factor 4
OTU Deubiquitinase 3 otud3 0.035 NOP53 Ribosome Biogenesis Factor gltscr2 0.034
Ubiquitin Specific Peptidase 4 usp4 0.007 Zinc Finger Protein 74 nf74 I 0.038
Interleukin 1 Beta i-1p 0.025 Pre-MRNA Processing Factor 8 propf8 0.005
NFKB Inhibitor Alpha nfkbia 0.047 Zinc Finger CCCH-Type Containing 11A zc3h11a 0.023
Proteasome 20S Subunit Beta 6 psmb6 0.048 Zinc Finger Protein 214 nfz14 0.008
IMMUNITY Small Nuclear Ribonucleoprotein U5 snrmp200 0.008
Leukocyte Elastase Inhibitor serpinb1 0.024 Subunit 200 -
Adenosine Deaminase ada - 0.025 ;—Eﬁox Protein;1 ted Factor 1 fb):f7 ggi;
. iceosome Associated Factor 1, sa .
?g’;’;ﬁgj;f;:g‘gi?;%iﬁ'Rac prext 0018 Recruter Of U4/U6.US T SnANP
Exchange Factor 1 Zinc Finger Protein 133 znf133 0.006
CD9 Molecule cd9 0.033 Zinc Finger Protein 551 znf551 0.001
CD81 Molecule cds1 0.018 Niorin nbn . 0.031
Perforin 1 prft 0.034 Genes were arranged according to six representative processes identified from the
Cathepsin B ctsb 0.031 functional enrichment analysis. Gene description, respective acronym, fold-change
TRANSPORT AND SECRETION intensity (FC), modulation (green: upregulation; red: downregulation), and p-value
Fatty Acid Binding Protein 6 fabp6 0.044 are described.
Serine Protease 3 prss3 - 0.002
RABSA, Member RAS Oncogene rabda - 0.023 TABLE 3 | Alpha diversity of bacterial communities in the anterior and posterior
Family intestinal tract sections of gilthead seabream (Sparus aurata) fed a control and the
RAB10, Member RAS Oncogene Family ~ rab70 0.030 diet supplemented with a blend of garlic, carvacrol, and thymol essential oils (EOs).
Rho GTPase Activating Protein 1 arhgap1 0.048 Chaot Shannon Simpson
NRAS Proto-Oncogene, GTPase nras 0.010
RAB1A, Member RAS Oncogene rabla 0.025 Anterior ~ Control 64583 +3.357 2513 +0.231 0.863 + 0.046
Family % EOsdiet 69.437 +13.013 2.288 +0.470 0.838 + 0.093
mgia Inducible Factor 1 Subunit hifia 0.002 £ Posterior Control 58167 £7.182 240140550 0.807 + 0.164
EOs diet 62.770 + 14.983 2.363 +0.220 0.863 £ 0.039
RESPONSE TO CYCLIC COMPOUNDS
Carbonic Anhydrase 2 ca2 0.046
Tribbles Pseudokinase 1 trib1 0.011
Glutathione S-Transferase Theta 28 gsti2b 0.018 The PICRUSt analysis enabled the prediction of the functional
;ﬁ:qobk;r?;ne PA450 Family 2 Subfamily J - cyp2j2 0.045 capacities of the microbial communities detected in the gilthead
Growth Hormone 2 e - 0082 seabream intestine based on the treatment applied. The low
ATPase Na+/K+ Transporting Subunit ~ atpTal 0,022 Nearest Sequenced Taxo.n. Inflex (NSTT) Value. (9.04 + 0.02)
Alpha 1 from the PICRUSt analysis indicated a good prediction accuracy.
Peroxiredoxin 3 prax3 0.009 The functional analysis of KEGG pathways revealed significant
Glutamic-Oxaloacetic Transaminase 2 got2 0.008 differences at second- and third-level classification KEGG
Adiponectin Receptor 1 adiport 0.041 pathways in both sections of the intestine (ANOVA, p <
Cathepsin B cisb 0.031 0.05). Regarding the anterior intestine and considering the
SYMBIOSIS second-level classification of KEGG pathways, a reduction in
Retinoic Acid Receptor Aipha rara 0.003 carbohydrate metabolism in fish fed the diet supplemented with
Retinoid X Receptor Beta b - 0,030 the functional feed additive was obtained (ANOVA, p < 0.05)
(Figure 6A). When considering the third-level classification of
(Continued) ~ KEGG pathways in the anterior intestine, a larger proportion
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FIGURE 3 | Microbiota composition at phylum (A) and class (B) level of the
anterior and posterior sections of the intestinal tract of gilthead seabream (S. 1000 0
aurata) fed control and garlic, carvacrol, and thymol essential oils
(EOs)-supplemented diet. Asterisk (*) indicate significant differences among 0 . < :
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of sequences associated with glutathione and lipid metabolism, FIGURE 4 | Average abundances of genera showing significant differences (o
. . < 0.01) in the anterior intestine of gilthead seabream (S. aurata) fed the garlic,
and a reduction of sequences related to drug metabolism iy o )
i . N carvacrol, and thymol essential oils (EOs)-supplemented diet in comparison
was found in fish fed the EOs-supplemented diet (Figure 6B). with fish receiving the control diet.

Regarding the posterior intestine, processes related to membrane
transport at the second-level classification of KEGG pathways
were significantly reduced in fish fed the EOs-supplemented diet
(Figure 6C), while processes related to the sulfur relay system
and naphthalene degradation at the third-level classification of
KEGG pathways were significantly enhanced in fish fed the
EOs-supplemented diet (Figure 6D).

DISCUSSION

The fish intestine is a complex multifunctional organ. In
addition to diet digestion and nutrient absorption functions,
this organ is critical for other key physiological mechanisms
including water and electrolyte balance, endocrine regulation
upon digestion and metabolism, and immunity (7), as well as
for the establishment of commensal microbiota (2, 14). As one
of the main portals of pathogens” entry into the organism, and
due to its intricate immune system associated to a lymphoid

tissue that allows microbial colonization, the intestine of farmed
fish is a target tissue for dietary manipulations (2, 7). We
aimed to describe the effect of the dietary combination of
garlic, carvacrol, and thymol EOs in the intestinal mucosa of
gilthead seabream at a transcriptional level and its impact on gut
microbiota modulation.

Effect of Garlic, Carvacrol, and Thymol
EOs Additive on Proteolysis, Protein
Deubiquitination, and Inflammatory

Regulation

The dietary supplementation of EOs affected the regulation of
several genes associated with proteolytic pathways, peptidases
activity, and protein deubiquitination. In particular, several
genes coding for proteasomes (psma6, psmc3, psma4, and
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psmb6) and ubiquitin peptidases (usp4, uspl0, usp48, otud3,
and ufsp2) were activated by the dietary supplementation of
EOs. Protein ubiquitination and subsequent proteolysis and
degradation by the proteasome are important mechanisms in the
regulation of the cell cycle, cell growth and differentiation, gene
transcription, signal transduction, and apoptosis, including tissue
regeneration (15). As important factors for the maintenance
of intestinal epithelial integrity and immune homeostasis, the
ubiquitin-proteasome proteolytic system plays a pivotal role in
the activation of the nuclear factor kB (NF-kB) pathway. The
NF-kB pathway is involved in the transcriptional regulation
of several proinflammatory genes, playing a critical role in
regulating the survival, activation, and differentiation of innate
and adaptive immune cells (16). As an important feedback
regulatory mechanism following NF-kB activation, the NFKB
inhibitor alpha (nfkbia), also known as IkBa, is one of
the first genes to be activated (16). In our transcriptional
analysis, nfkbia was downregulated. In regard to the NF-
kB signaling pathway, we also registered the upregulation of
several deubiquitination-related genes, such as the referred
ubiquitin peptidases, that could be blocking the ubiquitination
and degradation of the NF-kB inhibitors. This mechanism
might be accompanied by commensal y-Protebacteria strains,
the dominant class in our study, that prevent or limit epithelial
gut inflammation (17); thus, evidencing the close cooperation
between gut and microbiota in the inflammatory regulation in
response to dietary shifts. Accordingly, the proinflammatory
cytokine interleukin-1 beta (il-18) was downregulated in
the fish fed the EOs-supplemented diet, corroborating the
reduction of the transcription of proinflammatory genes
mediated by the NF-kB pathway. Collectively, these data
suggest a direct and selective regulation of the NF-kB
and ubiquitin-proteasome pathways established through the
interaction between the transcriptome response and their
commensal bacteria in the gut of sea bream fed the EOs-
supplemented diet.

Effect of Garlic, Carvacrol, and Thymol EOs

Additive on Immune Effector Processes

The dietary administration of EOs showed the modulation of
several biological processes related to innate immune effector
cells, such as “leukocyte activation,” “leukocyte activation
involved in immune response, “neutrophil activation,” and
“neutrophil degranulation.” In the case of neutrophils, their
main function is the control of microorganisms that cross
the epithelium barrier to invade the mucosa. Contrarily to
mammals, fish neutrophils are not so abundantly present in the
bloodstream, whereas they are stored in hematopoietic reservoirs
instead, which could signify a disadvantage for rapid migration
and effective resolution of infection and inflammation events (7).
Thus, the results of our functional analysis regarding leukocyte
activation, and granulocytes, in particular, might suggest an
increased intestinal specific immune capacity promoted by the
tested functional diet. In fact, the dietary supplementation
of garlic or its bioactive compounds (18), carvacrol, and/or
thymol (19) have been reported to increase the number of
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FIGURE 5 | Average abundance of genera showing significant differences (p
< 0.01) in the posterior intestine of gilthead seabream (S. aurata) fed the garlic,
carvacrol, and thymol essential oils (EOs)-supplemented diet in comparison
with fish receiving the control diet.

white blood cells and other immune parameters in several
cultivated fish species. Similarly to our results, the activation
of the degranulation transcriptional response of the neutrophils
was previously observed in the gills of gilthead seabream fed
the same EOs-supplemented diet and attributed to its increased
defense capacity against a monogenean helminth parasite
infection (9).

Further analyses on immune-related processes modulated by
the tested EOs also showed an increase of the expression in prex1,
a gene coding for the phosphatidylinositol 3,4,5-trisphosphate-
dependent Rac exchanger 1 that regulates adhesion, migration,
tissue recruitment, and reactive oxygen species (ROS) formation
in the neutrophils (20). In addition, the leukocyte elastase
inhibitor gene (serpinbl) was also upregulated in the intestine of
fish fed the EOs-supplemented diet. This gene encodes a serine
protease inhibitor that specifically inhibits neutrophil elastase,
cathepsin G, and proteinase-3 present in the neutrophil granules;
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in the anterior (B) and posterior (D) intestinal microbiota, by ANOVA with a
post-hoc Tukey-Kramer multiple-comparison test (p < 0.05).

thus, protecting not only tissues from damage at inflammatory
sites during stress or infection, but also the neutrophil itself
(21). SERPINBI also limits the activity of inflammatory caspases
during inflammation by suppressing their caspase-recruitment
domain oligomerization and enzymatic activation, representing
an important regulator of tissue inflammation (22). Under
current experimental conditions, these results may indicate
a well-balanced intestinal immunity, where both immune
effector cells activation and an anti-inflammatory response
were promoted.

The expression of several genes associated with adaptive
immunity was modulated by the EOs-supplemented diet as well.
For instance, perforin-1 (prfI) was upregulated in the intestine
of fish fed the EOs-diet. Perforin is a pore-forming cytolytic
protein found in the granules of cytotoxic T lymphocytes (CTLs)
and natural killer (NK) cells, playing a key role in killing other
cells that are recognized as non-self by the immune system
(23). In fish, studies have reported the upregulation of prfl in
response to viral stimulation (24). Furthermore, the upregulation
of adenosine deaminase (ada) was also promoted by the tested
EOs-supplemented diet. In particular, ada acts as a positive
regulator of T-cell co-activation, participates in the regulation
of lymphocyte-epithelial cell adhesion, and enhances dendritic
cell immunogenicity (25, 26). Additionally, cd9 and cd81 were
both upregulated in the fish fed the EOs-supplemented diet.
These genes encode tetraspanins, key players in the processes
of adhesion, extravasation, and recruitment of leukocytes into
inflammation sites, regulating several steps of the immune
response (27). CD9 and CD81 were found to be extensively
present in Atlantic salmon (Salmo salar) IgM™ B-cells (28). Last
but not least, tetraspanins were considered to be required for
bacteria adhesion to the epithelial cells (29); which may be in
agreement with the presence of both DEGs in the symbiosis-
related processes from our transcriptional analysis, as discussed
below. Therefore, the regulation of genes involved in both B
and T lymphocytes activity may suggest the stimulation of not
only the innate, but also the adaptive immune response as well,
although further research is needed to confirm this hypothesis.

The proportion of up to downregulated genes related to an
immune response was not as marked as the observed for the
remaining biological processes activated by the inclusion of EOs
in diet, indicating an effective and balanced proinflammatory and
anti-inflammatory regulation of the induced immune response,
as previously suggested. Nonetheless, it is legitimate to assume
that due to its immunostimulatory characteristics, the EOs-based
functional feed might have an impact on the composition of
the gilthead seabream intestinal microbiota, which in turn may
also have played a critical role in mediating the abovementioned
immune response. In fact, numerous studies have indicated
that diet is an important factor in the modulation of the
gut microbiome composition in vertebrates, dictating also the
role of that microbiome in fish health status (2). Regarding
the EOs tested, garlic (4), carvacrol, and/or thymol (5) were
previously reported to modulate fish microbiota composition,
exerting beneficial effects (30), and improving significantly its
resistance to Vibrio anguillarum after intestinal infection and
stress challenge (31). The administration of similar functional
diets with immunostimulatory and/or antimicrobial properties
have been also reported to reduce gut microbial diversity (30);
however, in our study, alpha diversity was not significantly
altered by the dietary EOs, which may be associated with the
heterogeneity of analyzed samples, as observed in CV values
for the Chaol index. Under present experimental conditions,
the only phylum that showed significant differences among
dietary treatments was the Spirochaetes. This phylum contains
important gut pathogenic species, such as Brachyspira species,
for livestock and humans (32). Nonetheless, the impact of
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this phylum modulation upon gilthead seabream intestine
homeostasis is not clear yet, and further studies should be
performed in order to assess which members of the phylum could
be participating in the immune response observed.

Effect of Garlic, Carvacrol, and Thymol
EOs Additive on Immune-Related

Transport and Secretion Processes

The obtained immune-related biological processes were observed
to share 77% of DEGs with the transport and secretion category,
which genes were observed to be positively affected, in its
majority, by the dietary EOs. The substantial amount of DEGs
shared among the two categories clearly indicates a common role
in the overall observed transcriptional response. In this sense,
similar vesicle-mediated transport processes associated with
active biogenesis and neutrophil-mediated immune response
were observed in the gills of gilthead seabream fed the same EOs-
supplemented diet (9), which seemed to indicate a similar action
of this functional additive on different mucosal tissues. Epithelial
cells are also directly involved in the initiation of the immune
response, such as the one mediated by neutrophils. Accordingly,
several genes encoding RAS-related GTPases (nras, rabla,
rab5a, rabl0, and arhgapl), recognized as leading regulators
of membrane trafficking directing immunity and inflammation
cellular responses (33), were upregulated in the intestine of fish
fed the functional feed additive. On the other hand, the hypoxia
inducible factor 1 subunit alpha (hifla) was downregulated in the
fish fed the EOs-supplemented diet. HIF1a functions as a master
transcriptional regulator of the adaptive response to hypoxia
and it was observed to be transcriptionally induced by ROS
through NF-kB (34), contributing in the intestinal mucosa to
inflammatory resolution. The decrease in hifla expression by
the EOs dietary administration corroborated once again, that
although neutrophil activation and vesicle-mediated transport
processes were stimulated in the intestine of fish, inflammation
derived from ROS release was probably not occurring.

Furthermore, the serine protease 3 (prss3) was another
gene positively regulated in the intestine of fish fed the
EOs-supplemented diet. This protease is involved in the
synthesis of antibacterial substances (35); thus, we hypothesized
that prss3 may be involved in the regulation of intestinal
immunity. PRSS3 is also a digestive protease specialized for
the degradation of trypsin inhibitors (36). Trypsin inhibitors
are anti-nutritional factors found in plant-protein sources that
impair diet digestibility and generate digestive and metabolic
disorders (37). Although the substitution of fishmeal by plant-
derived protein sources was not in the scope of our study, prss3
upregulation in the EOs-supplemented might indicate that the
tested EOs could enhance diet digestibility.

Moreover, the expression of the gene coding for the fatty acid
binding protein 6 (fabp6) was the most positively affected gene by
the dietary EOs. Similarly, FABP6 was significantly increased in
the intestine of gilthead seabream fed a combination of carvacrol,
thymol, and a prebiotic (38), while this gene was downregulated
in response to enteritis induced by a parasitic pathogen (39).
Furthermore, FABP6 is involved in the transport of bile acids

in ileal enterocytes (40). Besides, the influence of the intestinal
microbiota on the activity of FABP6 was suggested in zebrafish,
since fabp6 expression decreased significantly after antibiotic
treatment (41). Interestingly, in our study, the abundance of
Bacteroidia class (Bacteroidetes) decreased significantly in the
posterior intestine of fish fed the EOs-supplemented diet. Within
the Bacteroidia class, Bacteroides genus bacterial metabolism of
bile acids was observed to modulate gut T-cells homeostasis
(42). Particularly, shifts toward the phylum Bacteroidetes
including the Bacteroidia class coincides with mucosal CD4™
T-cell depletion and enterocyte damage (43). Therefore, the
upregulation of fabp6 and the decrease of Bacteroidia class might
indicate a modulation of the bile acids secretion by the tested
EOs, potentially affecting lipids metabolism. Since bile acids are
recognized as signaling molecules between the host microbiota
and the innate immunity (44), alterations in its secretion could
have a role in our observed immune-related transcriptional
response previously discussed. Nevertheless, further studies need
to be addressed in order to evaluate the impact of the EOs-
based feed additive in the digestive secretions and metabolism of
gilthead seabream.

Under the transport and secretion context, gut microbiota
mediate the metabolism and transport of dietary xenobiotics
through the modulation of metabolites of the host or through
microbial secretion (45). Accordingly, our functional analysis
of KEGG pathways of the posterior intestine microbiota of
individuals fed the EOs-supplemented diet showed a decrease in
bacterial sequences related to membrane transport. Considering
that membrane transport in prokaryotes is associated with
bacterial secretion, this decrease could indicate a lower export of
enzymes and bacterial toxins, commonly present in the intestinal
tract of different fish species (2), representing a potential
beneficial effect of the EOs administration in the gut health.

Effect of Garlic, Carvacrol, and Thymol
EOs Additive on the Response to Lipids

and Hormones

Under a complex neuroendocrine regulation, the gut microbiota
also regulate the metabolism of carbohydrates, lipids, and amino
acids, whose composition, in turn, is susceptible to diet, health
status, and drugs (46). Formerly, we suggested that the dietary
administration of the EOs might affect the secretion of bile
acids. If right, this could be inducing a response that could be
affecting lipid metabolism and/or steroid hormone signaling.
In accordance with this hypothesis, some biological processes
related to responses to cyclic compounds, such as lipids and
hormones, were positively affected by the inclusion of the EOs-
based feed additive in the intestinal mucosa of gilthead seabream.
For instance, the ATPase Na™/K™ transporting subunit alpha
1 (atplal) was significantly upregulated in the intestine of
fish fed the EOs-supplemented diet. In other studies, diet-
induced lipid alterations dramatically affected enterocytes lipid
profile in gilthead seabream, reducing significantly Na™/K*
ATPase specific activity, suggesting a regulatory role of the lipid
microenvironment on the enzyme activity (47). Additionally,
tribbles pseudokinase 1 (¢ribl) gene expression was upregulated
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in the gilthead seabream fed the EOs-supplemented diet. This
gene is known to beneficially affect plasma lipid concentration,
playing also major roles in myeloid cells, improving macrophage
lipid metabolism, and counteracting inflammation (48). On
the other hand, the glutamic-oxaloacetic transaminase 2 (got2)
gene was downregulated in the fish fed the EOs-supplemented
diet. A study in rats suggested that leptin downregulates
got2 in adipocytes (49). Likewise, the adiponectin receptor 1
(adiporl) was also downregulated in the fish fed the EOs diet.
Adiponectin is an essential hormone predominantly secreted by
adipocytes that regulates glucose and lipid metabolism, which
along with leptin are considered to be potential proinflammatory
adipocytokines (50). Under current experimental conditions,
the regulation of genes involved in the cellular response to
lipids might suggest the modulation of lipid-related intracellular
signaling pathways in the fish fed the EOs-supplemented
diet, with a potential role on the immune-inflammatory
profile obtained.

Lipids affect the gut microbiota both as substrates for bacterial
metabolic processes and by inhibiting bacterial growth by toxic
influence (51). In turn, gut microbiota are also pointed as
one of the key elements affecting inflammation associated with
lipid metabolism dysfunction (2). In fish, the gut microbiota
are also recognized to affect considerably the lipid metabolism
of the host (41). In agreement to our transcriptional analysis
and to the abovementioned findings, the PICRUSt analysis of
the microbiota from the anterior intestine of fish fed the EOs-
supplemented diet showed a higher abundance of sequences
associated with lipid metabolism when compared to the control
group. In fact, garlic and its derivatives are widely recognized
for their hypolipidemic effect. For instance, one of the primary
components of garlic, diallyl disulfide, was suggested to affect
both lipid metabolism and gut microbiota in mice through the
regulation of the expression of genes associated with lipogenesis
and lipid metabolism (52). In other studies, the combined dietary
administration of thymol and carvacrol have demonstrated to
modulate the intestinal microbiota in piglets, changes that were
correlated with an increase in lipid metabolism, among others
metabolic effects (53). In this context, our taxonomical analysis
at the genus level showed a significant increase in the abundance
of Corynebacterium (Actinobacteria) in the anterior intestine of
fish fed the EOs-supplemented diet. This genus has been reported
as a predominant one along the whole digestive tract of gilthead
seabream, while its abundance may be modulated by functional
diets (54) and dietary lipid levels (55). These results are of
special relevance since Corynebacterium species are reputed for
contributing to manganese acquisition and producing superoxide
dismutase and lipases to form organic fatty acids and thioalcohols
(56). This genus also showed a higher presence in rainbow trout
(Oncorhynchus mykiss) intestinal microbiota when the fish were
fed high lipid diets (55), evidencing the impact of the tested EOs
on the host and microbial lipid metabolism.

Furthermore, a decrease in the abundance of Rothia was
also detected in the posterior intestine of fish fed the EOs-
supplemented diet. Rothia abundance was observed to be affected
by fish age and sex hormones in gilthead sea bream (14). In effect,
the results from our transcriptional analysis revealed a positive

regulation of processes related with a response to hormone
stimulus. Changes in hormone secretion, such as cortisol, may
interfere with the gut immune response (57) and microbiome
(58), which could explain the obtained immunity activation
and regulation of hormone-sensitive bacteria, such as those
belonging to Rothia (14). Moreover, stress and stress-related
hormones are known to affect carbohydrate, protein, and lipid
metabolisms in fish (59), which in turn are also regulated in the
host by the gut microbiota. In this sense, a similar feed additive
containing garlic and labiatae plant EOs (0.02% inclusion) was
demonstrated to reduce significantly plasma cortisol levels in
European seabass (Dicentrarchus labrax) (60); thus, the potential
regulation of stress-related hormones by the tested EOs could
explain the response to steroid hormones processes obtained in
our functional analysis.

In the present study, the administration of the garlic,
carvacrol, and thymol EOs positively affected the expression of
growth hormone 2 (gh2), although no significant differences in
somatic growth were observed at the end of the 65 days of feeding
trial. However, GH is not only involved in somatic growth;
this hormone also directly stimulates several fish immune
factors (61), and participates in the epithelial osmoregulation
of euryhaline fish, interacting with cortisol to increase secretory
chloride cells and ion transporters involved in salt secretion, such
Na®™/Kt ATPase (62). As a matter of fact, besides immunity
and digestion, the gastrointestinal tract of marine teleost fish
also plays an important role in osmoregulation. Under this
context, the carbonic anhydrase 2 (ca2) was the second most
positively affected gene by the EOs inclusion in the diet, playing
an active role in acid-base regulation through bicarbonate
secretion and facilitating epithelial water transport (63). In fact,
osmoregulation has been linked to endocrine secretory factors
with a significant impact on the fish immune system and
microbiota (64).

As previously referred, the Bacteroidia class (Bacteroidetes)
decreased significantly in the posterior intestine of fish fed
the EOs diet. Kan et al. (65) demonstrated that within the
Bacteroidia class, Bacteroides genus abundance increased
in goldfish (Carassius auratus) when exposed to a toxic
environment. Interestingly, our microbiota analysis showed a
higher abundance of bacterial 16S rRNA sequences associated
with the metabolism of glutathione in the anterior intestine.
Glutathione is one of the most important intracellular
antioxidant and antitoxin enzymes, whereas its metabolism
is regulated by the gut microbiota through the modulation of the
amino acid metabolism of the host (66) and tissue oxidative stress
(67). Furthermore, glutathione plays important roles in nutrient
metabolism and in the regulation of cellular events, such as gene
expression, DNA and protein synthesis, cell proliferation and
apoptosis, immune response, among others (67). Glutathione
S-transferase is one of the key enzymes involved in the second
phase of xenobiotics metabolism and cellular detoxification,
catalyzing the conjugation of reduced glutathione to various
substances; thus, suggesting a key role in the host immune
response modulation (68). Accordingly, in our transcriptional
analysis, the glutathione S-transferase theta 2B (gstt2b) gene was
observed to be upregulated in the intestine of gilthead seabream
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following the administration of dietary EOs. The differences
observed regarding both transcriptional and microbiota analysis
between our experimental diets suggested an improvement of
the enterocytes’ lipid metabolism and detoxification potential
promoted by the additive.

The microbiota analysis also showed a reduction in the
proportion of bacterial sequences related to drug metabolism.
Accordingly, the EOs-supplemented diet promoted the increase
of the cytochrome P450 2J2 (cyp2j2) gene transcripts in the
intestine of the gilthead seabream. In fish, the cytochrome P450
proteins, and CYP2 family members, in particular, participate
in the metabolism of steroidal hormones and other lipids,
besides their role in the metabolism of exogenous compounds
like drugs and pharmaceuticals (69). Several garlic organosulfur
compounds, as well as carvacrol, have been described to
selectively modulate the levels of cytochrome P450 genes and
proteins (70, 71). Moreover, the mitochondrial peroxiredoxin
3 (prdx3) and cathepsin B (ctsb) genes were downregulated.
Both prdx3 and ctsb are biomarkers of fish stressors (72), whose
downregulation might indicate a decrease of the oxidative stress
in the fish intestine and a positive impact of the tested additive on
fish welfare. Overall, our results indicate that the administrated
EOs promotes the enhancement of the antioxidative status in the
fish intestine, supporting the gut homeostasis under an immune
stimulation scenario.

Effect of Garlic, Carvacrol, and Thymol
EOs Additive on the Response to Organic
Nitrogen and Aromatic Compounds

In our transcriptional analysis, several genes comprising a
response to nitrogenous compounds related processes were
also observed to be positively regulated by the presence of
garlic, carvacrol, and thymol EOs in the diet. Interestingly, the
inclusion of the EOs in the gilthead seabream diet showed a
significant decrease in the abundance of the genera Paracoccus
(Proteobacteria), Prevotella (Bacteroidetes) in the posterior
intestine, and Comamonas (Proteobacteria) in the anterior
intestine of fish. All these bacteria are reputed for their capacity
for nitrate reduction, as well as being potentially involved in
the metabolism of nitrogenous compounds (73). In particular,
Prevotella, are members of the anaerobic, hydrogen sulfide
producing bacterial community (73) that have been previously
detected in the intestine of gilthead seabream (54). In humans, an
increase in Pretovella species at mucosal sites is often associated
with chronic inflammation (74). In our study, the PICRUSt
analysis showed a lower abundance of predicted carbohydrate
degradation pathway in the anterior intestine of fish fed the EOs-
supplemented diet, which may be associated with a reduction
in Prevotella abundance. Paracoccus is a genus in the family
Rhodobacteraceae previously reported in gilthead seabream gut
and described as a potential probiotic for this species (75).
The relevance of the decrease in the abundance of Paracoccus
genus needs further investigations in terms of its impact on the
condition of the host as no negative effects on gut conditions were
observed under present nutritional conditions.

Furthermore, some Comamonas strains are also known to
have genes for naphthalene degradation (76). The posterior
intestine of fish fed the EOs-supplemented diet showed
an increase in bacterial sequences related to naphthalene
degradation. Naphthalene is an aromatic hydrocarbon present
in many EOs with antibacterial, antioxidant, and antiparasitic
properties (77). Although suggested to have a positive impact
at low concentrations by decreasing DNA damage in some
fish species (78), an enhancement in naphthalene and similar
compounds degradation is crucial in order to avoid a potential
toxicity of the EOs for the host.

The transcriptional analysis showed the positive regulation
of the response to alkaloids biological process in the fish fed
the EOs-supplemented diet. Alkaloids are versatile heterocyclic
nitrogen compounds produced by plants, that along with
EOs and phenolic compounds, provide antipathogenic and
antioxidant protection (79). This response may not only
be associated with the previously referred alteration in the
metabolism of nitrogen and carbohydrates induced by the
microbiota reshaping, but also with the direct response of the
intestinal mucosa to the phenolic monoterpenes carvacrol and
thymol (80) and other cyclic compounds derived from garlic
(81) with recognized immunomodulatory properties. Moreover,
allicin, the main antimicrobial compound in garlic, is also
a sulfoxide that bacteria can use in the sulfur-relay system
(82). This is in agreement with the observed increase in
sequences associated with genes of the sulfur-relay system in
the posterior intestine of fish fed the EOs-supplemented diet.
Thereafter, considering the complexity of the EOs biochemistry,
the transcriptional and bacterial response to those compounds
is equally multifaceted. Further studies should be addressed in
order to clarify the impact of these potential metabolic alterations
in the gilthead seabream gut immune status.

Effect of Garlic, Carvacrol, and Thymol

EOs Additive on Symbiosis Processes

The intricate host-microbiota symbiosis in the fish is still
substantially unexplored when compared with mammals,
and considering its complex challenges to define an “ideal”
microbiome for each species since microbiota are strongly
modulated by environmental and dietary factors (2). Even though
both transcriptional and microbiota modulations by the EOs
supplementation were observed, our results fit within the farmed
gilthead seabream gut microbiome profile in terms of dominant
phyla bacterial composition (14), discarding warnings of a
diet-induced dysbiosis. The transcriptomic functional analysis
was able to particularly detect such interactions through the
expression of several genes related to symbiotic, multi-organism
processes, and interspecies interaction between organisms.

For instance, the microbiota taxonomical analysis at the genus
level showed an increase in the abundance of Photobacterium
(Proteobacteria, Vibrionaceae) in the anterior intestine of fish
fed the EOs diet. Although some members of this genus, such
as Photobacterium damselae subsp piscicida and P. damselae
subsp damselae have been reported as important pathogens
for gilthead seabream (83), they are generally detected in the
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intestine of healthy specimens (84, 85). Most species of the
Photobacterium genus are non-pathogenic and are usually in
a symbiotic relationship with marine organisms as enteric
commensals. In fact, Photobacterium spp. have been even found
to be beneficial as a member of the fish intestinal microbiota
by its ability to aid with digestion of compounds, such as
chitin (86), to produce polyunsaturated fatty acids or even
antibacterial secondary metabolites that could inhibit the growth
of other pathogenic bacteria (87). This genus has been reported
as a member of the intestinal microbiota of marine farmed
fish, including gilthead seabream (54, 85), and it has been
demonstrated that this genus is one of the most modulated genera
in the fish when applying functional diets (88). Regarding the
antimicrobial effect of the EOs-supplemented diet, an in vitro
study demonstrated that the ethanolic extracts of oregano leaves,
predominantly composed of carvacrol and thymol, presented a
strong bactericidal activity against several pathogens including
Photobacterium damselae, besides its immunostimulatory effect
on gilthead seabream head kidney leukocytes (89). Therefore,
our results might suggest a selective antimicrobial effect of the
compounds administrated, evidencing the importance of the
host-microbiota symbiotic relationship in the modulation of the
response to a dietary change.

Additionally, in our transcriptional analysis, the retinoic acid
receptor alpha (rara) and the retinoic X receptor beta (rxrb)
genes were both up and downregulated, respectively, in the
gut of fish fed the EOs-supplemented diet. The retinoic acid
(RA) is the most important transcriptionally active component
of the vitamin A, an essential dietary nutrient for fish that
plays a significant role in a range of physiological processes
including the differentiation and maintenance of epithelial
cells and immunity (90). Under this context, another case
of symbiotic interaction between organisms is the relation
between vitamin A metabolism of the host and its commensal
microbiota. Remarkably, Clostridia (Firmicutes) abundance was
significantly reduced in gilthead seabream fed the EOs diet,
which could then be positively affecting the RA availability
and the observed regulation of the nuclear receptors (90),
potentially participating in the local immunity boost observed
in our study. In fact, dietary garlic powder was demonstrated
to have an antimicrobial effect on Clostridium human bacteria,
being suggested to temporarily modulate the gut microbiota (91).
In rainbow trout, different levels of garlic extract (1%, 1.5%,
and 2%) positively affected the abundance of this genus (4).
Curiously, a similar dietary additive composed of garlic and
labiatae plants oils was observed to enrich the Clostridia class
in European seabass fed a low fishmeal and fish oil diet (30).
However, carvacrol and thymol, in particular, were numerously
observed to exert an antimicrobial effect on Clostridium species,
proving beneficial for the gut health of several organisms (92);
thus, attributing to carvacrol and thymol the main role in the
observed reduction of the genus. Given the significance of this
symbiosis, the manipulation of RA signaling derived from dietary
components acting directly on nuclear receptors and/or on the
intestinal microbiota might represent a strategy to promote
gut immunostimulation.

Effect of Garlic, Carvacrol, and Thymol
EOs Additive on Gene Expression and RNA

Processing

Dietary manipulations are widely recognized to directly or
indirectly influence the regulation of the fish gut gene expression,
in order to reshape its metabolic and physiological responses to
different requirements. Indeed, the utmost upregulated biological
processes in the intestine of fish fed the functional feed additive
tested in our study, in terms of the number of DEGs, were
those related to gene expression and processes involved in
RNA processing, RNA splicing, mRNA metabolism, and mRNA
and ribonucleoprotein export from nucleus. The regulation of
gene expression comprises diverse cell mechanisms in order to
increase or decrease the production of a specific gene product,
either RNA or a protein. For instance, several zinc finger
proteins were up (znf572, zeb2, znf74, zc3hlla, and znf214) and
down (znf133, znf551) regulated in our transcriptional analysis.
Besides the stimulation of the transcriptional machinery (93),
several genes involved in the spliceosome-mediated splicing
(snrnp200, sartl, hnrnpu, and prpf8) were also observed to
be upregulated by dietary EOs. The spliceosome splicing
complex removes intronic non-coding sequences from pre-
mRNA to form mature mRNA that can be translated into
protein (94).

In another hand, the intestine is per se a highly regenerative
organ characterized by its continual cell renewal, allowing the
epithelium to bear the constant exertion of food digestion,
nutrient absorption, and waste elimination (6). Either tissue
damage or microbial invasion promotes inflammation and
possible DNA damage, so its repair plays a vital role in
maintaining genomic integrity during the cell cycle. For instance,
DNA damage responses may be induced by proinflammatory
cytokines (95), in which transcriptional response appeared
not to be promoted by the EOs in our study, as previously
discussed. However, genes coding DNA damage checkpoint
proteins were up (fbxo31, gltscr2, wispl, uspl0, and cdk5rap3)
and down (nbn) regulated by the EOs-supplemented diet,
evidencing a regulation of the cell turnover independent from
inflammatory stimuli. This hypothesis is reinforced by the
upregulation of cdk5rap3, the gene encoding CDK5 regulatory
subunit associated protein 3, an interactor controlling cell
proliferation that among other functions negatively regulates
NEF-kB mediated gene transcription (96), as initially suggested.
Our results also evidence the tight functional connection
and coordination between DNA damage responses and
immunity, a link that is recognized by its involvement in
the protection of the host from infectious microorganisms
and surveillance against malignant diseases (97). Therefore,
the upregulation of a substantial number of genes that
modulates others’ expression and that has an implication
in transcriptional, translational and DNA repair processes
validates the effect of the EOs-supplemented diet on the
direct transcriptional regulation of several intestinal cellular
processes, including the modulation of the inflammatory and
immune response.
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CONCLUSIONS

The present complementary analysis of the intestinal
transcriptomic profiling and microbiota response to a diet
supplemented with garlic, carvacrol, and thymol EOs aimed
to take a further step in the evaluation of functional feeds
in an attempt to understand how diet-induced shifts can
affect the overall gut status of farmed fish from an integrative
perspective. This kind of integrative analysis can lead to the
“chicken or egg” causality dilemma, and exact mechanisms
are still elusive. Nevertheless, the present work suggested that
the dietary administration of garlic, carvacrol, and thymol
EOs modulated the immune transcriptional response of the
mid-anterior intestinal mucosa per se, but also its microbiota
composition, resulting in complex interactions that resulted
in the activation of significant biological processes. Taken
together, the combined regulation of the referred pathways
could suggest the promotion of an immune reinforcement
by the EOs dietary administration in situ, most probably
induced by host-microbial co-metabolism, which could further
attenuate the processes of pathogenesis, putting in evidence
the re-adaptation response of the intestinal mucosa to the
changes observed in the microbiota composition, and vice
versa. Moreover, no indications of an inflammation associated
with the immunostimulation, which could compromise the
intestine integrity, were observed. Since no interference
with fish growth was observed, promoted changes in both
the intestine mucosa and microbiota were assumed to not
significantly affect the gut overall metabolism and nutritional
status. Thus, the use of the tested EOs is suggested as a
promising alternative to chemotherapeutics to be further
evaluated in functional diets under the presence of biotic or
abiotic stressors.
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One of the main targets for the use of phytogenics in aquafeeds is the mucosal tissues as
they constitute a physical and biochemical shield against environmental and pathogenic
threats, comprising elements from both the innate and acquired immunity. In the present
study, the modulation of the skin transcriptional immune response, the bacterial growth
capacity in skin mucus, and the overall health condition of gilthead seabream (Sparus
aurata) juveniles fed a dietary supplementation of garlic essential oil, carvacrol, and
thymol were assessed. The enrichment analysis of the skin transcriptional profile of fish
fed the phytogenic-supplemented diet revealed the regulation of genes associated to
cellular components involved in the secretory pathway, suggesting the stimulation, and
recruitment of phagocytic cells. Genes recognized by their involvement in non-specific
immune response were also identified in the analysis. The promotion of the secretion
of non-specific immune molecules into the skin mucus was proposed to be involved in
the in vitro decreased growth capacity of pathogenic bacteria in the mucus of fish fed
the phytogenic-supplemented diet. Although the mucus antioxidant capacity was not
affected by the phytogenics supplementation, the regulation of genes coding for oxidative
stress enzymes suggested the reduction of the skin oxidative stress. Additionally, the
decreased levels of cortisol in mucus indicated a reduction in the fish allostatic load due to
the properties of the tested additive. Altogether, the dietary garlic, carvacrol, and thymol
appear to promote the gilthead seabream skin innate immunity and the mucus protective
capacity, decreasing its susceptibility to be colonized by pathogenic bacteria.

Keywords: SALT, innate immunity, stress, aquaculture, Vibrio infection, teleost fish skin mucus, phytogenic
additive, interactome
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Phytogenics Promote Skin Innate Immunity

INTRODUCTION

Fish infectious diseases are one of the main constraints of the
aquaculture sector, representing a serious economic, social, and
environmental challenge for the industry (1). Since fish farmers
depend on high survival rates and healthy animals, strategies
to improve their performance, immune status, and welfare are
highly demanded for supporting health management practices
that positively impact in the final revenue of the fish farm. On
this basis, the development of functional feed additives designed
to physiologically support fish to cope with pathogenic and other
external challenges intrinsic to aquaculture rearing conditions,
represents a promising tool to be implemented in a sustainable
and environmentally-responsible aquaculture industry (2).

Functional feeds containing essential oils, one of most
commonly used group of phytogenics in aquafeeds, have
received increased attention during these last years due to their
antimicrobial, immunostimulant, antioxidant, anti-stress, and
growth-promoting properties (3-5). Besides essential oils being
repeatedly demonstrated to stimulate both humoral and cellular
components of the fish innate immunity (6), numerous have
been also shown to display a noteworthy antimicrobial activity
against a wide range of fish pathogens (7, 8), putting them on
the spotlight for the development of sustainable prophylactics.
Particularly, phytogenics derived from garlic (Allium sativum L.,
Alliaceae, Liliaceae), oregano (Oreganum vulgare, Labiateae), and
thyme (Thymus vulgare, Labiateae) are among the most studied
and administrated, due to their recognized health-promoting
properties for aquatic species (6).

One of the main targets for this type of nutritional
strategies is the mucosal tissues, due to their importance in the
protection against the immediate contact with the environment
and potential pathogens. Besides acting as a physical barrier,
the mucosal layer also offers a biochemical shield, in which
elements from both the innate and acquired immunity are
present (9). In particular, the fish skin mucus represents
the largest mucosal barrier with its whole epidermis directly
exposed to the environment. It is responsible for the first
line of defense against external threats, determining pathogen
adhesion to the epithelial surfaces (10, 11). Furthermore,
skin mucus participates in important physiological processes
like osmoregulation, swimming, sensory reception (12), and
ecological intra and interspecific interactions (11). Additionally,
the fish skin is also characterized by its active mucosal immunity,
containing a skin-associated lymphoid tissue (SALT), which is
able to respond in case of infection (12, 13). In fact, the immune
response described in fish skin against antigen stimulation is
similar to other mucosa (14). That immune response involves
the secretion of innate immune molecules and the action of
specialized cells [(15) and references therein].

Therefore, the improvement of both the epidermal mucus
composition and the SALT response to environmental stressors
including infective agents by means of dietary tools such as
functional feed additives, represents a promising approach for
preventing bacterial-induced pathologies in farmed fish. In this
context, the aim of the present study was to evaluate the
inclusion of a functional feed additive composed by a blend of

garlic essential oil, carvacrol, and thymol (the main bioactive
compounds of Labiateae plants essential oils) in a standard on-
growing diet for gilthead seabream (Sparus aurata), assessing
its effects on the skin transcriptional response, pathogenic
bacterial growth capacity in skin mucus, and fish overall health
condition. This species was chosen since it is the most important
marine farmed fish species in the Mediterranean with an annual
production of 85,385.1t in 2018 and an economic value of
502,398,000 US$ (16); thus, improving health management
strategies based on sustainable dietary approaches for this farmed
species is of relevance for this growing industry.

MATERIALS AND METHODS

Diets and Fish Rearing

Juveniles of gilthead seabream were purchased from a
Mediterranean fish farm (Piscicultura Marina Mediterranea
S.L., Andromeda Group, Valencia, Spain) and on-grown at
IRTA-Sant Carles de la Rapita facilities for research purposes
(17). Before the onset of the trial, fish were individually measured
in body weight (BW) and standard length (SL) to the nearest
0.1 g and 1 mm, respectively (BW = 40.3 4= 0.1g; SL = 12.0 &
0.2 mm). Then, 150 juveniles were randomly distributed among
six 450 L tanks (25 fish per tank; initial density = 2kg m™3;
three replicate tanks per experimental group) connected to an
IRTAmar® system working under an open-flow regime.

Fish were fed two experimental diets, one devoid of the
functional feed additive (control diet) and a second one
supplemented with 0.5% of a microencapsulated functional
additive containing synthetic garlic essential oil, carvacrol, and
thymol (AROTEC-G®, TECNOVIT-FARMFAES, S.L, Spain).
Both diets were tested in triplicate tanks and administered
for a period of 65 days. Fish were hand-fed two times per
day at the daily rate of 3.0% of the stocked biomass, which
approached apparent satiation. The control diet was formulated
with high levels of marine-derived protein sources (30% fishmeal,
2.5% soluble protein concentrate—CPSP 90® and 2.5 krill
meal), containing 46% crude protein, 18% crude fat, and
21.5 MJ/kg gross energy (Table1). Both tested experimental
diets were formulated to fulfill the nutritional requirements
of juvenile gilthead seabream for summer conditions (18).
Diets were manufactured by Sparos Lda. (Olhdo, Portugal). In
particular, main ingredients were ground (below 250 pm) in a
micropulverizer hammer mill (SH1; Hosokawa Micron, B.V.,
Doetinchem, The Netherlands). Powder ingredients and oils
were then mixed according to the target formulation in a paddle
mixer (RM90; Mainca, S.L., Granollers, Spain). All diets were
manufactured by temperature-controlled extrusion (pellet sizes:
2.0mm) by means of a low-shear extruder (P55; Italplast, S.r.L,
Parma, Italy). Upon extrusion, all feed batches were dried in a
convection oven (OP 750-UF; LTE Scientifics, Oldham, UK) for
4hat45°C.

The nutritional assay was performed under natural
photoperiod (August-September), with daily monitoring of
the water temperature (25.1 & 1.5°C, range: 22.6-28°C), oxygen
(6.8 = 1.7 mg/L; >80% saturation) (OXI330, Crison Instruments,
Barcelona, Spain) and pH (7.5 = 0.01) (pHmeter 507, Crison
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TABLE 1 | Formulation of the control diet used during the nutritional assay.

Ingredients Control diet (%)
Fishmeal 70 LT FF Skagen 20.0
Fishmeal CORPESCA Super Prime 10.0
CPSP 90 2.5
Squid meal 2.5
Soy protein concentrate (Soycomil) 5.0
Wheat Gluten 5.0
Corn gluten 8.0
Korfeed 60 4.5
Soybean meal 48 8.0
Rapeseed meal 4.0
Sunflower meal 3.0
Wheat meal 7.0
Whole peas 2.5
Fish oil-COPPENS 9.0
Soybean oil 1.5
Rapeseed oil 2.5
Vitamin and mineral Premix PVO1 2.0
Soy lecithin—-Powder 2.0
Antioxidant powder (Paramega) 0.4
Dicalcium phosphate 0.6
Proximate composition, % in dry basis

Crude protein 46.2
Crude fat 18.4
Gross energy (MJ/kg) 21.5

Instruments). Salinity (35%o) (MASTER-20T; ATAGO Co. Ltd,
Tokyo, Japan), ammonia (0.13 £ 0.1 mg NHI/L), and nitrite
(0.18 &£ 0.1mg NO, /L) levels (HACH DR9000 Colorimeter,
Hach®, Spain) were weekly measured.

Sampling

At the end of the trial, all fish were anesthetized (buffered
150 mg/L MS-222, Sigma-Aldrich, Madrid, Spain) and
measured for individual body weight and standard length
(BWontrol diet = 157.8 = 14.2 g and SLgntrol diet = 17.3 & 0.6 cmy
BWsupplemented diet = 150.8 £ 14.9 g and SLsupplemented diet = 17.1
=+ 0.6 cm) as published in (17). Then, eight fish from each tank
(n = 24 per dietary treatment) were randomly selected and skin
mucus sample collected following the method described in (19).
In brief, skin mucus was collected from the over-lateral line of
anesthetized fish in a front to caudal direction using sterile glass
slides, and mucus was carefully pushed and collected in a sterile
tube (2mL), avoiding the contamination with blood and/or
urine-genital and intestinal excretions. The above-mentioned
procedure lasted <2min in order to avoid the degradation
of mucus metabolites. Mucus samples were homogenized
using a sterile Teflon pestle to desegregate mucus mesh before
centrifugation at 14,000 x g during 15 min at 4°C. The resultant
mucus supernatants were collected, avoiding the surface lipid
layer, aliquoted, and stored at —80°C for further analysis. For
transcriptional analysis purposes, other four fish were randomly

selected from each tank (n = 12 fish per dietary treatment) and
euthanized with an anesthetic overdose. A ca. 1 cm? section of
the skin from the mid region of the body over the lateral line of
the right side from each fish was dissected, and the muscle tissue
attached to it removed. Samples were immersed in RNAlater™
(Invitrogen, Thermo Fisher Scientific, Lithuania), incubated
overnight (4°C) and stored at —80°C for further RNA extraction.

Skin Transcriptomic Analysis

RNA Isolation and Quality Control

Total RNA from the skin of twelve randomly selected fish
per dietary treatment was extracted using the RNeasy®
Mini Kit (Qiagen, Germany). Total RNA was eluted in a
final volume of 35 pwL nuclease-free water and treated with
DNAse (DNA-free™ DNA Removal Kit; Invitrogen, Lithuania).
Total RNA concentration and purity were measured using
Nanodrop-2000® spectrophotometer (Thermo Scientific, USA)
and stored at —80°C until analysis. Prior to hybridization
with microarrays, RNA samples were diluted to 133.33
ng/WL concentration, checked for RNA integrity (Agilent 2100
Bioanalyzer; Agilent Technologies, Spain) and selected by
the criteria of a RIN value >8.5. Three different pools of
samples per dietary treatment were established (n = 4 fish
each pool).

Microarray Hybridization and Analysis
Skin transcriptional analysis from both experimental groups
was carried out using the Aquagenomics Sparus aurata
oligonucleotide microarray v2.0 (4 x 44K) (SAQ) platform.
Detailed information and transcriptomic raw data are available
at the Gene Expression Omnibus (GEO) public repository at
the US National Center for Biotechnology Information (NCBI),
accession numbers GPL13442, and GSE162504, respectively.
The sampling labeling, hybridization, washes, and scanning
was performed as described in (19). Briefly, a one-color
RNA labeling was used (Agilent One-Color RNA Spike-In
kit; Agilent Technologies, USA). RNA from each sample pool
(200 ng) was reverse-transcribed with spike-in. Then, total
RNA was used as template for Cyanine-3 (Cy3) labeled cRNA
synthesis and amplified with the Quick Amp Labeling kit
(Agilent Technologies). cRNA samples were purified using the
RNeasy® micro kit (Qiagen). Dye incorporation and cRNA
yield were checked (NanoDrop ND-2000® spectrophotometer).
Then, Cy3-labeled cRNA (1.5mg) with specific activity >6.0
pmol Cy3/mg cRNA was fragmented at 60°C for 30min,
and hybridized with the array in presence of hybridization
buffer (Gene expression hybridization kit, Agilent Technologies)
at 65°C for 17h. For washes, microarrays were incubated
with Gene expression wash buffers, and stabilization and
drying solution according to manufacturer instructions (Agilent
Technologies). Microarray slides were then scanned (Agilent
G2505B Microarray Scanner System), and spot intensities
and other quality control features extracted (Agilent Feature
Extraction software version 10.4.0.0).

The Search Tool for the Retrieval of Interacting Genes
(STRING) public repository version 11.0 (https://string-db.
org) was used to generate the skin transcripteractome for the
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fish fed the phytogenic-supplemented diet. A Protein-Protein
interaction (PPI) Networks Functional Enrichment Analysis for
all the differentially expressed genes (DEGs) was conducted
with a high-confidence interaction score (0.9) using Homo
sapiens as model organism (17, 20). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of all the DEGs obtained were also assessed through
STRING (P < 0.05). In order to confirm match of gene acronyms
between both Homo sapiens and gilthead seabream species,
human orthology identification based on gene/protein name
was accessed through the Genecards (www.genecards.org) (21)
and Uniprot (www.uniprot.org) databases. Additionally, protein-
protein BLAST (BLASTp) were run (E < 1077; query cover
> 95%).

Skin Mucus Parameters

Bacterial Growth Assessment in Skin Mucus

Two bacterial fish pathogens were used for the growth
curve assay, Vibrio anguillarum (CECT number: 522T), and
Pseudomonas anguilliseptica (CECT number: 899T) from the
Spanish Type Culture Collection (CECT, University of Valencia,
Valencia, Spain), and the non-pathogenic bacterium for fish,
Escherichia coli (DSMZ number: 423) from the German
Collection of Microorganisms and Cell Cultures (Leibniz
Institute DSMZ, Germany). The two pathogenic bacteria were
cultured at 30°C for 24h in marine broth (MB-2216, Becton
and Dickinson, USA) and the E. coli was cultured at 37°C for
24h in trypticasein soy broth (TSB, Laboratorios Conda, Spain).
For the culture in skin mucus, bacterial suspension with optical
density (OD) of 0.2 were centrifuged and the pellet resuspended
in sterile PBS, diluted in new growth medium and adjusted to 106
colony-forming units (CFU) mL™!. Then, to study the bacterial
growth capacity in the skin mucus, aliquots of 100 LL of the
previously cultured bacteria were incubated in 100 pwL of skin
mucus (3 pools of 6 individual fish per dietary treatment). In
parallel, 100 L of the same cultured bacteria were also incubated
in 100 WL of its respective culture media, as a positive control.
Triplicates of 100 wL of each fish mucus samples added to 100
ML of culture media were used as negative control and values
subtracted from the bacteria-mucus aliquot results. The bacterial
growth was measured by absorbance at .. = 400 nm every 30 min
for 14 h at 25°C in flat-bottomed 96-well plates using an Infinity
Pro200™ spectrophotometer. Similar temperature values for
bacterial growth cultures (25°C) and fish rearing (25.1°C) were
chosen in order to standardize mucus analyses with regard to fish
rearing conditions used in the nutritional trial.

Skin Mucus Metabolites and Cortisol Analyses

Glucose concentration on fish skin mucus was determined by an
enzymatic colorimetric test (LO-POD glucose, SPINREACT®,
St. Esteve de Bas, Spain) as described in (19). The OD of the
reaction was determined at A = 505nm with a microplate
reader and glucose values expressed as pg glucose per mL
of skin mucus. Lactate concentration was determined by an
enzymatic colorimetric test (LO-POD lactate, SPINREACT®)
following the manufacturer’s instructions but with slight
modifications for fish skin mucus (19). The OD was determined

at A = 505nm and lactate values expressed as pg lactate
per mL of skin mucus. Protein concentration of previously
homogenized mucus samples was determined using the
Bradford assay (22) using bovine serum albumin (Sigma
Aldrich, Madrid, Spain) as standard. In particular, mucus
samples or standard solutions (from 0 to 1.41mg mL~!)
were mixed with 250 wL of Bradford reagent and incubated
for 5min at room temperature. The OD was determined
at . = 596nm in a microplate reader. Protein values were
expressed as mg protein per mL of skin mucus. Cortisol levels
were measured using an ELISA kit (IBL International, Tecan
Group, Switzerland) following the manufacturer’s instructions
for saliva determinations. Values of OD were determined at
h = 450nm with a microplate reader. Cortisol values were
expressed as ng cortisol per mL of skin mucus. All standards
and samples were analyzed in triplicate (methodological
replicates) and spectrophotometric measurements were
conducted with an Infinity Pro200™ spectrophotometer
(Tecan, Miannedorf, Switzerland).

Mucus ratios referred to protein (glucose/protein,
lactate/protein and cortisol/protein) were calculated in order to
avoid the putative dilution or concentration derived from mucus
sampling. As an indicator of the metabolic aerobic response, the
glucose/lactate ratio was also calculated (19).

Ferric Antioxidant Power (FRAP) was measured by means
of an enzymatic colorimetric test (Ferric antioxidant status
detection kit, Invitrogen, Thermo Fisher Scientific, Spain),
following the manufacturer’s instructions for plasma, with
minor modifications. Briefly, 20 pL of mucus sample or
standard solutions (from 0 to 1,000 uM wL~! of FeCl,) were
mixed with 75 wL of FRAP color solution and incubated
at room temperature for 30min, in triplicate. The OD
was measured at A 560 nm. Antioxidant values were
expressed as nmol FRAP per mL of mucus, and nmol
FRAP per mg of mucus protein. All measurements were
performed with a microplate spectrophotometer reader (Infinity
Pro200™ spectrophotometer).

Statistical Analysis

Differences between growth performance parameters were
analyzed through an unpaired t-test (P < 0.05) with GraphPad
PRISM 7.00 assuming data homoscedasticity. Differences
between skin mucus metabolites and cortisol, and differences in
bacterial growth inhibition between the two dietary treatments
were assessed with SPSS Statistics for Windows, Version 22.0
(IBM Corp, Armonk, NY, USA) through an unpaired ¢-test (P
< 0.05). Microarrays extracted raw data were imported and
analyzed with GeneSpring version 14.5 GX software (Agilent
Technologies). The 75% percentile normalization was used to
standardize arrays for comparisons and data were filtered by
expression. An unpaired ¢-test was conducted without correction
to identify those DEGs between both dietary treatments. A P <
0.05 was considered statistically significant. The representation
for the principal component analysis (PCA) and the hierarchical
heatmap were generated using GeneSpring version 14.5
GX software.
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RESULTS

Skin Transcriptomic Profile

Under present experimental conditions, in order to determine
the modulatory effect of the dietary supplementation of a blend
of garlic essential oil, carvacrol, and thymol upon the skin
transcriptome, a microarray-based transcriptomic analysis was
conducted in gilthead seabream. In total, 534 differentially-
expressed genes (DEGs) were found in the skin from both
experimental groups (P < 0.05; Supplementary Table 1). Among
these, 393 genes were up-regulated with 390 belonging to the 1.0-
1.5-fold change (FC) interval. The other 3 DEGs were grouped
in the 1.5 < FC < 2.0 interval. On the other hand, 141 genes
were down-regulated (P < 0.05) and grouped in the range of—1.5
> FC > —1.0. Although genes were observed to be mostly up-
regulated in the group fed with the blend of phytogenics (73.6%
of DEGs), gene modulation was moderated in terms of fold-
change intensity (Figure 1A). Common segregation among the
pool samples within the same dietary treatment was observed in
the hierarchical clustering for the skin transcriptomic response
based in similitude patterns of the DEGs response (P < 0.05)
(Figure 1B). The observed differential profile among dietary
treatments is supported by the PCA analysis for the analyzed
samples (Figure 1C).

When considering the complete list of annotated DEGs,
a functional network (transcripteractome) containing 203
nodes was generated (Figures2, 3), which resulted in 341
interactions (edges). The remaining 331 DEGs, annotated
as unknown genes, were excluded from the analysis. The
enrichment analysis identified in the transcripteractome
two main representative processes that were considered to
encompass the several Gene Ontology (GO) annotations
obtained (Supplementary Table 2), denoted as (a) Transcription
Regulation, and (b) Secretory Pathway.

The “RNA processing” biological process (GO:0006396;
12 up-regulated genes; 14 down-regulated genes) was the
exclusive differentially regulated GO term for the skin of
fish fed the diet supplemented with the additive (Figure 2).
Molecular functions “protein binding” (GO:0005515) and
“protein-containing complex binding” (GO:0044877) were
also obtained.

In order to elucidate the location relative to the cellular
structures in which the DEGs perform their function,
several cellular components were identified in the functional
network, representing the association between them (Figure 3).
The analysis included the, “ribonucleoprotein complex”
(GO:1990904; 10 up-regulated genes; 9 down-regulated genes),
“vesicle” (GO:0031982; 20 up-regulated genes; 20 down-
regulated genes), “transport vesicle membrane” (GO:0030658;
2 up-regulated genes; 5 down-regulated genes), “COPII-coated
ER to Golgi transport vesicle” (GO:0030134; 2 up-regulated
genes; 3 down-regulated genes), “Golgi-associated vesicle”
(GO:000579810; 3 up-regulated genes; 4 down-regulated
genes), “endosome” (GO:0005768; 10 up-regulated genes;
9 down-regulated genes), “vacuole” (GO:0005773; 9 up-
regulated genes; 12 down-regulated genes), “lysosome”
(GO:0005764; 7 up-regulated genes; 7 down-regulated
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FIGURE 1 | Skin transcriptomic profile of gilthead seabream (Sparus aurata)
fed a diet supplemented with a blend of garlic essential oil, carvacrol and
thymol. (A) Differential expression analysis of the gilthead seabream skin
transcriptomic response fed a diet supplemented with a blend of garlic,
carvacrol and thymol. (B) Hierarchical clustering for the control and
phytogenic-supplemented diets, based in similitude patterns of the differentially
expressed genes (DEGs) detected from three sample pools per dietary group.
Data of the six microarrays are depicted, one for each represented pool. Both
increased and decreased gene expression pattern is shown in green and red,
respectively. All transcripts represented are statistically significant (P < 0.05).
(C) Principal component analysis (PCA) of the DEGs of gilthead seabream skin
response to the control diet (yellow) and phytogenic-supplemented diet (pink).
Please refers to Supplementary Table 1 for details.

genes), and “proton-transporting two-sector ATPase complex”
(GO:0016469; 1 up-regulated genes; 3 down-regulated genes).

In order to identify the pathways significantly impacted
by the total DEGs obtained, the functional analysis of KEGG
pathways revealed also significant differences in the regulation
of genes associated with “protein processing in endoplasmic
reticulum” (hsa04141; 3 up-regulated genes; 5 down-regulated
genes), “phagosome” pathway (hsa04145; 3 up-regulated genes; 5
down-regulated genes), and “Vibrio cholerae infection” pathway
(hsa05110, belonging to the “infectious disease: bacterial” group;
1 up-regulated gene; 4 down-regulated genes) in the skin of the
group fed with the blend of tested phytogenics (Figure 4 and
Supplementary Table 3).

Additionally, from the total DEGs obtained from the skin
transcriptomic profile of fish fed the phytogenic-supplemented
diet, a set of genes were selected by their involvement in
the “immune system process” (GO:0002376; 12 up-regulated
genes; 5 down-regulated genes). Among the processes related to
immunity, “antigen processing and presentation of exogenous
peptide antigen via MHC class I” (GO:0002479; 1 up-
regulated genes; 2 down-regulated genes), “leukocyte activation”
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FIGURE 2 | Functional biological network of the differentially expressed genes (DEGs) in the skin of juvenile gilthead seabream (Sparus aurata) fed a diet
supplemented with a blend of garlic essential oil, carvacrol, and thymol. Green-shaded nodes represent up-regulated genes and red-shaded nodes represent
down-regulated genes. Graphic keys and network stats: number of nodes = 203; number of edges = 341; average node degree = 3.36; average local clustering
coefficient = 0.4; expected number of edges = 286; PPI enrichment p-value = 0.000807. Gene Ontology (GO) definition, count of DEGs within the biological process
and respective false discovery rate are described in the graphical figure legend (bottom). For details, please refers to Supplementary Table 2.

(GO:0045321; 6 up-regulated genes; 1 down-regulated genes), response implies a functional protective mechanism against
“regulation of NIK/NF-kappaB signaling” (GO:1901222; 2 up-  pathogenic bacterial growth on skin mucus. Considering that our
regulated genes; 1 down-regulated genes), “positive regulation  data registered a specific response to Vibrio, we included in our
of T cell cytokine production” (GO:0002726; 2 up-regulated  analysis the fish pathogen V. anguillarum. In addition, we also
genes; 0 down-regulated genes), and “regulation of T cell included as control P. anguilliseptica (another pathogenic marine
proliferation” (GO:0042129; 2 up-regulated genes; 1 down-  fish bacteria) and E. coli as non-pathogenic fish bacterium.
regulated genes) biological processes were highlighted (Figure 5 When cultured with the skin mucus from fish fed the
and Supplementary Table 4). phytogenic-supplemented diet, a reduction on the growth of
the pathogenic bacteria V. anguillarum was observed (t-test; P
Bacterial Growth Capacity on Skin Mucus < 0.05; Figures 6A,B). Growth decrease was recorded between
The transcriptome response arose the modulation of genes 4 and 14h of bacterial culture; the most accentuated decrease
associated to immune processes involved in the response to  in growth values compared with control diet (over 30%)
infectious bacterial diseases. Thus, we evaluated whether such ~ were found between 8 and 12h (Figures 6A,B). Regarding
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the graphical figure legend (bottom). For details, please refers to Supplementary Table 2.

P. anguilliseptica, a decline in bacterial growth was observed
in both gilthead seabream skin mucus samples from fish fed
the control and phytogenic-supplemented diets (Figures 6C,D).
However, P. anguilliseptica growth decline was observed to be
more accentuated in the mucus from fish fed the phytogenic-
supplemented diet than in that of the control group at 12-14h

of culture (¢-test; P < 0.05), with a maximum decrease in growth
0f 50.2 & 1.6% at 14 h (Figure 6D).

Gilthead seabream mucus from both nutritional groups
showed a decrease of E. coli growth during all the culture
period (Figures 6E,F), though the most emphasized bacterial
growth decrease was observed in the initial interval of 4-8h
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with decreased growth value of 60.3 £ 2.5%, reducing gradually =~ The content of soluble protein was not significantly affected by

(Figure 6F). the functional feed additive (t-test, P > 0.05). However, glucose,
lactate and cortisol levels were observed to be significantly
Mucus Stress Biomarkers lower in the mucus of gilthead seabream fed the phytogenic-

The skin mucus stress-related biomarkers and their ratios, as  supplemented diet (t-test, P < 0.05). No differences among
well as the ferric antioxidant power are summarized in Table 2.  dietary groups were observed in terms of the ferric skin mucus
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FIGURE 5 | Functional biological network of differentially expressed genes (DEGs) recognized by their involvement in the immune response in the skin of juvenile
gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol, and thymol. Green-shaded nodes represent up-regulated
genes and red-shaded nodes represent down-regulated genes. Graphic keys and network stats: number of nodes = 30; number of edges = 24; average node
degree = 1.6; average local clustering coefficient = 0.4; expected number of edges = 9; PPl enrichment p-value = 1.25e-05. Gene Ontology (GO) definition, count of
DEGs within the biological process and respective false discovery rate are described in the graphical figure legend (bottom left). For details, please refers to
Supplementary Table 4. Gene description, respective acronym, fold-change intensity (FC), modulation (color scale), and P-value are described (right).

antioxidant power (¢-test, P > 0.05). When data on skin mucus
biomarkers were normalized with the protein content of the
sample, only cortisol levels (cortisol/protein) were observed to be
significantly reduced in skin mucus from fish fed the phytogenic-
supplemented diet when compared to the control diet (t-test,
P < 0.05). Metabolic aerobic response, measured in mucus as
glucose/lactate ratio, was neither significantly affected by the
dietary treatment.

DISCUSSION

The fish skin mucosal surface is in direct contact with the aquatic
environment and represents the first line of defense against
external threats, determining pathogen adhesion to the epithelial
surface (10, 12). As a mucosal tissue, the skin is characterized
by its ability to produce mucus, which apart from being an
intrinsic physical barrier, it contains glycosaminoglycans, lectins,
antibacterial enzymes, immunoglobulins, and several structural,

metabolic, stress-related, and signal transduction proteins
[(23-25); among others]. In addition to mucus continuous
secretion and replacement (26), its components provide an
impermeable capacity against most bacteria and other pathogens,
immobilizing them and inhibiting their proliferation before they
can contact epithelial surfaces (10). Importantly, an intimate
crosstalk between skin tissue and its exuded mucus in response
to stimulus has been recently proposed (27), reinforcing the
coordinated response capacity that takes place in this mucosal-
associated lymphoid tissue.

In the present study, we evaluated the protective benefits
of a blend of dietary garlic essential oil, carvacrol, and thymol
on gilthead seabream in terms of skin transcriptome and skin
mucus secretions. The potential increased skin mucus protective
capacity observed in our gilthead seabream fed with phytogenic-
supplemented diet could be attributed to the exudation of a
variety of biologically active substances and several molecules
of the innate and acquired immune system. In fact, many of
them have an already reported biostatic and biocidal activities

Frontiers in Immunology | www.frontiersin.org

37

March 2021 | Volume 12 | Article 633621


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

Firmino et al.

Phytogenics Promote Skin Innate Immunity

A B V. anguillarum Time (h)
4 6 8 10 12 14
1 20 -
© V. anguillarum a? 20
'g 0.8 | M Control diet mucus :E’ 0 o
8 © Phytogenics diet mucus g . .
~ = 20 | *%
*
3 o 40 - * ok
o *
g o o
g S 60 -
6 02 = -
| m Control diet mucus
0 ; - : . ; ; ] 100 J M Phytogenics diet mucus
0 2 4 6 8 10 12 14
Incubation time (h)
c 1 D p anguilliseptica Time (h)
] © P. anguilliseptica o 4 6 8 10 12 14
g 0g | M Control diet mucus £ 0+
8 © Phytogenics diet mucus g 20 |
= °
2 06 - o
= £ 40 |
3 o
s 0.4 e o009 g 60 * .
S o g 1
° oY
& 02 gt S a5
- 1 m Control diet mucus
0 - . } . . . ; 100 ¥ Phytogenics diet mucus
0 2 4 6 8 10 12 14
Incubation time (h)
E g F £ coli Time (h)
® E coli 4 6 8 10 12 14
$ o 0
g 08 W Control diet mucus T
e 0.8 4 —_
[a) i i X
e @ Phytogenics diet mucus & 5 | I
b F
o 0.6 =
g o 40
o
S 04 | =
H 3 %
° ©
& 02 £ 80 |
8 W Control diet mucus
04 T T T T T T | 100 J ™ Phytogenics diet mucus
0 2 4 6 8 10 12 14
Incubation time (h)
FIGURE 6 | Bacterial growth on skin mucus of juvenile gilthead seabream (Sparus aurata) fed a diet supplemented with a blend of garlic essential oil, carvacrol and
thymol, and a control diet devoid of the feed additive. Mucus samples were obtained from 3 pools of 6 individual fish. Data correspond to the mean + SEM of
triplicate bacterial growth curves of V. anguillarum (A), R anguilliseptica (C) and E. coli (E). Gray circles correspond to bacteria growth in medium devoid of mucus;
purple squares correspond to bacteria growth in the mucus of fish fed the control diet; and green rhombus correspond to bacteria growth in the mucus of fish fed the
phytogenic-supplemented diet. Details on the statistical differences in bacterial growth between the experimental dietary groups is provided by the percentage of
decrease in growth of V. anguillarum (B), P anguilliseptica (D), and E. coli (F). Asterisks indicate significant differences in bacterial growth between dietary groups
(t-test, P < 0.05).

(28). Under this context, our transcriptomic analysis for the skin
revealed that several genes coding proteins potentially involved in
an enhanced skin mucosal protective capacity. For instance, the
H3 Histone Family Member 3A gene (h3f3a) was up-regulated
in the skin of fish fed the phytogenic-supplemented diet.
Histones, full-length proteins and/or fragments, are recognized
antimicrobial molecules (29), which are found in the mucus
of several fish species (30, 31), including gilthead seabream
(32, 33). Calpain 1 (capnl), a non-lysosomal cysteine protease,

was observed to be up-regulated by the functional additive as
well. Several calpain proteins were mapped in gilthead seabream’s
epidermal mucus (34) while its presence in the skin mucus of
cod (Gadus morhua) was suggested to be a key protective element
against V. anguillarum infection (35).

Iron is an essential micronutrient required for most bacteria
to grow; in the host, this metal is associated to iron-binding
proteins, such as transferrin found in fish skin and mucus (23,
30, 32), limiting its availability to invading pathogenic bacteria
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TABLE 2 | Skin mucus stress biomarkers of gilthead seabream fed an
experimental diet supplemented with a blend of garlic essential oil, carvacrol and
thymol, and the control diet devoid of the feed additive (n = 24 per dietary
treatment).

Diet

Control Phytogenics
Skin mucus stress biomarkers
Protein (mg/mL) 16.73 £ 2.22 12.86 +1.77
Glucose (ng/mL) 13.43 £3.95 6.88 + 1.63*
Lactate (ng/mL) 9.80 £ 2.62 3.62 £ 1.09*
Cortisol (ng/mL) 3.47 £0.85 0.35 + 0.05*
FRAP (umol/mL) 1,923 + 244 1,790 £ 315
Skin mucus stress biomarkers ratios
Glucose/Protein (g/mg) 0.74 +0.16 0.60 +0.17
Lactate/Protein (1g/mg) 0.46 + 0.05 0.31 £ 0.12
Glucose/Lactate (mg/mg) 0.69 +£0.14 0.77 £0.15
Cortisol/Protein (ng/g) 208 + 48.80 31.85 + 7.03**
FRAP/Protein (umol/mg) 114 4+ 16.9 139 4+ 23.1

Asterisks indicate significant differences between experimental diets (‘P < 0.05, **P <
0.01; t-test).

(36). For instance, V. anguillarum iron-uptake system is crucial
for sequestering iron from these proteins and accomplishing
skin colonization and penetration (37). Interestingly, some
genes related with iron metabolism were observed to be down-
regulated in the skin of fish fed the functional diet. In our
transcriptional analysis, the Iron-Responsive Element-Binding
Protein 2 (ireb2) gene was down-regulated in fish fed the
phytogenic-supplemented diet. When cell’s iron levels are low
or depleted, this RNA-binding protein binds to iron-responsive
elements, found for instance in transferrin mRNAs, regulating
the translation and stability of those mRNAs and consequently
regulating iron availability (38). In zebrafish, the increase of
ireb2 expression in spleen was proposed to be linked to an
augmented iron uptake from V. anguillarum (39). Hence, the
down-regulation of ireb2 observed in the skin of fish fed
the phytogenic-diet could be suggesting a decrease in the
cellular iron uptake as a consequence of the reduction of
pathogenic bacteria load in the mucosal tissue. This hypothesis
is supported by the decreased growth capacity for pathogenic
bacteria in skin mucus observed in the fish fed the tested
functional diet.

On the other hand, iron plays an important role in
hemoglobin production. The Hemoglobin Subunit Alpha (hbal)
was up-regulated in the skin of fish fed the phytogenic-
supplemented diet. Hemoglobin functionality is not restricted
to oxygen transport, since it also binds to pathogen-associated
molecular patterns (PAMPs), triggering an immune Toll-like
receptor (TLR)-mediated signal transduction (40). In addition,
the STEAP4 Metalloreductase (steap4) transcripts increased
by the phytogenic-diet. This metalloreductase is involved in
iron and copper homeostasis, playing also a role in the
protection against inflammatory-mediated cellular damage (41).
In Atlantic salmon (Salmo salar) skin, steap4 was up-regulated by
dietary phytogenics, which was associated to iron sequestration,

inflammation and an increased protective capacity against lice
infection (42). The hbal and steap4 up-regulation in the skin
observed in our study may be implicated in a reduction in
iron availability in the skin surface and mucus of fish fed
the phytogenics, hampering pathogenic bacteria growth as
observed in the potential mucus antibacterial capacity observed
in our study.

Fish SALT is characterized by both humoral and cellular
components which intimately communicate to mount an
immune response in which both innate and adaptive defense
mechanisms are involved (15). For instance, the Interferon
Related Developmental Regulator 1 (ifrdl) was up-regulated
by the functional diet. Ifrdl gene encodes a protein related to
interferon family. In fish is widely recognized by its involvement
in the innate immune antiviral response (43), while it is
also highly expressed in differentiating neutrophils, playing an
important role in neutrophils effector function (44). An increase
of ifrdl transcripts was observed in the skin of zebrafish (Danio
rerio) infected by Aeromonas hydrophila (45), whereas its up-
regulation was also related to its role in the immediate response
of the fish immune system to stress (46). Moreover, transcripts of
the Complement Factor H (c¢fh) increased in the skin of gilthead
seabream fed the phytogenic-supplemented diet. CFH, a major
regulator of the complement system, is essential for directing
the complement system toward pathogen-related infections,
since its transcription is induced by lipopolysaccharide (LPS)
(47), whereas it increases the contact between neutrophils
and pathogens, increasing cell’s phagocytosis capacity and
antimicrobial activity (48). CFH is also reputed for protecting
host cells and tissues from the self-innate immunity (49). This
occurs due to the interaction of the factor H with the C3
convertase and the C3b component (50). Although CFH is
predominantly expressed in the liver compared to other tissues
and organs like the muscle, intestine, fins, eyes, and gills (47),
present data indicate that the skin may also play a relevant role
in the regulation of the alternative pathway of complement in
skin secretions. This data is in agreement with different studies
that have identified several complement factors in fish skin
mucus secretions for several species (30, 51), including gilthead
seabream (23, 24).

Our study also revealed that Cathepsin A (ctsa) was up-
regulated in the skin of fish fed the phytogenic-supplemented
diet. An increase in turbot (Scophthalmus maximus) ctsa
expression in skin was described in response to infection
challenges, while ctsa genes microbial binding capacity was also
observed, in which a high affinity to LPS, and a lower affinity to
lipoteichoic acid (LTA) and peptidoglycan (PGN), was suggested
to be implicated in the sensing and phagocytosis of bacterial
pathogens (52). By contrast, in our study the expression of
Cathepsin L (ctsl) was down-regulated. Different cathepsins have
been detected in the mucus of several fish species, which were
observed to exhibit high bacteriolytic activity against several fish
pathogens (53, 54), evidencing their key role in fish mucosal
innate immunity. Fish skin ctsl transcripts were observed to be
significantly up-regulated after challenges with several bacterial
pathogens, including V. anguillarum (54, 55). Moreover, as for
ctsa genes, it was demonstrated that ctsl genes have strong
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in vitro binding capacity to microbial ligands, suggesting an
important role of ctsl in fish mucosal immunity (55). The
different gene expression pattern observed for ctsa and ctsl could
be related to a time-dependent response, as suggested previously
for genes involved in the immune response in fish subjected
to feeding trials (56). The differential expression between both
cathepsins could be also attributed to the mucosal tissue response
specificity. In this way, it has been reported that the same
stimulus may differentially modulate the expression for the same
genes depending of the mucosal tissue evaluated (57). However,
if both genes are linked with the decrease in the bacterial growth
observed at skin mucus deserves further investigations.

Fish  professional phagocytes include macrophages,
granulocytes, dendritic cells and B cells, and as for other
vertebrates, phagocytosis in fish is recognized as a critical
component of the innate and adaptive immune responses against
pathogens, known to elicit several antimicrobial mechanisms.
Under this context, the KEGG “Phagosome” pathway obtained
from our functional analysis suggests the modulation of
phagocytic events by the administered phytogenics. For instance,
despite the extracellular roles of cathepsins (58), these proteins
are mainly found in endolysosomal structures where they are
crucial for protein degradation and Major Histocompatibility
Complex (MHC) Class II mediated immune responses (59).
Interestingly, the MHC Class II Alpha gene (mhc-1Ia) was
the second most up-regulated gene in the skin of fish fed
the phytogenic-supplemented diet. While MHC-IIa protein
was identified in gilthead seabream skin mucus proteome
(34), the main function of fish MHC Class II molecules
is to present the peptides generated in the endolysosomal
structure on the cell surface of B cells and phagocytes for
their recognition by the CD4+4 T cells (60). In fact, the
gilthead seabream acidophilic granulocytes, considered the
main professional phagocytic cell type for this fish species,
were demonstrated to show high mhc-IIa gene expression
(61). Moreover, they have also proved to have phagocytic
activity against bacterial pathogens such V. anguillarum
(62), being able to release antimicrobial peptides into the
phagosome of the ingested pathogenic bacteria (63). The
“leukocyte activation”, “regulation of T cell proliferation”,
and “antigen processing and presentation of exogenous
peptide antigen via MHC class I” biological processes obtained
from our enrichment analysis, might suggest the activity of
acidophilic granulocytes and/or other immune cells in the skin
of gilthead seabream fed the functional diet. Similarly, previous
transcriptional results on the effect of the same functional
feed additive in gilthead seabream mucosal tissues such gills
(17) suggested the recruitment and activation of acidophilic
granulocytes as a consequence of the immunostimulatory effect
of this additive.

The functionality and modulation of genes related to the
“endosome” and “lysosome” cellular components reinforce the
hypothesis of an increased professional phagocytic activity
in the skin of fish fed the phytogenic-supplemented diet.
Among them, Rab-interacting proteins coding genes (rilp,
rabl1fipl) were up-regulated. These genes are involved in
several processes like (i) endosomal recycling (64), (ii) endocytic

transport to degradative compartments (65) and (iii) in
the control of membrane trafficking along the phagocytic
pathway (66). In addition, the Microtubule Associated Protein
1 Light Chain 3 Gamma (mapllc3c) was up-regulated. This
autophagy-related protein is involved in the LC3-associated
phagocytosis, in which LC3 is recruited to the phagosome
membrane during phagocytosis of pathogens, enhancing the
fusion between phagosome and lysosomes (67). In fact, fish
epidermal macrophages are characterized by well-developed
endoplasmic reticulum and Golgi areas and several lysosome-like
vesicles and phagosomes (68). Remarkably, the up-regulation of
the MAF BZIP Transcription Factor B (mafb), a myeloid lineage-
specific transcription factor, which expression levels increase
during macrophage differentiation and maturation (69), was also
observed in the skin of fish fed the phytogenic-supplemented
diet. Therefore, the regulation of LC3 proteins-coding genes and
the up-regulation of mafb by the phytogenics might support the
participation of phagocytic cells in the immune response from the
skin observed in our study. The down-regulation of Microtubule
Associated Protein 1 Light Chain 3 Beta (mapllc3b) opens the
possibility to selective and differential mechanisms of activation
aimed to the promotion of the phagocytic activity in response to
phytogenic supplementation.

Garlic, carvacrol, and/or thymol have been several times
described to improve immune cells phagocytic capacity. For
instance, dietary garlic (0.5 and 1% inclusion) enhanced the
activity of head kidney macrophages phagocytic in rainbow trout
(Oncorhynchus mykiss) (70). Similar results were observed for
blood leukocytes of juvenile hybrid tilapia (Oreochromis niloticus
x Oreochromis aureus) fed a 0.5% garlic-supplemented diet
(71). Likewise, carvacrol and thymol supplementation (0.2%) in
juvenile hybrid tilapia’s diet significantly enhanced phagocytosis
of head kidney macrophages (72). The phagocytic activity of
serum leukocytes from common carp (Cyprinus carpio) was
increased due to dietary oregano’s essential oil, which is rich
in carvacrol and thymol, in a dose-dependent manner (73). A
similar enhanced head kidney leukocytes’ phagocytosis was also
found in gilthead seabream fed a diet supplemented with oregano
powder (0.5 and 1%) (74).

Phagocytic events are driven by rearrangements of the actin
cytoskeleton (75). Calponin 2 (cnn2), an actin cytoskeleton-
associated regulatory protein that restricts the pro-inflammatory
activation of macrophages (76), was up-regulated in the skin
by the phytogenics. Similarly, the Actin Beta (actb) gene was
also up-regulated. Actin is commonly found in the mucus of
several fish species, including gilthead seabream (23, 32), which
has led to speculations on its immune function in fish defense.
In fact, ACTB levels were observed to be significantly increased
in sea lice challenged Atlantic salmon (30, 51). In gilthead
seabream, actb expression in skin mucus was favored by a dietary
probiotic administration (24). Furthermore, the extracellular
cytoplasmic actin in insects was observed to bind to bacteria
surface, mediating its phagocytosis and killing (77), suggesting
that actin could be functionally active in fish skin mucus
as well. However, this hypothesis needs further investigation.
In summary, our transcriptional analysis could be indicating
an enhanced phagocyte function in the skin of fish fed the
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phytogenic-diet, which would suggest the promotion of the host’s
defense ability in resisting bacterial infections.

In order to prevent the stable colonization of potential
pathogens, mucus is continuously synthesized, secreted and
replaced (26). This continuous regulation of mucus secretions
represents one of the first barriers against potential pathogens
and toxins (10). Accordingly, our functional analysis determined
the modulation of the KEGG “Protein processing in endoplasmic
reticulum” pathway and several cellular components connected
to the secretory pathway, such as transport vesicles, Golgi-
associated vesicles and vacuoles. The regulation of the secretory
machinery could be supporting the active biosynthesis and
release of immune-related factors on the skin mucus that would
mediate in the response observed in our study. The mucus
secretion is a complex process that represents the endpoint of
the interaction between the innate immune system, endocytosis
and autophagy events, ROS generation and mucin secretion
(78). From the immunological point of view, cytokines, and
chemokines are molecules trafficked in secretory granules and
vesicles through secretory pathways in immune cells (79)
that could be also involved in the response observed. Under
this context, transcripts of the pro-inflammatory cytokine
Interleukin 1 Beta (il-18) were observed to be increased in
the skin of fish fed the phytogenic-supplemented diet. In
fish, IL-1p is a recognized chemoattractant for leukocytes
(80). Additionally, the Aminoacyl tRNA Synthetase Complex
Interacting Multifunctional Protein 1 (aimpl) gene was also
up-regulated. Secreted AIMP1 possesses inflammatory cytokine
activity responsible for activating monocytes and inducing the
production of pro-inflammatory cytokines, mainly the Tumor
Necrosis Factor (TNF) (81). In accordance, genes that are
activated in response to the pro-inflammatory cytokine TNE
such the TNF Alpha Induced Protein 2 (tnfaip2) and TNFAIP3-
Interacting Protein 2 (tnip2) were also up-regulated by the
phytogenics in our study. The last inhibits the NF-kB pathway
activation (82), negatively regulating the transcription of other
pro-inflammatory cytokines and, consequently, controlling the
inflammatory response. Thus, such response could be intimately
related with the role of AIMP1 in dermal fibroblast proliferation
and wound repair (83).

Other mediators of the inflammatory response were also
observed to be regulated in the skin of fish fed the phytogenic-
diet. For instance, the Negative Regulator of Reactive Oxygen
Species (nrros) gene expression was increased. The NRROS
protein regulates ROS production by phagocytes during
inflammatory response, allowing phagocytes to produce high
amounts of ROS in case of infection, while minimizing hosts
tissue damage (84). NRROS is also suggested to play a role in the
maintenance of the immune homeostasis through the inhibition
of TLR-mediated MAPK and NF-kB activation (85). Another
negative mediator of the inflammatory response, the NLR Family
CARD Domain Containing 3 (nlrc3) was also observed to be up-
regulated in fish fed the phytogenic-supplemented diet. NLRC3
is known to negatively regulate NLR-mediated inflammatory
responses (86). In several fish species, the overexpression of
nlrc3 was observed to be systematically induced by bacterial
and LPS challenges (87, 88), including in mucosal tissues

(89), demonstrating its important role in the fish innate
immune response and homeostasis maintenance. The DEAD-
Box Helicase 1 (ddxI), reported to enhance NF-kB mediated
transcriptional activation (90) and recently associated to antiviral
responses in fish (91), was also down-regulated in the skin of
fish fed the phytogenic-supplemented diet. Therefore, according
to the overall response observed considering the transcriptomic
profiling of il-18, aimp1, tnfaip2, tnip2, nrros, nlrc3, and ddx1, the
regulation of these pro- and anti-inflammatory genes suggests an
active cytokine secretion, an immune cell-cell signaling, and the
tight control of such response.

Regardless of its critical function protecting the host, the
skin mucus also represents an important portal of entry for
pathogens since it can provide a favorable microenvironment
for some bacteria, the main disease agents for fish, which
may induce the development of biofilms depending on the
pathogen adhesion capacity (10). Interestingly, the down-
regulation of genes of the KEGG “Vibrio cholerae infection”
pathway was obtained from the analysis of the DEGs of fish
fed the phytogenic-based additive. Although the analysis was
performed using Homo sapiens as model organism, the down-
regulation of several genes of the “Vibrio cholerae infection”
KEGG pathway could also be applied, from a comparative point
of view, to an infection process involving a Vibrio species in
a mucosal tissue, such as V. anguillarum, as a consequence of
the protective effect of the additive. For instance, the down-
regulation of several coding genes for V-type H+ ATPase
subunits (atp6vIcl, atp6v1bl, atp6apl) in fish fed the phytogenic-
supplemented diet was obtained. The V-type H+ ATPase
complex in endosomes and lysosomes is responsible for the
vesicle import of protons and maintenance of the internal acidic
pH, crucial for degradative enzymes activity (92). Apart from
the “proton-transporting two-sector ATPase complex” cellular
component obtained from our enrichment analysis, the down-
regulation of the above-mentioned genes also figured in the
KEGG “Phagosome” pathway, which could be suggesting a
decreased phagosomal activity at the sampling time evaluated
(65 days of diet administration). Such gene modulation could
be associated to a decrease in skin bacterial pathogens in our
fish fed with phytogenic-supplemented diet. This hypothesis is
in agreement with the results obtained from the bacterial growth
assessment in the epidermal mucus in vitro.

Bacterial growth in gilthead seabream mucus was evaluated
for both dietary groups, control and phytogenic-supplemented
diets, using two pathogenic fish bacteria, V. anguillarum and P.
anguilliseptica, as well as a non-pathogenic fish bacterium, E. coli.
Our study revealed that the tested feed additive reduced bacteria
growth capacity, suggesting an enhanced skin mucus inhibitory
capacity against both V. anguillarum and P. anguilliseptica. The
chosen pathogenic bacteria are widely recognized as disease
causing agents in several fish species (93, 94), including gilthead
seabream (95). The observed reduced growth capacity of V.
anguillarum in the skin mucus of gilthead seabream fed the
phytogenic-supplemented diet is especially relevant because of
the evidence that Vibrio strains exhibit a chemotactic response
to mucus (37). In the last years, disease records indicate
that Vibrio spp. infections are the most common bacterial
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infections in gilthead seabream, mostly reported during the
hatchery phase (96). Besides, P. anguilliseptica is one of the
main agents responsible for outbreaks associated with “winter
disease” in gilthead seabream farming, being considered a more
opportunistic pathogen whose infections in gilthead seabream
usually occur when fish are under environmental stress (97).
The different growth curves behavior of V. anguillarum and P.
anguilliseptica in gilthead seabream mucus may be attributed
to different virulence of pathogenic bacteria, differences in
chemotaxis to skin mucus and adherence capacity.

Our results suggest that the phytogenic-supplemented diet
may reduce the settlement of the studied bacteria in the skin
surface, decreasing the risk of infection. Previous nutritional
studies in which diets containing garlic, carvacrol, or thymol
provided effective mucus antibacterial characteristics against
fish pathogens. For instance, dietary garlic supplementation (5
and 10 g kg-1) was demonstrated to significantly increase skin
mucus antimicrobial activity against several bacterial pathogens
in the freshwater Caspian roach (Rutilus rutilus) (98). A similar
increased bactericidal activity against Photodamselae subsp.
piscicida was observed in the skin mucus of gilthead seabream
juveniles fed diets supplemented with oregano powder (0.5 and
1% inclusion) for 15 and 30 days (74). In addition, an enhanced
skin mucus bactericidal activity against V. parahaemolyticus
and Aeromonas hydrophila was observed in Pacific red snapper
(Lutjanus peru) fed a diet supplemented with a medicinal
plant extract rich in carvacrol and thymol (0.5, 1, and 2%
inclusion) (99). On the contrary, other studies incorporating
Oliveria decumbens, which is rich in carvacrol (18.8 and 52.9%
included in an essential oil and aromatic water fractions,
respectively) and thymol (20.3 and 37.6% included in an
essential oil and an aromatic water fractions, respectively), in
Nile tilapia (O. niloticus) diets reported the absence of changes
in mucus bactericidal activity against Streptococcus iniae. By
contrast, the compounds showed high antibacterial capacity
when evaluated in vitro (100). Similarly, Beltran et al. (74)
did not find an enhancement of antibacterial activity against
V. anguillarum in the mucus of gilthead seabream fed a diet
supplemented with Origanum vulgare at 0.5 and 1.0%, although a
significant increased bactericidal activity against Photobacterium
damselae subsp. piscicida was observed. The above-mentioned
contradictory results could be a consequence of different factors,
such as different phytogenics and their content in bioactive
compounds, supplementation period of the functional diet,
dietary compounds delivery and bioavailability, or an evidence of
the synergy between the phytogenics tested that might improve
such bactericidal capacity.

Moreover, the E. coli, a non-pathogenic bacterium for fish, was
also used as an indicator of the potential antibacterial capacity of
the skin mucus, neglecting a potentially acquired immunization.
Although no significant differences were observed among the
experimental diets, a decreasing trend in E. coli growth was
observed due to the presence of mucus from both dietary groups
in the culture medium. Interestingly, garlic-supplemented diets
caused a significant increase in the Caspian roach fry skin mucus
antibacterial activity against E. coli when compared to the control
group (98). In addition, carvacrol and thymol were reported to
have a bacteriostatic and bacteriolytic in vitro activity against

most Gram positive and negative bacteria, including E. coli (101).
Nevertheless, the absence of an inhibitory response against E. coli
growth in our study could be suggesting the promotion of the
skin innate immunity against fish pathogens (102).

From a physiological perspective, bacterial pathogens such
V. anguillarum are able to elicit strong cortisol-mediated stress
responses when they adhere to the mucosal surface (36). For
this reason, in this current study we also measured classic skin
mucus stress biomarkers in order to establish a correlation
between the gene expression profile, antibacterial response
and the fish physiological status. Therefore, only cortisol was
observed to be significantly reduced in fish fed the phytogenic-
supplemented diet. Although the exact mechanisms involved in
cortisol exudation through fish mucus are still unclear, cortisol
is the main glucocorticoid and the final product of the HPI
axis response to stress, varying considerably among species and
according to the duration and severity of the stressor (103).
Cortisol decrease also favors the fish local mucosal immunity,
promoting more effective defense responses against pathogens
(104). Besides the hypothesized decrease in skin pathogenic
bacteria and its potential impact on cortisol-induced responses,
and vice versa, several phytogenic active substances have been
reported to have sedative properties in fish (105). For instance,
garlic powder inclusion in common carp diet (0.5, 1, and
1.5%) decreased plasma cortisol and glucose levels, mitigating
ammonia stress-induced effects (106). Similar results were
obtained in rainbow trout fed 3% garlic powder supplemented
diets (107). Accordingly, the dietary supplementation of a
similar additive containing garlic and Labiatae plant essential
oils (0.02% inclusion) reduced significantly plasma cortisol
levels in European seabass (Dicentrarchus labrax) challenged
by confinement (108). Although the diet effect on fish stress
response is usually evaluated in blood, a positive correlation
between cortisol levels on plasma and fish mucus was
demonstrated (109, 110) including for gilthead seabream (111).
Therefore, the observed decrease in mucus cortisol may suggest
a decrease in the allostatic load due to the properties of the
phytogenics used in this current study and/or as a consequence
of the promotion of the non-specific innate immunity, although
these two hypotheses are not mutually excluding.

During stress adaptation, cortisol has been suggested as a
signal factor that induces tissue specific molecular programming
in fish (112). Cortisol is able to induce a skin local stress
response in fish (57, 94, 109, 113), which is particularly
characterized by the increase of the secretory activity, related
vesicles, apoptosis (114), and transcriptional alterations (57).
Under this context, the observed changes in mucus cortisol
secretion might be contributing to the obtained secretory-related
transcriptional response as well. Furthermore, since a correlation
between cortisol secretion and skin mucus oxidative stress was
demonstrated (115), a reduction of the skin oxidative stress in
response of an increase in antioxidative power induced by the
tested phytogenics would be also expected. In fact, in our current
study genes coding for antioxidative enzymes were observed
to be up-regulated in the skin of fish fed the phytogenic-
supplemented diet, as for example the Glutathione S-Transferase
Kappa 1 (gstkl). GSTKI belongs to the as Glutathione S-
Transferase (GST) superfamily of oxidative stress enzymes,
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which are mainly known for their important role in cellular
detoxification (116). GSTs have been used as markers for
fish antioxidative capacity (117), including the evaluation of
phytogenics in aquafeeds (118). Under stress-imposed conditions
or injury, the transcription of skin gst is usually decreased and
associated to immunosuppression in gilthead seabream (33).
The Nuclear Factor Erythroid 2 Like 2 (nfe2l2), an important
transcription factor that positively regulates the expression of
cytoprotective genes (119), and the N-Acetyltransferase 1 (natl),
known for its participation in the detoxification of drugs and
other xenobiotics (120), were also observed to be up-regulated
by the functional diet. In addition, Heat Shock Protein family
genes (dnajc8, dnajb9, and hspal4) were down-regulated in the
fish fed the phytogenic-supplemented diet. In particular, HSPA14
is member of the Hsp70 family, which proteins levels have
been described to increase in fish under stress or pathological
conditions (121, 122). Therefore, the regulation of these genes is
supporting the involvement of immune cells in the skin response
observed, suggesting a reduction of the skin oxidative stress in
response of the reduced mucus cortisol secretion and/or by the
antioxidative characteristics of the tested phytogenics. In fact, the
inclusion of garlic (106, 123), carvacrol, and thymol (73, 124)
in aquafeeds have been continuously demonstrated to enhanced
fish antioxidant status. In the present study, the epidermal
mucus antioxidant capacity was also measured by mean of the
FRAP analysis (102, 115). Although our transcriptional analysis
revealed the regulation of several markers of oxidative stress,
according to FRAP’s analyses the mucus antioxidant power was
not significantly changed by the tested additive. Our results are
in agreement with some previous studies which reported that
the dietary supplementation of carvacrol and/or thymol-rich
compounds did not affect the skin mucus biochemical contents
or mucus antioxidant status (74, 100).

Collectively, these data clearly suggest a relationship between
the tested phytogenics, the increased skin innate immunity
and a cortisol-mediated response, promoting the overall animal
welfare. In fact, according to the only biological process
significantly regulated among the experimental diets, the RNA
processing biological process, several genes implicated in
ribosomal proteins synthesis (riokl, rcll, rrpl, nop56, nsa2,
tsr2) were mainly up-regulated in fish fed the phytogenic-
supplemented diet. Since ribosome biogenesis is the cell’s
most costly process in terms of energy expenditure, this
process must be tightly regulated in order to avoid wasted
energy (125). Consequently, the up-regulation of such genes
could be suggesting less stressed cells able to direct their
energy into this process. Since skin from the control group
appear to be more susceptible to be colonized by pathogenic
bacterial strains, it could be spending more energy in defense
mechanisms and bacterial clearance than fish fed the phytogenic-
supplemented diet.

In summary, our analysis of the skin transcriptional profiling
as well as the skin mucus biomarkers and lower pathogenic
bacterial growth capacity revealed a multifactorial response to
the dietary administration of garlic essential oil, carvacrol, and
thymol, mainly through the transcriptional regulation of factors
of the innate immunity and the stimulation of the secretory
pathway. Our results suggest that the phytogenic-supplemented

diet induces the activation of the mucosal immune response that
promotes the secretion of non-specific immune molecules into
the skin mucus, resulting in the decrease of bacterial growth
capacity in mucus. From our transcriptomic enrichment analysis,
the regulation of genes related with the secretory pathway
suggests that the tested phytogenics could be also stimulating
the recruitment of phagocytic cells. The reduction in skin
mucus cortisol is in line with the recognized properties of the
phytogenics. Since the exact mechanisms promoted by the tested
phytogenics were not yet demystified, further analysis should
be made in order to assess the effect of the experimental diet
on skin phagocytes and phagocytosis potential. More efforts
are also needed for determining the impact of the functional
additive on the skin defensive status against other pathogenic
bacteria that threaten the success of aquaculture under intensive
farming regime.
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The range of metabolic pathways that are dependent on a proper supply of specific amino
acids (AA) unveils their importance in the support of health. AA play central roles in key
pathways vital for immune support and individual AA supplementation has shown to be
able to modulate fish immunity. In vitro trials are important tools to evaluate the
immunomodulatory role of AA, and the present study was conceived to evaluate
methionine and tryptophan roles in immune-related mechanisms aiming to understand
their effects in leucocyte functioning and AA pathways. For that purpose, head-kidney
leucocytes were isolated and a primary cell culture established. The effect of methionine or
tryptophan surplus on cell viability was assessed. Medium L-15 10% FBS without AA
addition (0.5mM of L-methionine, 0.1 mM of L-tryptophan) was used as control. To that,
L-methionine or L-tryptophan were supplemented at 1 and 2 times (M1x or M2x, and T1x
or T2x). Nitric oxide, ATP, total antioxidant capacity, and immune-related genes were
evaluated in response to lipopolysaccharides extracted from Photobacterium damselae
subsp. piscicida or UV-inactivated bacteria). Moreover, caspase 3 activity and apoptosis-
related genes were evaluated in response to the apoptosis-inducing protein, AIP56.
Distinct roles in leucocytes’ immune response were observed, with contrasting outcomes
in the modulation of individual pathways. Methionine surplus improved cell viability,
polyamine production, and methionine-related genes expression in response to an
inflammatory agent. Also, methionine supplementation lowered signals of apoptosis by
AIP56, presenting lower caspase 3 activity and higher il7 and nf-kb expression. Cells
cultured in tryptophan supplemented medium presented signals of an attenuated
inflammatory response, with decreased ATP and enhanced expression of anti-
infammatory and catabolism-related genes in macrophages. In response to AlP56,
leucocytes cultured in a tryptophan-rich medium presented lower resilience to the toxin,
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higher caspase 3 activity and expression of caspase 8, and lower expression of several
genes, including nf-kb and p65. This study showed the ability of methionine surplus to
improve leucocytes’ response to an inflammatory agent and to lower signals of apoptosis
by AIP56 induction, while tryptophan attenuated several cellular signals of the
inflalnmatory response to UV-inactivated bacteria and lowered leucocyte resilience

to AIP56.

Keywords: amino acids, inflammation, fish, AIP56, Photobacterium damselae subsp. piscicida

INTRODUCTION

Amino acids (AA) are key players for the biosynthesis of vital
molecules for immune support (1) and their use as nutraceutical
supplements in mammals (2) and poultry (3, 4) is a current
strategy. The role of individual AA in the innate immune
response is associated with their role in key pathways essential
for cellular function and as precursors of hormones and
enzymes. Likewise, following the presuppose that the
requirement of specific AA increases in response to
inflammation and infection (5), their dietary supplementation
may allow the modulation of particular immune-related
pathways with the final goal of enhancing host immunity.
Having this in mind, in vivo studies were developed to achieve
nutritional strategies that modulate the fish immune response
through the increase of AA availability (6-14), while few in vitro
studies (15, 16) aiming to collect information at the cellular level
were performed.

Previous studies in fish contributed with some insights on the
key role of methionine in the fish immune system. Dietary
methionine supplementation was able to increase European
seabass (Dicentrarchus labrax) peripheral neutrophil numbers
and innate immune response to an inflammatory insult with
UV-inactivated Photobacterium damselae subsp. piscicida (Phdp)
(11, 13) and increase disease resistance to Phdp (14). Also,
juvenile Jian carp (Cyprinus carpio var. Jian) fed with increased
levels of methionine presented an increased peripheral leucocyte
concentration and humoral response, in response to Aeromonas
hydrophila (9). Additionally, methionine supplementation was
shown to be key for European seabass immune support in an
extreme feed formulation (0% fish meal) (17). Data from those
studies are sustained by the recognized role of methionine as a
methyl group donor for the methylation, transsulfuration, and
aminopropylation routes, with coenzyme S-adenosylmethionine
(SAM) as the leading factor. The increase of methionine input
can increase DNA methylation ratio, known to be dependent on
the supply of SAM (18). Through the aminopropylation route,
methionine contributes to polyamine synthesis thus contributing
to cell proliferation (19). Finally, by the transsulfuration
pathway, methionine is the precursor of cysteine, an AA
constituent of the powerful antioxidant molecule glutathione
(GSH) (1). In vitro results on this matter are scarce. Nonetheless,
Azeredo et al. (16) showed the ability of methionine
supplementation to boost European seabass head-kidney (HK)
leucocytes (HKL) nitric oxide (NO), superoxide anion, and ATP

production in the absence of stimulus, and improved HKL NO
production in response to UV-inactivated Vibrio anguillarum.
These authors discussed that methionine potential for immune
improvement seems to be directly related to the enhancement of
cell response by the enhancement of the methionine-
related pathways.

Tryptophan has been the target of in vivo studies in
several animal models focusing its function as a precursor of
compounds involved in stress modulation, antioxidant
properties, and immune tolerance (20-22). Studies in fish
showed that increasing dietary tryptophan levels did not
significantly modulate European seabass (11) and Persian
sturgeon (Acipenser persicus) (23) basal innate immune-
related mechanisms activity, while a clear effect of tryptophan
surplus was observed upon inflammation induction. For
instance, in European seabass Azeredo et al. (12) observed an
inhibitory action of tryptophan on HK inflammatory transcripts
while Machado et al. (24) reported a compromised immune
response and disease resistance to Phdp. In macrophages,
tryptophan catabolism occurs through the kynurenine-niacin
pathway, mediated by indoleamine 2, 3-dioxygenase (IDO) (25).
In response to inflammation, IDO is induced, exerting anti-
microbial effects by tryptophan extracellular depletion (26, 27),
setting an antioxidant system by the consumption of superoxide
radicals, and its metabolites regulate T-cell function (28). In vitro
results pointed to the impairment of pro-inflammatory signals
offsetting the inflammatory response caused by tryptophan
higher availability (16).

The inflammatory response and the overall innate immune
system is sustained by phagocytes (i.e. neutrophils and
macrophages). These myeloid cells are responsible for the
incorporation and digestion of other cells or cell components,
as pathogens or apoptotic and necrotic host-cells. Moreover, fish
phagocytes are responsible for the initiation and resolution of
inflammation by the production and secretion of pro- and anti-
inflammatory chemical messengers (autocrine signaling) and
cell-to-cell signaling communication (paracrine signaling) (29).
In fact, as widely described in mammals, monocytes can adapt
their phenotypes according to the response stage and
differentiated into three distinct groups formerly determined
by the inductor of differentiation (30-33). Upon activation,
circulating monocytes (MO type) are differentiated into
macrophages that under inflammatory settings and in the
presence of pathogens and tumor cells, are described as M1
type. Whereas M2 macrophages are found in sterile conditions
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or in the repair stage of the innate response (34). This has only
been recently described in fish, particularly in the common carp
(Cyprinus carpio L) (35). Additionally, cell inactivation and
clearance through apoptosis takes part in the proper function
of the immune system. As a defense mechanism, apoptosis is
responsible for the clearance of damaged cells and can be
initiated by a wide variety of stimuli, as infection and stress
(36). Since macrophages present themselves as a useful tool for in
vitro functional studies on the fish innate immune response, the
present work focused on the study of the response of innate
activated macrophages induced by microbial stimuli and with
key roles in the phagocytosis of pathogens and the production of
pro-inflammatory signals (37).

Phdp is a bacterial pathogen for many marine fish species that
owns part its successful pathogenesis to the ability to produce
and release the exotoxin AIP56 to the extracellular environment
(38). AIP56 cleaves the transcription factor NF- xB, therefore
inhibiting the transcription of key immune-related genes (39)
and inducing extensive apoptosis of macrophages and
neutrophils (38). Therefore, Phdp can act at distance, without
direct contact with the host cells, and leads to the depletion of
host primary cell defense mechanisms, the phagocytes.

The present study aimed to evaluate in vitro, at the leucocytes
functional and transcriptional level, the modulatory effects of
two supplementation levels of methionine and tryptophan on the
response of HKL against UV- inactivated Phdp (PhdpUV) or
Phdp lipopolysaccharides (LPSPhdp), and the apoptosis process
in response to the AIP56 toxin.

MATERIAL AND METHODS

The experiments were approved by the CIIMAR Animal Welfare
Committee, carried out in a registered installation
(N16091.UDER), and performed by trained scientists in full
compliance with national rules and following the European
Directive 2010/63/EU of the European Parliament and the
European Union Council on the protection of animals used for
scientific purposes.

Photobacterium damselae subsp.
piscicida Inactivation
Phdp strain PP3, isolated from yellowtail (Seriola
quinqueradiata; Japan), was obtained from the Fish
Immunology and Vaccinology group (i3S/IBMC, University of
Porto). Bacteria were routinely cultured at 22°C in tryptic soy
broth (TSB) or tryptic soy agar (TSA) (both from Difco
Laboratories) supplemented with NaCl to a final concentration
of 2% (w/v) (TSB-2 and TSA-2, respectively). Live bacteria were
stored at —80°C in TSB-2 supplemented with 15% (v/v) glycerol.
To maintain the structural integrity of bacterial antigens but
prevent bacterial growth, Phdp were killed by UV irradiation. For
this, bacteria were grown in TSB-2 and, after reaching the
exponential growth phase (ODgponm= 0.523; 6.7 x 10® colony
forming units (CFUs) ml'), were placed in a sterile tray
(maximum inoculum height of 0.2 mm) at a distance of 10

centimeters of a UV lamp and inactivated by exposure to UV
irradiation for 2 h. Bacteria were then recovered by
centrifugation at 1500 x g for 30 min, the pellet resuspended
in Hank’s Balanced Salt Solution (HBSS, Gibco), and bacterial
concentration adjusted to a virtual dose of 1 x 10" CFU ml™
taking into account their concentration prior to inactivation.
Lack of bacterial viability was confirmed by plating the inoculum
on TSA-2.

Photobacterium damselae subsp.

piscicida Lipopolysaccharides Extraction
and Purification

Lipopolysaccharides (LPS) from Phdp (LPSPhdp) were extracted
by hot phenol-water according to the method described by
Rezania et al. (40) with modifications (16). Purified LPSPhdp,
without any residual phenol, was lyophilized, resuspended in
PBS to a final concentration of 2 mg ml™', and kept at —20°C
until use. Visualization was achieved by SDS-PAGE (12%)
electrophoretic resolution of 20 pg purified LPSPhdp and
consequent staining following the improved silver stain
protocol described by Zhu et al. (41).

Recombinant AIP56

Recombinant AIP56 (38) was obtained from the Fish
Immunology and Vaccinology group (i3S/IBMC, University of
Porto) and stored in 20 nM Tris-HCI, pH 8.0 at -80 °C until use.

Fish and Establishment of HKL Primary
Cell Cultures

European seabass (Dicentrarchus labrax) juveniles (8 + 0.5 g)
were obtained from a certified hatchery (MARESA, Spain),
acclimatized to laboratory conditions, and reared for 2 years in
a recirculation water system to a final body weight of 700 + 50 g.
Water parameters were maintained as followed: O, saturation at
7.38 £ 0.01 mg/l, salinity at 35 ppt, temperature at 18°C, and 10 h
dark: 14 h light photoperiod. Fish were daily fed a commercial
diet (Sorgal, Portugal) and no clinical signs of disease and illness
were observed.

European seabass were euthanized by an overdose of
anesthetic (>1ml/l, 2-phenoxyethanol, Merck) and bled by
collecting blood from the caudal vessels using a heparinized
vacuum system and cut off the branchial arches. HKL were
isolated and maintained following Secombes (42) with
modifications. The head-kidney was aseptically removed and
the tissue disrupted by passing through a 100 ul nylon mesh in 30
mL of Leibovitz L-15 medium (L-15, Gibco) supplemented with
2% fetal bovine serum (FBS, Gibco), 100 IU ml™ penicillin and
streptomycin (Gibco), and 30 U ml! heparin (Braun) (L-15 2%
FBS). After centrifugation, a clear separation between leucocytes
and erythrocytes was observed and the upper leucocyte layer was
carefully collected and separated from the erythrocytes bottom
layer and the resulting cell suspension was resuspended in fresh
L-15 2% FBS and centrifuged at 600 x g at 4°C for 10 minutes.
The collected leucocytes were washed two times at 600 x g at 4°C
for 10 minutes and finally resuspended in L-15 medium with
0.1% FBS (L-15 0.1% FBS) and antibiotics. Leucocytes viability
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was determined by the trypan blue exclusion method. Leucocytes
were diluted four times in a 0.4% trypan blue solution and
concentration adjusted to 1 x 10” viable cells ml™ after counting
in a hemocytometer. One hundred microliters of the leucocyte
suspension were plated in 96-well plate for ATP, total
antioxidants concentration (TAC), polyamines, nitric oxide
(NO), and caspase 3-active assays. For gene expression, 500 pl
of the leucocyte suspension was plated in 24-well plates.

Experimental Design
After primary cell culture isolation and plating, the leucocyte
monolayer was maintained for 2 h in L-15 2% FBS for cell
adhesion and subsequently washed with HBSS, removing non-
adherent cells. Adherent cells, characterized mostly by the
monocyte lineage (43) were then incubated with fresh L-15
10% FBS supplemented with methionine or tryptophan for
24 h at 18 °C and leucocyte viability was evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Two supplementation levels of each AA were
selected based in previous studies (16). Both AA were
supplemented at 1 x or 2 x the basal concentration found in
L-15 with the final concentration of L-methionine (M1x, 1mM
or M2x, 1.5 mM) and L-tryptophan (T1x, 0.2 mM or T2x, 0.3
mM). As a control, L-15 10% FBS without AA addition was
used (containing 0.5mM of L-methionine and 0.1 mM of
L-tryptophan, Gibco).

Two trials, each comprising a total of six fish were performed
(Figure 1). Cellular response (Trial 1) was assessed upon
stimulation with PhdpUV (1 x 10° CFU ml"* with an expected

LPS concentration of 0.006 pug ml™"), LPSPhdp (10 pg ml™), or
the absence of a stimulus (). Concentration of each stimulus
was selected according to (16). Gene expression, ATP, and TAC
were measured at the end of 4 and 24 h of stimulation since most
innate immune mechanisms are activated upon acute
stimulation. Polyamines production was evaluated in L-15,
M1x, and M2x after 48 h of stimulation since methionine has
a direct role in polyamine biosynthesis (19), but only in PhdpUV
and @ treatments due to technical limitations. Finally, NO
production was evaluated at 72 and 96 h according to previous
studies (16, 44). The apoptosis assays (Trial 2) consisted
of evaluating caspase 3-active and gene expression in response
to AIP56 protein (2 ug ml™) (45) or in @ during a time-course
study (i.e. 1, 3, and 6 h) with the cell culture media replaced
by a fresh solution at each hour. Staurosporine (2.33 pg ml”,
Sigma) was used in L-15 wells as a positive control for
apoptosis (46).

All analyses were performed with triplicate analytic replicates
in a total of six biological replicates.

MTT Assay

The leucocytes viability was assessed by the MTT reduction
by the NAD(P)H-dependent cellular oxidoreductase
enzymes produced under cell metabolic activity, reflecting
the number of viable cells (47). After 24 h incubation at 18 °C
in L-15 10% FBS supplemented with the desired AA, 20
ul of MTT (5 mg ml™") was added to each well and incubated
for 4 h at 18 °C. After centrifugation at 110 x g for 5 min,
the insoluble resultant formazan was dissolved in 100 ul

Trial 1

Incubation with AA’s during 24h
L-15, M1x, M2x, T1x, T2x

MTT assay n =6 per AA
(well)

|

Immune Assays
(%)
Stimulus LPSPhdp
PhdpUV

SNENEN

Gene expression (cells)
ATP (supernantant) 4 and 24h

TAC (supernantant)

v' Polyamines (cells) 48h (only L-15, M1x and M2x and
@ and PhdpUV)
v NO (supernantant) 72 and 96h

n =6 per AA/stimulus/time

Trial 2

Incubation with AA’s during 24h

L-15, M1x, M2x, T1x, T2x

MTT assay n=6per AA
(well)

Apoptosis Assays
. (9]
Stimulus AIP56

v' Gene expression (cells)
v’ Casp3-active (cells)

} 1,3 and 6h

n =6 per AA/stimulus/time

FIGURE 1 | Experimental design. L-15 (Leibowitz L-15 medium); M1x (Leibowitz L-15 medium supplemented with 1 mM of L-methionine); M2x (Leibowitz L-15
medium supplemented with 1.5 mM of L-methionine); T1x (Leibowitz L-15 medium supplemented 0.2 mM of L-tryptophan); T2x (Leibowitz L-15 medium
supplemented 0.3 mM of L-tryptophan); MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay); @ (unstimulated cells); LPSPhdp
(Lipopolysaccharides extracted from Phadp); PhapUV (UV-inactivated Phdp); ATP (Adenosine triphosphate); TAC (total antioxidant capacity); NO (nitric oxide).

Frontiers in Immunology | www.frontiersin.org

51

March 2021 | Volume 12 | Article 660448


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

Machado et al.

Amino Acids Role in Immunity

of dimethyl sulfoxide (DMSO) and the absorbance read at 550
nm (Synergy HT, Biotek). A total of twelve biological replicates
were evaluated (6 biological replicates per trial).

Immune Assays

ATP Assay

ATP production by the leucocytes monolayers incubated with
LPSPhdp, PhdpUV, or in the absence of stimuli for 4 and 24 h
with each AA treatment was measured with an ATP
Colorimetric Assay Kit (Sigma). From each well, 50 pl of the
cell supernatant was transferred to a new 96-well plate and
the protocol performed according to the manufacture’s
indications. The absorbance was read at 570 nm (Synergy HT,
Biotek) and ATP concentration was calculated according to a
standard ATP curve after subtraction of background
absorbance values.

TAC Assay

The total antioxidants concentration (TAC), such us oxygen
species and reactive nitrogen species, was determined in the
supernatant of cells incubated with LPSPhdp, PhdpUV, or @
during 4 and 24 h and previously incubated for 24 h with the
different AA treatments. Cell supernatants were collected, diluted
in Protein Mask in a 1:1 ratio according to manufacturer’s
indications (The Total Antioxidant Capacity Kit, Sigma), and
100 ul of the mixture was added to a 96-well plate and the
protocol performed. The absorbance was read at 570 nm
(Synergy HT, Biotek). Background absorbance values were
subtracted and TAC concentration was calculated from a
standard curve.

Polyamines Assay

The Total Polyamine Assay Kit (BioVision) was used
for fluorometric assessment of polyamine content in
cells either stimulated with PhdpUV or unstimulated
for 48 h after incubation with L-15, Mlx, or M2x for 24 h.
According to the manufacturer’s indications, a sample
background wells fluorescence (Ex/Em= 535/587 nm) was
subtracted to the standards and reaction wells and the
concentration determined according to the standard curve
previously prepared.

NO Assay

NO production was measured in the supernatant collected from
leucocyte primary cell cultures formerly incubated with the
different AA treatments for 24 h and stimulated with PhdpLPS,
PhdpUV, or in the absence of stimuli for 72 or 96 h. At
each time, 50 pl of supernatant was transferred to a new 96-
well plate and total nitrite and nitrate concentrations in
the sample were assessed using the Nitrite/Nitrate colorimetric
method kit (Roche). Nitrite concentration was calculated
by comparison with a sodium nitrite standard curve.
Since nitrite and nitrate are endogenously produced
as oxidative metabolites of the messenger molecule
NO, these compounds are considered as indicative of
NO production.

Apoptosis Assays

After incubation for 24 h with the different AA treatments, the
cell culture media was replaced by a fresh solution without
stimuli or containing AIP56. The medium was renewed at each
hourly, for 6 h (45), and cells collected for caspase 3-active assay
or for gene expression after 1, 3 and 6 hours. The inability of the
AA, at the highest supplementation level, to inhibit AIP56
activity on the cleavage of the leucocytes p65 subunit was
tested by SDS-PAGE and Western blotting.

SDS-PAGE and Western Blotting

Leucocytes from four fish were incubated with L-15, M2x or T2x
during 24h and afterwards incubated the with @ or 2 pug ml™" of
AIP56 for 2 h. Supernatant was removed and cells (5% 10° cells)
were lysed and collected by adding 40 pl SDS-PAGE sample
buffer (50mMTris-HCI [pH 8.8], 2% SDS, 0.05% bromophenol
blue, 10% glycerol, 2mM EDTA, and 100 mM DTT) (48).
Samples were then boiled for 5 min and 20 pl (2.5x 10° cells)
were loaded For Western blotting, the proteins were transferred
onto nitrocellulose membranes. The efficiency of transfer and the
protein loading on the membranes was controlled by staining
with Ponceau S. The membranes were blocked for 1 h at room
temperature (RT) with 5% skim milk in Tris-buffered saline
(TBS) containing 0.1% Tween 20 (T-TBS) followed by
incubation for 1 h at RT with the anti-sea bass NF- kB p65
rabbit serum diluted in blocking buffer (1:500) (49).
Immunoreactive bands were detected using alkaline
phosphatase-conjugated secondary antibodies (1:0000) and
nitrobluetetrazolium-5-bromo-4-chloro-3-indolylphosphate
(NBT/BCIP) (Promega).

Caspase 3-Active

The caspase 3-active assay was performed for each AA treatment
in cells stimulated for 1, 3, and 6 h with AIP56. Cells without
stimuli were used as control. The assay kit (Abcam) quantifies
the cleavage of a substrate by caspase 3 or related caspases.
The fluorescence (Ex/Em= 400/505 nm) was read and the
fold-increase in caspase 3 activity was determined by
comparing with the level determined in unstimulated cells
cultured with L-15.

Gene Expression

Total RNA was extracted from cells collected for innate immune
response and apoptosis as following. After supernatant
collection, wells were washed with HBSS and 50 pl of NZYol
(NZYTech) reagent was added to each well, RNA was isolated
following the manufacturer’s indications (NZY Total RNA
Isolation kit) and resuspended in free nuclease water
(NZYTech). RNA was quantified using the DS-11
Spectrophotometer (DeNovix) and samples were treated with
DNase using RQ1 RNase-free DNase kit (Promega) following the
manufacturer’s indications. First-strand cDNA was synthesized
with NZY First-Strand ¢cDNA Synthesis Kit (NZYTech).
Quantitative PCR assays and primer design (Table 1)
were performed as described by Machado et al. (24). The
expression of the target gene was normalized using the average
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TABLE 1 | Forward and reverse primers for real-time PCR.

Acronym Gene Gene Bank ID Eff' AT?  Product Ienght3 Forward primer sequence (5’-3’) Reverse primer sequence (5-3) Trial
eflo Elongation factor 1o AJ866727.1 96.45 57 144 AACTTCAACGCCCAGGTCAT CTTCTTGCCAGAACGACGGT Housekeeping
40s 408 ribosomal protein HE978789.1 93 55 79 TGATTGTGACAGACCCTCGTG CACAGAGCAATGGTGGGGAT Housekeeping
inp Interleukin 1 B AJ311925 96.70 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT Both trials
mtor Mechanistic target of rapamycin DLAgn_00134190  127.25 55 848 CAGAACCAAGGACGTGACGA TGGTAGTAGAGGTCCCAGGC Both trials
iI8 Interleukin 8 AM490063.1 102.87 55 140 CGCTGCATCCAAACAGAGAGCAAAC  TCGGGGTCCAGGCAAACCTCTT Both trials
tnfor Tumor necrosis factor a DQ070246.1 108.81 55 12 AGCCACAGGATCTGGAGCTA GTCCGCTTCTGTAGCTGTCC Both trials
amd1 Adenosylmethionine Decarboxylase 1 KM225770 118.64 57 63 CTGACGGAACTTACTGGACCATC CGAAGCTGACGTAGGAGAACTC Both trials
sms Spermine synthase DLAgn_00042290  111.71 55 132 GCACCTTTGGTTTCTCCTGA AACTCAGTCCCACAGGGTTG Both trials
dnmt1 DNA methyltransferase 1 DLAgn_00191600  84.37 60 193 ATGGCTTCACAAATGGCTCT GATGGCTGTTTCCCACTGTT Both trials
dnmt3a DNA methyltransferase 3a DLAgn_00025050  79.08 60 126 AAGTGGAAGATGGAGGCAGA AGGCGATGGGTGTTTGATTA Both trials
dnmt3b DNA methyltransferase 3b DLAgn_00125770  79.08 60 172 AAGCCCAAAGAAGGAGAGGA GCAGGTTTCCCCAGAAGTATC Both trials
ido2 Indoleamine -dioxygenase 2 DLAgn_00014730  108.20 55 74 TGAAGGTGTGAGCAATGAGC CAAAGCACTGAATGGCTGAA Both trials
afmid Arylformamidase-like DLAgn_00177950 128.26 55 12 CGTTTCCACCTGTTTGACCT CCTAGCCTGCTGAAGGACTG Both trials
i16 Interleukin 6 AM490062.1 13462 55 81 AGGCACAGAGAACACGTCAAA AAAAGGGTCAGGGCTGTCG Immune
ilno Interleukin 10 AM268529.1 116.00 55 164 ACCCCGTTCGCTTGCCA CATCTGGTGACATCACTC Immune
il3r Interleukin 13 receptor KT809426.1 100.6183 55 118 AGGAACCGATGGAGTGAGTG CCATAGCCATACCGCTTCAT Immune
cox2 Cyclooxygenase 2 AJB30649.1 81.30 61 160 CATTCTTTGCCCAGCACTTCACC AGCTTGCCATCCTTGAAGAGTC Immune
infy Interferon y FQ310507.3 118.3801 55 194 GTACAGACAGGCGTCCAAAGCATCA  CAAACAGGGCAGCCGTCTCATCAA Immune
odc Ornithine decarboxylase KM225771 111.71 60 69 GGGCTGTAGTTATGACACTGGCATCC GCTGAATCTCCATCTTGCTTGCACAGT  Immune
arg2 Arginase 2 KM225768.1 90.25 57 145 TTGGCGACCTCAACTTCCAC CCCAGCATGACAAGGGTGTG Immune
sod Superoxide dismutase CX660893.1 103.0254 55 71 GGAGAGTGATTCAGCCCCTG GGAAACCATGCTCACCAGGA Immune
nf-xkb Nuclear Factor Kappa B DLAgn_00239840  113.28 55 136 GCTGCGAGAAGAGAGGAAGA GGTGAACTTTAACCGGACGA Apoptosis
p65 Nuclear factor NF-kappa-B p65 subunit DLAgn_00141590  97.63 62 204 GTGTGGTTTGTGTTGCCTTG CCCTGAACCCATCTCGACTA Apoptosis
casp3 Caspase 3 DQ345773.1 130.10 55 235 CTGATTTGGATCCAGGCATT CGGTCGTAGTGTTCCTCCAT Apoptosis
casp8 Caspase 8 DLAgn_00001990  107.71 60 140 CCGATGTTCTGGTAGCCATT GAGGATGGTGGTCATGTCGT Apoptosis
casp9 Caspase 9 DLAgn_00133660 103.73 60 127 TCTTGAGGAAAATGCGGTTA TTTGCGGAGGAAGTTAAAGG Apoptosis
stat3 Signal transducer/activator of transcription 3 DLAgn_00192560  110.68 55 275 GACATCAGCGGAAAGACCCA GGGGTGACGCAGATGAACTT Apoptosis

"The efficiency of PCR reactions was calculated from serial dilutions of tissue RT reactions in the validation procedure.

2Annealing temperature (°C).
SAmplicon (bp).
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expression of European seabass elongation factor 1ot (eflo) and
the 40s ribosomal protein (40s). The target genes were selected
according to the goal of each trial, direct immune mechanisms or
apoptosis signaling. PCR efficiency and relative expression ratio
of target gene in experimental groups versus those in control
groups were calculated according Pfaffl method (50).

Statistical Analysis

All results are expressed as mean * standard deviation (mean *
SD). Data were analyzed for normality (Shapiro-Wilk’s W' test)
and homogeneity of variance (Levene’s test) and, when necessary,
transformed before being treated statistically. Data were analyzed
by one-way (MTT assay) or multifactorial ANOVA, with AA,
time, and stimulus as factors, and followed by Tukey post-hoc test
to identify differences between the experimental treatments. All
statistical analyses were performed using the computer package

0.6

a
ab
I I b

0.4 b
Mlx M2x Tlx T2x

b
0 I
L-15

FIGURE 2 | Cell viability after 24 h incubation with the different AA
treatments. Values are presented as means + SD (n = 12). P-values from
one-way ANOVA (p-value = 0.001). Tukey post hoc test was used to identify
differences in the experimental treatments. Different letters indicate differences
among AA treatments.

OD 560 nm
o o
o Y

=3

STATISTICA 12 for WINDOWS. The level of significance used
was p < 0.05 for all statistical tests.

RESULTS

MTT Assay

After 24 h incubation of HKL with the different AA
concentrations, the cell viability of the leucocytes cultured with
M2x was increased compared to the control (L-15) as indicated
by the different lower case letters in Figure 2. Tryptophan
treatments (T1x and T2x) failed to alter HKL viability
compared do L-15.

Immune Response

ATP Production

All AA treatments presented higher ATP concentrations in
response to PhdpUV compared to @ and LPSPhdp after 4 h
while at 24 h of incubation, only L-15 cells displayed higher ATP
when incubated with PhdpUV than those incubated with
LPSPhdp (capital letters in Figure 3). Methionine-treated cells
(M1x and M2x) failed to alter ATP production compared to the
control medium (L-15). Nevertheless, and as previously
described ATP concentration was significantly increased in
both methionine doses (M1lx and M2x) in response to
PhdpUV compared to the remaining stimulus at 4 h, with this
production significantly decreasing at 24 h for the M1x. Similarly
to methionine treatments, both T1x and T2x failed to increase
ATP production in response to LPSPhdp compared to @ whereas
an increase of its production in response to PhdpUV at 4 h was
observed. In fact, the higher tryptophan dose (T2x) showed the
same pattern (increase of ATP production in response to
PhdpUV compared to @) after 24 h of incubation. Finally, as
pointed by the different lower case letters, T1x and T2x incubated
for 4 h with PhdpUV presented a lower ATP concentration than
cell culture in L-15 at the same time and stimuli.

nmoles/well ATP
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B B
08 B
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4h 24h 4h 24h dh 24h 4h
o LPSPhdp =~ PhdpUV o

L-15

LPSPhdp PhdpUV [}
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| ‘ | ‘ | ‘
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FIGURE 3 | Extracellular ATP concentration in the supernatant of HKL subjected to the experimental treatments. Values are presented as means + SD (n = 6).
P-values from multifactorial ANOVA (p-value < 0.001). Tukey post hoc test was used to identify differences between the experimental treatments. Different low case
letters indicate differences among AA treatments at the same time and stimuli, while capital letters denote statistically significant differences between stimuli, within
the same AA treatment, at the same time. An asterisk indicates differences between times with the same stimulus.
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FIGURE 4 | Extracellular TAC (total antioxidants concentration) in the supernatant of HKL subjected to the experimental treatments. Values are presented as means +
SD (n = 6). P-values from multifactorial ANOVA (p-value < 0.001). Tukey post hoc test was used to identify differences in the experimental treatments. Capital letters
denote statistically significant differences between stimuli, within the same AA treatment, at the same time.

TAC Concentration

Results on TAC, presented in the Figure 4, were organized by
stimulus contrary to the previous figure in order to properly
point to the observed difference. A single significant increase in
the total antioxidants was observed in the supernatant of HKL
subjected to PhdpUV, regardless of exposure time and AA
treatment, compared to the remaining stimulus.

Polyamines Concentration

Since methionine has a recognized role in the polyamine
biosynthesis pathway and no direct effect of tryptophan is
expected, the assay was only performed in cells incubated with
L-15, M1x, and M2x after 48 h stimulation with PhdpUV or
unstimulated (@) (Figure 5). In the absence of an immune
stimulus (@) cells cultured with M2x showed the ability to

aA
a

14
12
8
6 b
. bB

i :
; £
o [

o

a
o PhdpUV PhdpUV o PhdpUV
L-15

UM Polyamines
S

Mix M2x

FIGURE 5 | Extracellular polyamines concentration in the supernatant of HKL
subjected to the experimental treatments. Values are presented as means +
SD (n = 6). P-values from multifactorial ANOVA (p-value = 0.048). Tukey post
hoc test was used to identify differences in the experimental treatments.
Different low case letters indicate differences among AA treatments at the
same stimuli, while capital letters denote statistically significant differences
between stimuli within the same AA treatment.

increased polyamine production compared to L-15, while M1x
failed to do so (lower case letters). Besides that, upon immune
stimulation by PhdpUV incubation for 48 h, both methionine
doses, M1x and M2x, showed a higher polyamine production
than those incubated in the standard medium, L-15.

NO Production

Nitric oxide production is presented in Figure 6. The NO
production in response to the different stimuli was modulated
in both methionine doses. Both methionine treatments, M1x and
M2x, presented higher NO production in response to PhdpUV
than L-15 treatment, regardless of incubation time, while
tryptophan failed to show any alterations compared to L-15
(lower case letters). In fact, in response to PhdpUV and
regardless time of exposure, M1x enhanced NO concentration
compared to @, while M2x-treated cells and stimulated with
PhdpUV showed increased NO production compared to both @
and LPSPhdp (capital letters).

Gene Expression
Gene expression results are presented in Supplementary Table 1.
In response to stimuli, the mRNA transcripts of il13 and dnmtl
were up-regulated in HKL exposed to PhdpUV compared to the
remaining stimulus, regardless of AA treatment and time

When looking to the methionine treatments, the highest
medium supplementation (M2x) led to an increase of the
overall expression of dnmtl when compared to the reaming
AA treatments and disregarding stimuli or time of exposure
(Figure 7A). Also, in response to PhdpUV, M2x treated-cells
presented a significant up-regulation of tnfor (Figure 7B) and odc
(Figure 7C) compared to both L-15 and M1x (lower case letters).
In fact, this cells (M2x-cultured cells exposed to PhdpUV,
regardless time) presented a significantly higher expression of
tnfa and odc compared to LPSPhdp or @, respectively (capital
letters). Methionine surplus (M1x and M2x) also increased sms
(Figure 7D) mRNA expression when stimulated with LPSPhdp,

Frontiers in Immunology | www.frontiersin.org

55

March 2021 | Volume 12 | Article 660448


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

Machado et al.

Amino Acids Role in Immunity

140

120

m

96h  72h 96h  72h
LPSPhdp | PhdpUV
Mix

i”

72h 96h  72h 96h 72h  96h 72h
LPSPhdp = PhdpUV

L-15

96h  72h

A

720 96h | 72h
LPSPhdp = PhdpUV

96h

mllil il

96h | 72h 96h 72h 96h 72h 96h 72h 96h 72h 96h 72h 96h
LPSPhdp = PhdpUV LPSPhdp  PhdpUV
M2x Tix T2

FIGURE 6 | Extracellular nitric oxide concentration in the supernatant of HKL subjected to the experimental treatments. Values are presented as means + SD
(n = 6). P-values from multifactorial ANOVA (p-value = 0.009). Tukey post hoc test was used to identify differences in the experimental treatments. Different low case
letters indicate differences among AA treatments while capital letters denote differences between stimuli.

compared to L-15. Also, the same treatments (Mlx and M2x
LPSPhdp) presented an improved expression compared to both
unstimulated (@) and PhdpUV (capital letters).

Regarding tryptophan medium supplementation, HKL
showed an up-regulation of the anti-inflammatory gene il10
(Figure 7E) with the higher tested dose (T2x) presenting
increased expression compared to M1x and M2x. However, as
perceived by the different capital letters in Figure 7F, the highest
tryptophan dose, T2x, up-regulated arg2 transcripts in response
to PhdpUV compared to the remaining AA treatments, and its
unstimulated and LPSPhdp counterparts (capital letters).
Additionally, T2x-treated cells showed an increase in time of
ido2 (Figure 7G) expression in response to PhdpUV with a
significantly higher expression compared to all the remaining AA
treatments (lower case letters) and its equivalents stimulated
with LPSPhdp and @ after a 24 h incubation (capital letters).

Apoptotic Response

Amino Acids on AIP56 Cleaving Activity of the p65
Subunit

A total of four fish were used to test the activity of the AIP56 in
the presence of the highest AA treatments by the evaluation of
the p65 cleavage, as presented in Figure 8. Similarly to L-15, both
M2x and T2x did not hampered AIP56 activity on p65 of HKL as
seen by the lower detection in leucocytes incubated with the
toxin. Figure 8 presents the results of two biological replicate.

Caspase-3 Active

A fold-change of caspase 3 activity relative to the unstimulated
cells cultured with L-15 at 1 h was performed and presented in
Figure 9. The activity of caspase 3 was evaluated in cells cultured
with the different AA concentrations after 1, 3, and 6 h of
stimulation with AIP56 or in the absence of the stimulus. No
statistical modulation of caspase 3-activity was observed by
methionine supplementation compared to L-15 and, despite

the clear tendency, the expected increase of caspase 3- activity
in response to AIP56 was not observed when compared to @,
which could be explained by the relative high activity in
methionine unstimulated (@) treatments (Figure 8). In the
case of tryptophan, higher activity of caspase 3 was observed in
HKL incubated with both supplementation levels, T1x and T2x,
relative to L-15 and regardless of time or stimulus (lower case
letters). Moreover, indicated by the capital letters, cells cultured
in L-15, T1x, and T2x presented an increase of caspase 3- activity
in response to AIP56.

Gene Expression

Due to the amount of data resulted from the gene expression, all
data regarding is presented in Supplementary table 2 including
the main effects of the tested factors and the possible interactions.

In response AIP56 stimuli, was observed a down-regulation of
the nf-kf regardless of AA treatment and time, while increasing
the expression of ilIf3 at 1h of exposure, regardless of AA
(Supplementary Table S2). Additionally, L-15- incubated cells
showed increased casp3 expression at 3 h in response to AIP56
(Figure 10A), compared to @ at the same time. L-15 cells showed
increased mtor, amdl, and dnmt3b expression at 3 h compared to
1 and 6 h (Supplementary Table S2).

A general increase in the expression of pro-inflammatory
genes, as il1 3, nf-xb, and il8 was found in response to methionine
medium supplementation. Irrespective of stimuli, the expression
of the pro-inflammatory signals nf-xb (Figure 10B) and il8
(Figure 10C) was higher in Mlx and M2x after 3 h,
respectively, compared to L-15 and with both genes presenting
a peak of expression at 3 h. M2x also showed higher amdI at 3 h,
regardless of stimuli, and mtor was also found higher in M1x-
treated cells at 3 h (Figure 10D). In response to AIP56, both
methionine supplementation levels (M1x and M2x) allowed
HKL to increase il1f3 (Figure 10E) transcripts compared to L-
15 while decreasing the expression of casp3 at 3 h (Figure 10A).
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HKL incubated in a rich-tryptophan medium showed
modulation of key apoptotic, catabolism, and nutrient sensing-
related genes. Regardless of stimuli or incubation time, the
expression of p65 (Figure 10F) and afmid (Figure 10G) were
down-regulated in both tryptophan levels and T1x, respectively,
relative to L-15, while dnmt3b (Figure 10H) expression was
down-regulated specifically at 3 h. Also, unstimulated (@) HKL
cultured with T2x showed lower sms mRNA expression than
HKL cultured with T1x and L-15 (Supplementary Table S2).
Moreover, T2x showed decreased amdl expression at 3 h and
increased mtor expression at 6 h, which presented a peak of
expression at that time (Supplementary Table S2). In response
to AIP56, casp3 (Figure 10A) transcripts were down-regulated at
3 hin Tlx and T2x compared to L-15, while casp8 (Figure 10I),
was found increased in Tlx at 6 h incubation with AIP56
compared to all treatments.

DISCUSSION

The potential of methionine and tryptophan supplementation in
the response of HKL upon immune stimulation with LPS-
extracted and UV-inactivated Phdp was studied in vitro.

Moreover, the HKL apoptosis instigated by AIP56 toxin was
evaluated. The following discussion was assembled in order to
individually debate each AA effect on the direct immune
mechanism in response to the stimulus, on the AA-related
pathways with close association with the innate mechanisms,
and apoptotic signals.

The present study showed that, regardless of AA treatment,
cell immune responses were not triggered following exposure to
LPSPhdp. Most changes were observed in response to PhdpUV
challenge, both at functional and transcriptional levels. Indeed,
cultured cells exposed to LPSPhdp exhibited only one difference
compared to the unstimulated cells in an AA surplus scenario
(discussed later) while being generally surpassed by the PhdpUV
effect. In response to PhdpUV, HKL increased il1f3 and dnmtl
expressions, regardless AA treatment. IL1f3 is the key mediator of
the inflammatory response produced by activated macrophages
(51) and DNMT1I is an enzyme that catalyzes the transfer of
methyl groups derived from SAM to specific CpG structures of
the DNA regulating gene expression (18). Together with il13and
dnmt]l mRNA expressions, an increase of extracellular ATP and
antioxidant concentrations (TAC) was observed in the HKL
cultured in standard L-15 in response to PhdpUV
comparatively to LPSPhdp. Increasing levels of extracellular
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ATP and antioxidant production are expected during
inflammatory conditions (52, 53) since ATP acts as an
inflammatory mediator during inflammation in macrophages
(53). Also, antioxidants production are increased in response to
inflammatory stimuli as a direct response to the enhanced
production and release of reactive oxygen species (52).
Likewise, the absence of pro-inflammatory indicators
increment in response to LPSPhdp compared to the PhdpUV
may point to other bacterial components rather than LPS that
may be responsible for the observed response. Actually, the
expected level of LPS within the PhdpUV inoculum at a
concentration of 1 x 10° CFU ml™ was 0.006 pg ml™, a value
significantly lower than the 10 pg ml"' LPS inoculum in
LPSPhdp. Additionally, LPS recognition mechanisms by most
teleost fish are still unknown, and there seems to be a lack of
membrane receptor (i.e. Toll-like receptor) able to recognize LPS
and induce inflammation (54). Indeed, Bi et al. (55) proposed the
use of other strategies, such as outer membrane vesicles
produced by Gram-negative bacteria, to serve as vehicle for
LPS introduction to the intracellular host environment. These
authors observed that, similarly to mammals, fish cytoplasmic
NODL1 receptor is able to recognize LPS activating the NF- kB
signal pathway and concomitant expression of pro-inflammatory
signals. Hence, the limited effects observed in the present work
upon purified LPS cell-stimulation could be explained by the lack
of an intermediary vehicle to deliver LPS into the cell
cytosol (56).

AIP56 is an exotoxin secreted by virulent Phdp and induces
apoptotic macrophages death (57), impairing the host’s
phagocytic capacity. Moreover, NF-xB, a key transcriptional
factor in the initiation of inflammation (58), is the central
target of cleavage by AIP56 (49). In the present work, the
effectiveness of the toxin regardless AA treatment was
confirmed by Western blot that displayed AIP56 ability to
cleave the NF- kB- p65 subunit, together with a significant
reduction of nf-xb expression.

Methionine

In the present study, cultured cell viability was improved after
24 h incubation with a medium containing two times more
methionine than the L-15 medium. The role of methionine in
polyamine biosynthesis (19) has been proven to enhance
European seabass leucocyte proliferation and response to
infection in vivo (11, 14). Nonetheless, since proliferation and
differentiation capacity of the present HKL cultured cells is very
limited or even absent, increased viability strictly point to a
potential improvement of cell fitness. A noteworthy finding is
that both methionine supplementation levels led to an increase of
polyamines cellular content after 48 h incubation period in
response to PhdpUV. Moreover, the highest methionine
supplementation level (i.e. M2x) presented increased
polyamine content even in the absence of stimulus, together
with the up-regulation of dnmt1, an enzyme that has a key role in
the regulation of gene expression (18). In fact, recent in vivo
study performed in European seabass juveniles (14) point to

methionine surplus ability to increase the concentration of
circulating leucocytes and neutrophils after 15 days of feeding.
This supports the methionine-availability aptitude to modulate
both aminopropylation (18) and methylation pathways (19) in
the absence of immune stimuli.

Nevertheless, in response to an immune challenge, as
LPSPhdp, both methionine supplementation levels improved
sms mRNA expression. Spermine synthase, coded by sms, is an
enzyme responsible for the conversion of polyamine spermidine
into spermine. Moreover, when the immune insult was PhdpUV,
HKL cultured in methionine-rich medium (M2x) were able to
increase odc expression. Ornithine decarboxylase, coded by od,
is responsible for decarboxylation of ornithine to putrescine in
the polyamine pathway also in macrophages (59). Also, an
increase of tumor necrosis factor, tnfo, was observed. TNFo
presents critical cell functions in cell proliferation, survival,
differentiation, and apoptosis, with macrophages as major
producers (60). It is then hypothesized that, together with an
improvement of immune functions, modulation of methionine-
related pathways, more precisely the aminopropylation and
methylation routes, were stimulated. This agrees with previous
in vivo studies that demonstrated an improvement of cellular
immune status and immune response following an inflammatory
insult, with modulation of the methionine-related polyamine
biosynthesis pathway (11, 14). Moreover, both methionine-
supplementation levels led to an improvement of NO
production in response to inactivated bacteria (PhdpUV)
compared to the control medium. Also, M1x and M2x were
the only treatments that increased NO production in response to
both unstimulated and LPSPhdp groups. As previously observed
by Azeredo et al. (16) in response to UV-inactivated Vibrio
anguillarum, the increased NO production in response to
PhdpUV could be related to methionine ability to indirectly
modulate respiratory burst mechanisms. As cysteine precursor,
and consequently precursor of the free radical scavenger
glutathione, methionine could have an important role in redox
potential modulation (9).

When the apoptotic mechanisms were induced by the
bacterial exotoxin AIP56 (57), methionine supplementation led
to a down-regulation of casp3 compared to the control after 3 h
of stimulus, in spite of overall high caspase 3- activity (non-
significant). Despite that, the decreased expression of casp3 was
accompanied by the higher expression of nf-kb in M1x-cultured
cells at 3 h, regardless of stimulus. Caspase 3 is an apoptotic
executioner caspase, triggered by the resulting chain reaction of
the formerly activated initiator caspases (e.g. caspases 8 and 9)
(61). Also, as previously discussed, NF-kB cleavage by AIP56
action (49) and may impair key inflammatory mechanisms such
as the transcription of DNA and cytokine production (58),
leucocyte recruitment, and cell survival (62). Knowing that in
vitro methionine deprivation induces apoptosis (63, 64), it was
considered that by the improvement of overall cell fitness,
sustained by the increase of cell viability, polyamine content,
NO production and increased expression of TNFo as well as
methionine metabolism-related genes in response to and
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immune stimuli (LPSPhdp or PhdpUV), methionine
supplementation may have contributed to the decrease of
apoptotic signals, possibly alleviating AIP56-induced apoptosis
signals. In fact, the expression of the cytokine IL1P, a pro-
inflammatory cytokine induced by the NF-«B (39), was found
increased in response to AIP56, showing signs of higher activity
of the transcription factor.

Overall, present results point to an improvement of HKL
immune response by methionine medium supplementation,
mostly at the highest supplementation level (i.e. 1.5 mM). It is
then proposed that the effects observed in recent in vivo works,
where dietary methionine supplementation was able to enhance
European seabass immune status and inflammatory machinery
(11, 12, 65), rely on the amelioration of the pathways related to
methionine catabolism, with a strict relationship with the
leucocyte response, as the aminopropylation (18) and
methylation pathways (19). Finally, the overall improved cell
status in the methionine-supplemented medium seems to be in
accordance with the protection against the apoptotic agent
AIP56, and could be essential for the improvement of disease
resistance against Phdp, as previously observed by Machado
et al. (14).

Tryptophan

Despite the tendency to reduce, the culture-medium
supplementation of tryptophan during 24 h did not affect cell
viability. Tryptophan involvement in the immune system relies
mostly on the suppressor role of its metabolites, and despite a
reduction of NO production was expected (16, 66), only a
reduction of the extracellular ATP was detected in response to
PhdpUV. The ATP released by the inflammatory cells acts as a
pro-inflammatory autocrine/paracrine purinergic signal (67)
and, by tryptophan supplementation, this indicator was
reduced. Macrophages can be differentiated into distinct
groups according to not only the inductor of differentiation
but also to the inflammation stage and perceived signals (30,
35). Commonly baptized as SHIP [Sample, Heal (M2), Inhibit
(M1), and Present (antigen)] (33), macrophages present some
plasticity regarding their state, and type 2 macrophages (M2) are
associated with the healing and repair phase of the inflammation.
In the present study, HKL cultured in tryptophan enriched
environment expressed more M2/repair type genotype, as
suggested by the increased expression of arginase 2 (arg2) in
response PhdpUV. Also, despite non-significant, a tendency to
increase the expression of the anti-inflammatory cytokine
interleukin 10 (il10) in response to LPSPhdp of T2x-treatmed
cells compared to L-15 was observed. Polarized M2 macrophages
are known to produce large quantities of ilI0 (35, 68) and
ornithine generated from arginase is associated with M2
phenotype (31). Despite contradictory, the specific function of
the IDO enzyme is believed to be anti-inflammatory, as reviewed
by Yang and Ming (69). Accordingly, in the present study,
changes in the expression of ido2 were also perceived. The
indoleamine dioxygenase 2 enzyme mediates tryptophan
catabolism by the kynurenine pathway in macrophages and
relies on both tryptophan availability (5) and induction by an

inflammatory stimulus (25). Thus, as expected, ido2 was up-
regulated in the higher tryptophan medium (T2x) after 24 h
exposure to PhdpUV while LPSPhdp failed to induce expression.

In response to AIP56, cells cultured in tryptophan-
supplemented medium (both T1x and T2x) presented an
increase of caspase 3 activity relative to the control cells (L-15
medium cultured HKL). Curiously, the expression of casp3, an
executioner caspase, was down-regulated relative to L-15 at 3 h of
stimulus, while expression of mtor, which is involved in cell
proliferation, was induced at 6 h in T2x-culture cells. It can be
speculated that the apoptotic mechanisms were empowered by
tryptophan surplus since, together with caspase 3 activity, the
initiator caspase 8 expression increased at 6 h in cells cultured with
T1x. The immunosuppressive role of tryptophan surplus is further
supported by the observed down-regulation of amdI (19), sms,
and dntm3b (18), which are genes with key roles in the support of
cell proliferation and differentiation. Moreover, the expression of
the target of AIP56 cleavage associated protein, the p65 subunit,
which is involved in the translocation and activation of NF-xB,
was also down-regulated by tryptophan supplementation. Despite
most differences presented in this study included both
unstimulated and AIP56-stimulated cells, results seem to point
to some level of aggravation of cell capacity to respond to AIP56
by tryptophan surplus.

Tryptophan supplementation above the level present in the L-
15 medium, points to an attenuated inflammatory response,
mostly sustained in the heal/repair extend of the immune
system. Despite the lack of changes in the modulation of genes
related to AA pathways, it is hypothesized that those
mechanisms could have been prompted to sustain the
M2/healing type of response to both LPSPhdp and PhdpUV.
Some recent in vivo evidence indicates that the dietary
supplementation of tryptophan in European seabass
compromises leucocytes’ inflammatory response to UV-
inactivated (11-13) and live Phdp, ultimately jeopardizing fish
disease resistance to the pathogen (24). This is in agreement with
the general increase of apoptotic indicators and compromised
immune response to AIP56 in the cultured cells.

An Integrated View of the Different Roles
of Methionine and Tryptophan
The range of metabolic pathways that are dependent on a proper
supply of specific AA unveils their importance in the support of
metabolism and health (70). Immune homeostasis, which
comprises host capacity to recognize, properly respond, and
repair, relies on the adequate supply of specific AA. All these
mechanisms are highly controlled and each pathway is initiated
or inhibited according to numerous perceived signals.
Nonetheless, specific AA can have a lead role in the pro-
inflammatory part of the event (e.g. methionine) while others
seem to play a more important role in the resolution of
inflammation (e.g. tryptophan), presenting both the same
importance in the overall immune response.

On the one hand, this was evident in the present study with
methionine improving cell viability and polyamine production
necessary for cell proliferation (19). These observations were
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accompanied by the increased expression of pro-inflammatory
and methionine-related pathways indicators. With the increased
expression of DNMT1 and up-regulation of sms and odc, the
modulation of the methylation and aminopropylation pathways,
respectively, are displayed. Finally, improved cell responses to an
inflammatory agent were accompanied by lower signals of
apoptosis by AIP56 with higher impression of pro-
inflammatory indicators compared to the control treatment.

On the other hand, immune tolerance is of great importance,
specifically in the limitation of self-damage and tryptophan
seems to present a key role in such response. Most
tryptophan-dependent pathways associated to the immune
system are related to the assemblage of anti-inflammatory
machinery. In macrophages, tryptophan consumption through
the kynurenine pathway is catalyzed by IDO (71). In fact, IDO2
expression was found increased by tryptophan surplus and
seemed to have induced signs of macrophages anti-
inflammatory phenotype (i.e. high expression of arginase 2,
arg2, in response to LPSPhdp) (68). Likewise, when submitted
to AIP56 induced-apoptosis, cultured cells incubated with
tryptophan presented increased signs of apoptosis and reduced
expression of a critical regulator of immune and inflammatory
responses (i.e. NF-xB P65), as well as proliferation and
differentiation indicators (e.g. SMS, AMD1).

To conclude, in the present study it was specifically showed that
methionine and tryptophan have their distinct roles in immune
response, with different and contrasting outcomes by the
modulation of individual key pathways. Methionine seems to
positively contribute to the progress of inflammation, improving
the underlying mechanisms activated in response to an
inflammatory agent and lowering signals of apoptosis by AIP56,
whereas tryptophan seems to presented a clear role in the tolerance
process responsible for restriction of the pro-inflammatory cluster
of the immune response. This is supported by the several signals of
an attenuated inflammatory response to PhdpUV and lowered cell
resilience to AIP56.
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An effective replacement for fish meal (FM) and fish oil (FO) based on plant-based raw
materials in the feed of marine fish species is necessary for the sustainability of the
aquaculture sector. However, the use of plant-based raw materials to replace FM and FO
has been associated with several negative health effects, some of which are related to
oxidative stress processes that can induce functional and morphological alterations in
mucosal tissues. This study aimed to evaluate the effects of dietary oligosaccharides of
plant origin (5,000 ppm; galactomannan oligosaccharides, GMOS) and a phytogenic feed
additive (200 ppm; garlic oil and labiatae plant extract mixture, PHYTO) on the oxidative
stress status and mucosal health of the gills of juvenile European sea bass (Dicentrarchus
labrax). The experimental diets, low FM and FO diets (10%FM/6%FO) were supplemented
with GMOS from plant origin and PHYTO for 63 days. GMOS and PHYTO did not
significantly affect feed utilization, fish growth, and survival. GMOS and PHYTO
downregulated the expression of B-act, sod, gpx, cat, and gr in the gills of the fish
compared with that in fish fed the control diet. The expression of hsp70 and ocin was
upregulated and downregulated, respectively, in the GMOS group compared with that in
the control group, whereas the expression of zo-7 was downregulated in the PHYTO
group compared with that in the GMOS group. The morphological, histopathological,
immunohistochemical, and biochemical parameters of the fish gills were mostly unaffected
by GMOS and PHYTO. However, the PHYTO group had lower incidence of lamellar fusion
than did the control group after 63 days. Although the tissular distribution of goblet cells
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Phytogenics and Prebiotics Protect Fish Gills

was unaffected by GMOS and PHYTO, goblet cell size showed a decreasing trend (—11%)
in the GMOS group. GMOS and PHYTO significantly reduced the concentration of PCNA+
in the epithelium of the gills. The above findings indicated that GMOS and PHYTO in low
FM/FO-based diets protected the gill epithelia of D. labrax from oxidative stress by
modulating the expression of oxidative enzyme-related genes and reducing the density
of PCNA+ cells in the gills of the fish.

Keywords: European sea bass, gill morphology, oxidative stress, functional diets, prebiotics, phytogenics,

low FM/FO diets

INTRODUCTION

The interaction between gill mucosal epithelia and the external
environment is complex and highlights the importance of this
tissue as an organ of defense against a wide range of hazards,
including stress and physicochemical and biological alterations
(1, 2). Gill epithelia facilitate respiration by separating blood
circulation from external media through an exceptionally thin
epithelium, which is composed mainly of two cell types,
pavement cells (PVCs) and mitochondria-rich cells (MRCs)
(3). PVCs provide physical protection and are involved in gas
and osmotic exchange, as well as in acid-base regulation (1, 4-6).
MRC:s are involved in active ion transport and regulation, gas
exchange, and maintenance of blood acid-base balance (1).
These cells are characterized by a mitochondria-rich cytoplasm
and the presence of an extensive tubulovesicular system located
in the apical region of the cell, where the Na'/K"-ATPase
transporter enzyme is located (6, 7). When challenged, both
types of cells can gain functionality with respect to their
structural roles and anatomical localizations (3). Gill associated
lymphoid tissue (GIALT) is composed mainly of B cells, T cells,
eosinophilic granulocytes, macrophages, neutrophils, and goblet
cells, and contains several humoral immune-related molecules
(2, 8). Like other mucosal immune systems, the gill has an
associated microbiota; however, because of the nature of this
tissue, microbial colonization seems to be restricted to protected
areas (gaps between pharyngeal arches and lamellae) (9).

Reared fish are exposed to several natural and induced
stressors, some of which produce reactive oxygen species and
nitrogen species (RONS), which can induce physiological and
morphological alterations (10), especially in susceptible mucosal
tissues, including fish gills. Histopathological gill lesions are
considered a good indicator of oxidative stress-inducing factors
such as xenobiotics (11-15).

Oxidative stress results from an imbalance between the levels
of RONS and the capacity of the antioxidant defense system to
cope with them (16). This imbalance triggers the oxidation of
essential biomolecules and favors multiple disease conditions
(17). Similar to higher vertebrates, the methods for fish
antioxidant defenses include enzymatic mechanisms and non-
enzymatic endogenous and exogenous compounds (18).
Superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPX) are the main antioxidant enzymes that
constitute the first line of defense against oxidative stress and
have been traditionally used as indicators of the antioxidant status

of an organism (19). Moreover, proteins, such as heat shock
proteins (HSPs), play a cytoprotective role against oxidative stress
by initiating protein folding, repair, and degradation of
irreparable proteins, as well as regulating the endogenous
generation of reactive species via a modulation of the
inflammatory cascade and intrinsic apoptosis processes (20, 21).
However, an increase or inhibition of antioxidant activity can vary
depending on the intensity and duration of the stressors, as well as
on the susceptibility of the exposed fish species (19, 22).

Non-enzymatic endogenous antioxidants, such as uric acid,
tripeptide glutathione, or melatonin (23), and exogenous
antioxidants can be ingested through the diet or as dietary
supplements. Additionally, some dietary compounds that do
not directly neutralize reactive species, but rather enhance
endogenous enzymatic activity, may also be classified as
antioxidants (24).

Under some oxidative/nitrosative stress conditions, such as
those attributed to intensive fish culture practices, dietary
supplementation with exogenous antioxidants such as
vitamins, flavonoids, carotenoids, plant polyphenols, allyl
sulfides, curcumin, melatonin, or polyamines may offer a good
functional strategy to maintain proper levels of RONS (23, 25,
26). Although most of the studies investigating fish oxidative
stress are related to the effects of xenobiotics or pollutants, the
use of functional additives, which are capable of triggering the
fish antioxidant system, has gained attention during the last
decade in aquaculture because of its potential benefit in
preventing diseases and promoting health (17, 27-32).

Among these additives are phytogenic feed additives (PFA),
consisting of highly active plant substances that encompass
much more than essential oils because they include
phytochemical compounds such as saponins, flavonoids,
mucilages or tannins (33). A wide variety of products and
extracts are available; garlic and labiate plant essential oils have
been proven to have antioxidant properties (34) in higher
vertebrates (35-38) and fish (39-43). These antioxidant
capacities are not limited to functional PFA compounds, as
several authors have observed antioxidant properties in other
functional additives such as prebiotics, particularly
glucomannans (19, 44).

However, little is known about how these dietary functional
additives may affect the oxidative status of fish gills and their
associated GIALT function, particularly when they are included
in plant-based fish diets. Thus, the aim of the present study was
to determine the effects of galactomannan oligosaccharides of
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plant origin (GMOS) and a PFA (mixture of garlic oil and
labiatae plant extracts) on the oxidative stress status and
mucosal health of the gills of juvenile European sea bass when
supplemented in low FM/FO diets. For this purpose, structural,
cellular, and oxidative dietary-associated changes were evaluated
using gene expression analyses and optical and electron
microscopy studies.

MATERIALS AND METHODS

Diets

Three low fish meal (10%FM) and fish oil (6%FO)-based diets
were formulated according to commercial standards. One of the
experimental diets was void of the test ingredients (control diet),
while the remaining two contained 5,000 ppm of galactomannan
oligosaccharides (GMOS; Delacon, Austria) and 200 ppm of a
blend of garlic and labiatae-plant oils (PHYTO; Delacon,
Austria), respectively. The diets were formulated to meet the
nutritional requirements of European sea bass. The specific
composition of PHYTO and GMOS cannot be disclosed due to
confidentiality issues because these functional additives are a
prototype of potential commercial products (Delacon internal
product code: SBPMHO01 and SBPMHO02, respectively).

The isoenergetic and isonitrogenous diets were industrially
produced in the BioMar Tech-Centre (Brande, Denmark) using
an extrusion process. To ensure product stability, GMOS was
included in the mix during the pre-extrusion process, whereas
PHYTO was homogenized with dietary oil and included by
vacuum coating during the post-extrusion process. The
stability of the functional products was checked before the
production of the diet and at the beginning of the feeding trial.
The ingredients used in the diets and their proximate
composition are detailed in Table 1.

Experimental Conditions

The study was carried out at the facility of the Parque Cientifico-
Tecnologico Marino (PCTM), University of Las Palmas de Gran
Canaria (Telde, Canary Island, Spain). Healthy juvenile
European sea bass were procured from a local farm
(Aquanaria, Castillo del Romeral, Gran Canaria, Canary
Islands, Spain). The fish were acclimatized for four weeks to
the new environment (6.6-6.1 ppm dissolved O,, 18.2-20.2°C).
Thereafter, the fish (mean weight: 23.02 + 0.67 g; mean length:
11.89 + 0.15 cm) were randomly assigned to nine 500 L (75 fish/
tank) fiberglass tanks at an initial density of 3.5 kg-m®. The tanks
were equipped with an open flow-through water system and the
fish were exposed to natural photoperiod (12L:12D). The fish
were fed three times a day to apparent satiation six days a week
for 63 days. Before final sampling, each fish was anesthetized in
accordance with the regulations of the European Union Directive
(2010/63/EU) and Spanish legislation (RD 53/2013) for animal
experiments. Fish handling was performed under natural clove
oil anesthesia (0.2 ml/L; Guinama S.L; Spain, Ref. Mg83168), and
discomfort, stress, and pain to the experimental animals were
avoided as much as possible during the experiment. For

TABLE 1 | Main ingredients and analyzed proximate composition of the diets.

Ingredients (%) DIETS

CONTROL GMOS PHYTO

Fish meal’ 9.6 9.6 9.6
Soya protein concentrate 18.2 18.2 18.2
Soya Meal 11.6 11.6 1.6
Corn gluten meal 241 241 241
Wheat 8.5 8,0 8.5
Wheat gluten 1.9 1.9 1.9
Guar Meal 7.7 7.7 7.7
Rapeseed extracted 3.0 3.0 3.0
Fish oil® 6.5 6.5 6.5
Rapeseed oil® 5.2 5.2 5.2
Vitamin and mineral premix* 3.6 3.6 3.6
Antioxidant® 0.06 0.06 0.06
Galactomannan oligosaccharides® 0 0.5 0
Phytogenic” 0 0 0.02
Proximate composition (% of dry matter)
Crude lipids 19.91 20.44 20.47
Crude protein 49.30 49.27 49.76
Moisture 5.10 5.01 5.06
Ash 7.02 6.41 6.49
Gross Energy (MJ/kg, as is)® 22.07 2211 2217

'South-American, Superprime 68% (63-68% protein; 8-9.5% lipids). °South American fish
oil. SDLG AS, Denmark. “Vilomix, Denmark. °BAROX BECP, Ethoxyquin. °Delacon
Biotechnik GmbH, Austria. "Delacon Biotechnik GmbH, Austria. ®Determined using a
calorimetric bomb (Eurofins Food & Feed testing, Norway, AS).

sampling, fish were euthanized using an overdose of natural
clove oil (5 ml/L; Guinama S.L; Spain, Ref. Mg83168).

The second and third holobranch from the right basket of the
gill (n = 4 fish/tank) were stored in 4% paraformaldehyde at 4 °C
for 48-72 h before being embedded in paraffin for morphological
and immunohistochemical studies. Portions of the same
holobranchs (central region) were fixed at 4°C in 2.5%
glutaraldehyde and 0.15 M HEPES buffer (pH = 7.4) for
structural studies (n = 3 fish/tank). Sections of the second and
third holobranch from the right basket of the gill were sampled
(n = 4 fish/tank) and stored at —80°C for gene expression
analysis. The Bioethical Committee of the University of Las
Palmas de Gran Canaria approved all the protocols used in the
present study (approval no. 007/2012 CEBA ULPGC).

Proximate Compositions and Gross
Energy of Diets

The proximate compositions of the feed were analyzed according
to standard procedures (45). Dry matter content was determined
after drying in an oven (110°C) to constant weight, and ash
content was determined by combustion in a muffle furnace
(600°C, 12 h). The crude lipids were extracted as described in
Ref. (46) and crude protein content was determined (N x 6.25)
using the Kjeldahl method. The gross energy content of diets was
determined using a calorimetric bomb (Eurofins Food & Feed
testing, Norway, AS).

RT-gPCR Analysis
Total RNA was extracted from the gill samples using TRI-

Reagent (Sigma-Aldrich, Sant Louis, MO, USA) and RNeasy®
mini-Kit (QIAGEN, Germany) according to the manufacturer’s
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instructions. The RNA was quantified by spectrophotometry
(Nanodrop 1000, Thermo Fisher Scientific Inc., USA) and its
integrity evaluated on a 1.4% agarose gel with Gel Red™
(Biotium Inc., Hayward, CA, USA).

Total RNA was reverse transcribed in a 20 pl reaction volume
containing 2 g total RNA, using a ThermoScript TM Reverse
Transcriptase kit (Invitrogen, California, USA), until cDNA was
obtained in a thermocycler (Mastercycle ® nexus GSXI,
Eppendorf AG, Hamburg, Germany) run according to the
manufacturer’s instructions. The samples were then diluted to
1:10 in MiliQ water and stored at —20°C.

An aliquot of cDNA obtained by reverse transcription was
then amplified by Real Time-qPCR using a designed primer set
for each gene. The target genes were: superoxide dismutase (sod),
glutathione peroxidase (gpx), glutathione reductase (gr), catalase
(cat), heat shock protein 70 kilodaltons (hsp70), zonula occludens
1 (zo-1) and occludin (ocln). Primers for the target genes and for
the housekeeping gene (o-tubulin) were designed based on the
cDNA sequences available in the GenBank database for
Dicentrarchus labrax. The GenBank accession numbers and
primer sequences are listed in Table 2.

The Real Time-qPCR was carried out in a final volume of 20 pl,
containing 3 ul of cDNA (100 ng), 10 ul of iTaq Universal SYBR®
Green Supermix (Bio-Rad, Milan, Italy), and 500 nM of each
primer, using CEX96 real-time PCR instrument (Bio-Rad, Milan,
Italy), according to the manufacturer’s instructions. The reaction
thermal conditions were as follows: 95°C for 1 min, then 40 cycles at
95°C for 10 s, and 60°C for 30 s. A blank sample containing
nuclease-free water instead of the cDNA template was included in
each assay as a negative control. Relative expression levels were
calculated using the 2724C method (47), and o-tubulin as
housekeeping gene.

For the AACt calculation to be valid, the amplification
efficiencies of the target and reference gene must be
approximately equal. For this, The CFX Maestro' " Software
(Biorad) was used to calculate the efficiency (E) of each primer set
(Supplementary Figure 1). The same software allowed the

TABLE 2 | Primers used for RT-gPCR.

Gene Accession number Primer Nucleotide sequence (5’- 3’)
sod FJ860004.1 Forward CATGTTGGAGACCTGGGAGA
Reverse TGAGCATCTTGTCCGTGATGT
gpx FMO013606.1 Forward AGTTCGTGCAGTTAATCCGGA
Reverse GCTTAGCTGTCAGGTCGTAAAAC
gr FM020412.1 Forward CACTCGTCACCAAAGACCCA
Reverse GCAATGGCAACAGGTGTGAG
cat FJ860003.1 Forward TGGGACTTCTGGAGCCTGAG
Reverse GCAAACCTCGATCGCTGAAC
hsp70 AY423555.2 Forward GGACATCAGCCAGAACAAGAGA
Reverse GCTGGAGGACAGGGTTCTC
zo-1 MH321323.1 Forward CGGCCTGCAGATGTTCCTAA
Reverse GCTGAGGGAATTGGCTTTGA
ocin MH321322.1 Forward GGACGAAGACGACAACAACGA
Reverse CCATGGGAGAAAGCCTCTGA
o-tub (hk) AY326429.1 Forward AGGCTCATTGGCCAGATTGT

Reverse  CAACATTCAGGGCTCCATCA

hk, housekeeping.

selections of the appropriate reference gene based on the average
M value and analyzes gene stability by means of the reference gene
selection tool (CFX Maestro' " Software User Guide Version 1.1).

To calculate the expression data, we related the PCR signal of
the target transcript in the treatment groups (GMOS and
PHYTO) to that of samples of an untreated control (CTRL),
which was considered as one.

Morphological Studies

For morphological examinations, 4 um transverse and sagittal
gill sections were stained with hematoxylin and eosin (H&E) for
optical examination, with Alcian Blue (pH = 2.5) for goblet cell
differentiation, and with May-Ginwald Giemsa (MGG) to study
leukocyte distribution and presence (48). Digital images of the
slides were obtained using Olympus VS120 digital scanner
(Optic system BX61VS, Tokyo, Japan) equipped with VC50
and VS-XM10 cameras and were processed with Olympus VS
software (VS-NIS-SQL-V2.6, Tokyo, Japan).

Histopathological Examination of Gill

Histopathological examination of the gills was performed on H&E-/
MGG-stained sections (n = 12 fish per diet). The effects of GMOS
and PHYTO on the incidence of fish lamellar fusion or branching,
lamellar telangiectasis/aneurysms, chloride cell hyperplasia, as well
as on the inflammation status and leukocyte-infiltrated populations
of the gills were evaluated. The examiners were unaware of the
experimental treatments, and assessments were based on a
previously established semiquantitative scoring system as follows:
1 (weak), 2 (moderate), and 3 (high).

Gill Mucus Production Studies

Digitalized images of gill transverse sections (Alcian Blue pH =
2.5) were used to determine the morphological characteristics of
gill goblet cells. For that purpose, CellSens Dimension Desktop
1.16 (Olympus Iberia, Spain) was calibrated to determine the
area (umz), minimum diameter, and minimum perimeter (lLm)
of the goblet cell for each transverse section of the gill. Sagittal
sections stained with Alcian Blue (pH = 2.5) were used to
determine the location of the goblet cells along the primary
lamellae and interlamellar spaces.

Gill Immunohistochemistry

Gill sagittal and transverse sections were routinely dewaxed and
rehydrated. After antigen retrieval (High pH (Dako, Denmark)
endogenous peroxidase activity was blocked with peroxidase
blocking solution (Dako, Denmark). The sections were incubated
in a humid chamber overnight at 4°C with primary rabbit antibody
anti-INOS-2 (diluted 1:200; Santa Cruz Biotechnology, CA, USA),
and anti-PCNA (diluted 1:200; Thermo Fisher Scientific, CA, USA).
Immunohistochemical staining was performed using a horseradish
peroxidase (HRP) anti-rabbit EnVision System (Dako, Denmark)
with diaminobenzidine (Dako, Denmark) or with 3-amino-9-
ethylcarbazole (AEC+) chromogenic substrate system (Dako,
Denmark). Negative controls were processed by replacing primary
antibodies with a primary antibody diluent. Immunopositivity for
anti-iNOS-2 was evaluated semi-qualitatively according to a
previously established immunohistochemical scoring system with
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immunolabeling intensity grades as follows: 1 (weak), 2 (moderate),
and 3 (strong) for each area/cell evaluated. All slides, except for the
negative controls, showed immunoreactivity to the antibodies
assayed. Immunopositivity evaluation for PCNA-positive cells was
carried out using the CellSens Dimension Desktop 1.16 software
(Olympus Iberia, Spain), which was calibrated to determine the
percentage of gill area covered by positive PCNA cells for each
transverse section. None of the negative controls showed
any immunoreactivity.

Gill Ultrastructure Examination

Gill transverse primary lamellar samples were post-fixed at 4°C
in 2% osmium tetroxide and 2% uranyl acetate, dehydrated, and
embedded individually in an Embed 812 (Electron Microscopy
Sciences (EMS), PA, USA) resin block. Semi-thin serial
transverse sections (n = 3-5 per individual fish) were
contrasted with toluidine blue and examined under a light
microscope (49). Ultrathin (50 nm) sections were qualitatively
evaluated using a JEOL JEM-1011 transmission electron
microscope (TEM; JEOL USA, Inc., USA) equipped with a
digital camera MegaView III soft imaging system CCD camera
(EMSIS GmbH, Germany). Cellular membrane lining
appearance, primary and secondary lamellar structure, cellular
morphology, TJ structure, microridge structure, mitochondria-
rich cells (chloride cells) microvilli, and the number of infiltrated
leukocytes were the main parameters evaluated.

Statistical Analyses

Statistical analyses were performed following the methods
described in Ref. (50). All data were tested for normality and
homogeneity of variance. Differences were considered significant
at p <0.05. Differences between dietary treatments were

determined using one-way ANOVA. When F values were
significant, individual means were compared using post hoc
Tukey or Games-Howell tests for multiple means comparison.
When required, data arcsine square root transformation was
performed, particularly for data expressed in percentage (51).
Morphological and immunohistochemical findings, which were
based on a range scale evaluation, were analyzed by paired
comparisons (Mann-Whitney U test). Analyses were
performed using the SPSS Statistical Software System v21.0
(SPSS, Chicago, IL, USA) and GraphPad Prism 8 software
(GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

Growth Parameters

At the end of the feeding trial, dietary supplementation with the
additives did not affect (p >0.05) fish growth and diet utilization,
as described previously in Ref. (52). Mortality was negligible
(<1%) and not associated with a specific diet.

RT-qPCR Analyses

The RT-qPCR showed that the expression of the target genes was
significantly different in the different diet groups (Figure 1). The
expression of sod, gpx, and gr decreased by half in fish fed
the GMOS and PHYTO supplemented diets compared with
the expression level in fish fed the control diet. Similarly, the
expression of cat in the gills of fish fed the supplemented
diets were significantly lower compared with that in fish fed
the control diet, with the GMOS group recording the lowest
expression. Contrarily, the expression of hsp70 was significantly
higher in fish fed the GMOS supplemented diet compared with
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FIGURE 1 | Expression levels of genes of interest in gills of Dicentrarchus labrax samples. Diets: CTRL (control diet), GMOS (5,000 ppm galactomannan
oligosaccharides), PHYTO (200 ppm phytogenic). (***p-value < 0.001, **p-value < 0.01, *p-value < 0.05; one-way ANOVA; Tukey).
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that in fish fed the control and PHYTO supplemented diets. Fish
fed PHYTO supplemented diet recorded significantly lower
expression level of zo-1 compared with that in fish fed the
control and GMOS diets, whereas the expression of ocln was
significantly downregulated in the gills of sea bass fed GMOS
supplemented diet compared with that in fish fed the control and
PHYTO supplemented diets.

Morphological Studies

Histopathological Examination of Gill

Histopathological evaluation of H&E-/MGG-stained sagittal and
transverse gill sections of segments corresponding to the second
and third right holobranch revealed a well-organized secondary
and primary lamellar pattern and an intact epithelial barrier in
fish fed the different experimental diets (Figure 2). However,
some morphological changes were found at the end of the
experimental period, such as telangiectasis, lamellar thrombosis
(Figures 3A, B), and focal lamellar fusion, characterized by
filling of the interlamellar space with proliferating PVCs
(Figure 3C). The incidence of lamellar fusion was significantly
(p <0.05) lower in fish fed the PHYTO supplemented diet than
that in fish fed the control diet. However, the MRC size and
density and the inflammation status of the gills were not
significantly (p >0.05) affected by GMOS and PHYTO, as the
gills exhibited similar lymphocyte and granulocyte infiltration
levels (Table 3 and Figures 4C-E).

Transverse sections of the epithelial basal area of the gill arch
showed clear variations in the disposition of epithelial cell nuclei
in relation to the basement membrane (Figures 4A-C); the basal
epithelial cells presented elongated cells with a central and
perpendicular nuclei disposition, whereas mid epithelial cells
presented a round shape with the nucleus situated parallel to the
basement membrane. The surface epithelial cells presented a flat
morphology with nuclei parallel to the basement membrane.

Goblet cells were dispersed among the surface epithelial cells
(Figures 4B, C). GMOS and PHYTO did not significantly affect
the morphology and number of interbranchial lymphoid tissue
(ITL), lymphocytes, granulocytes, and rodlet cells (Figures 4D-F
and Table 3).

Gill Mucus Production

GMOS and PHYTO did not significantly affect goblet cell count
and distribution. An examination of the longitudinal holobranch
sections showed that goblet cells along the primary lamella were
located at high density in the interlamellar spaces (between
secondary lamellae) (Figure 5A), surrounding and protecting
the top region of the primary lamella (Figure 5B), as well as
protecting the lymphoid tissue located at the base of the primary
lamellae (Figures 5C, D). Although the morphometric
characteristics of the goblet cell was not significantly (p >0.05)
affected by the supplements, the goblet cell area in the gills of fish
fed the GMOS and PHYTO diets reduced by 11 and 5%,
respectively, compared to the goblet cell area of the gills of fish
fed the control diet (Table 4).

Gill Immunohistochemistry

Immunoreactivity to anti-PCNA and anti-iNOS-2 was detected
in all fish gill sections studied (Figure 6). The presence of PCNA+
cells in the gill epithelium of fish fed the GMOS and PHYTO diets
was lower than that in the gill epithelium of fish fed the control
diet (Figure 7). The presence of anti-iINOS-2 in the gills was not
significantly affected by the supplements (Figures 6C, D). Gill
goblet cells, several leukocytes, and MCRs were immunopositive
for anti-iNOS (Figures 6C, D).

Gill Ultrastructure
The results of the qualitative TEM analysis showed that the
ultrastructure of the gills was not affected by the dietary

cell, (7) Epithelial cell, (8) Chondrocytes, (9) Extracellular cartilaginous matrix.

FIGURE 2 | General morphology of European sea bass (Dicentrarchus labrax) gil.. (A, B) Representative micrograph of a longitudinal section of the central segment
corresponding to the second right holobranch. (Hematoxilin—Eosin; Bar = 100 & 20 pm). (C) Representative micrograph of a transversal section in the middle part of
the second right holobranch. (Hematoxilin-Eosin; Bar = 20 um). (1) Primary lamella, (2) Secondary lamella, (3) Chloride cell, (4) Goblet cell, (5) Erythrocytes, (6) Pilar
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compared to fish fed the rest of the dietary treatments.

FIGURE 3 | Representative micrographs of the main morphological alterations found at the end of the experimental period on European sea bass (Dicentrarchus
labrax) gills. (A, B) Longitudinal and transversal sections of the primary lamellae where severe telangiectasis and/or lamellar thrombosis are indicated with arrows
(Hematoxilin—-Eosin; Bar = 100 & 50 um). Focal lamellar fusion is indicated with symbols (*). (C) Detail of primary lamella focal lamellar fusion. Observe the filling of
interlamellar space with proliferating pavement cells. (Hematoxilin—Eosin; Bar = 50 pm). Fish fed PHYTO diet presented reduced incidence (p <0.05) of lamellar fusion

TABLE 3 | Semi quantitative evaluation of the main histopathological alterations
found in the gills of juvenile European sea bass (Dicentrachus labrax) at the end
of the feeding trial (63 days).

Dietary treatments

C GMOS PHYTO
Lamellar fusion 1-22 1-2% 0-1°
Lamellar telangiectasis/aneurysms 0-1 0-1 0
MRCs cell hyperplasia 1-2 1-2 1
General gill inflammation 1-2 1-2 1-2
ILT infiltrated leucocytes 1-2 1-2 1-2
ILT infiltrated granulocytes 1-2 1-2 1-2

1 (weak), 2 (moderate) and 3 (strong) for each parameter evaluated. Diets: C (control diet),
GMOS (5000 ppm galactomannan oligosaccharides), PHYTO (200ppm phytogenic). Gill
main histopathological alteration detailed in Figure 2. Different letters within a row denote
significant differences among diietary treatments (p < 0.05; Kruskal-Wallis for independent
samples; U Mann-Whitney tests).

functional additives, as the gills were healthy. The gills exhibited
normal appearance of secondary and primary lamellar
membrane linings; normal junctional unions between cells; and
normal leukocytes, pilar cells, PVCs, MRCs, and goblet cell
structure and distribution. Additionally, the structure of the
microridges was unaffected (Figure 8). Goblet cells containing
secretory granules of variable electron density were in the
primary lamellae, particularly in the interlamellar space
between secondary lamellae (Figure 8D). Pilar cells were
characterized by a polymorphic nucleus with condensed
heterochromatin at the nuclear periphery (Figure 8B), and red

blood cells were localized within the blood space, both being
enveloped by the collagen bundle (Figures 8A-C) and
surrounded by PVCs. Surface PVC microridges were clearly
observed (Figure 8F). TEM analysis showed the presence of
leukocytes and granulocytes in the lamellae and interbranchial
lymphoid tissue (Figure 8E). Like the result of the
histopathological examination, GMOS and PHYTO did not
significantly affect the leukocyte infiltration level and
distribution of the gills. Figure 8 shows the typical structure of
the MRCs, where its crypt surrounded by PVCs can be observed.
MRC morphology was normal in the fish, with electron dense
microvilli in the upper region and a mitochondria-rich region in
the basal region. GMOS and PHYTO did not significantly affect
the morphology of the tubulovesicular system of the MRCs, the
intercellular union, and the appearance of the membrane lining
of the evaluated cells (Figure 9).

DISCUSSION

In the present study, GMOS and PHYTO induced a significant
downregulation of the expression of several genes associated with
the antioxidant defense system in gills, such as sod, cat, gpx, and
gr, and this may be due to an improved scavenging of excess free
radicals in the gills. Previous studies have demonstrated that some
prebiotics of plant origin and PFAs, such as those derived from
garlic and labiate plant extracts have a potent antioxidant activity
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rodlet cells, (6) granulocytes, (7) lymphocytes. BMb, basement membrane.

in fish (10, 40, 41, 43, 53-57). In this regard, dietary functional
additives with systemic and local antioxidant capacity have been
reported to act in both dose-dependent and time-dependent
manner. Dietary PFAs increased fish antioxidant enzyme
activity in plasma and target tissues in a dose-dependent
manner, and reduced malondialdehyde (MDA) formation and
tissue TBARS levels in some freshwater species, such as Nile
tilapia (Oreochromis niloticus), rainbow trout (Oncorhynchus
mykiss), and channel catfish (Ictalurus punctatus) (40, 42, 43,
58-60). Although rainbow trout juveniles fed a mixture of labiatae
essential oils presented increased SOD, G6PD, and GPX activities
after 30 days of feeding, the activities of CAT, GST, and GR were
reduced after 60 days of dietary supplementation, while MDA
concentration remained unaffected (42). A time-dependent
regulation of an organism’s antioxidant capacity may be
associated with self-regulation of its antioxidant system activity
after reducing ROS levels. Some studies on gills have shown a
discrepancy between enzymatic activity and gene expression
levels (61), supporting the notion of a time-dependent self-
modulation of a tissue’s antioxidant capacity, which does not
always result in a positive correlation between enzymatic activity
and gene expression levels.

Among the dietary supplements considered to be exogenous
antioxidants or endogenous enzymatic activity enhancers of
plant origin are flavonoids, plant polyphenols, allyl sulfides,
and curcumin (23), some of which are present in plant
extracts, garlic oil, and rich fiber extracts originating from
plants and seeds. Flavonoids are phenolic substances with
potent in vitro antioxidant properties because of their ability to
reduce the formation of free radicals and scavenge free radicals.
However, information available on their pharmacokinetics is
limited and thus, the antioxidant activity of these compounds
and their mode of action in vivo is poorly understood (62). Based
on low plasma and tissue flavonoid concentration detected after

FIGURE 4 | General morphology of European sea bass (Dicentrarchus labrax) gill base section and gill associated lymphoid tissue leucocytes populations’
distribution. (A-C) Representative micrograph of a transversal section of the gill base the second/third right holobranch (Alcian-Blue PAS, pH = 2.5; Bar = 50 & 10
um). Observe the variations on the epithelial cells’ nuclei orientation. (D-F) Representative transversal micrograph of the interbranchial lymphoid tissue (ILT) located at
the gill base the second/third right holobranch (MGG; Bar = 50 & 10 um). (1) Goblet cell, (2) surface epithelial cells, (3) mid epithelial cells, (4) basal epithelial cells, (5)

their dietary supplementation, their significance as scavengers of
free radicals was examined in higher vertebrates (63). The mode
of action of flavonoids might be based on their ability to interact
with several protein kinases, including mitogen-activated protein
kinases (MAPKs), which is mediated via oxidative stress
signaling cascades by several cellular reactions to vastly
different stressors (63). MAPKs control the expression of
endogenous antioxidant enzymes and regulate cell proliferation
in several disease-associated processes, thus exerting a
chemoprotective effect as modulators of oxidative stress-MAPK
signaling pathways and complementing their antioxidant role
scavengers of free radicals (63-66). Therefore, the observed
downregulation of the expression levels of sod, gpx, gr, and cat
in the gills of fish fed the supplemented diets may be partly due to
the actions of GMOS and PHYTO, which regulated the
endogenous antioxidant system and reduced the production of
free radicals, through the MAPK signaling pathway.
Furthermore, garlic derivatives, such as allyl sulfides are
recognized as potent antioxidants, mainly because of their high
capacity for the scavenging of free radicals (23), inhibition of
leucocyte ROS production (67), control of lipid peroxidation (68,
69), and triggering of endogenous antioxidant activity (69, 70).

Protection of the gill against oxidative damage is important,
as it is the site for gas exchange, osmoregulation, nitrogenous
waste excretion, and pH regulation (71, 72). Furthermore,
conserving the functional structure of the gill epithelium is
essential for maintaining fish health, as it is continuously
challenged by foreign substances and infectious agents (72).
Authors of Ref. (61) examined oxidative stress in Atlantic
salmon suffering from amoebic gill disease (AGD) reported
reduced expression of sod, cat, and gr in non-affected gill areas
compared with that in the affected areas (gill areas with lesion),
indicating the negative effect of oxidative stress. Similarly, in the
present study, we observed lower PCNA+ counts in the gills of
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200 ym

TABLE 4 | Gill goblet cells morphometry of juvenile European sea bass
(Dicentrarchus labrax) at the end of the feeding trial (63 days).

Dietary treatments

C GMOS PHYTO
Area (Um?) 59.68 + 4.91 53.10 + 2.30 56.34 + 2.94
Perimeter (um) 38.90 + 5.89 31.71 £0.72 34.47 £ 0.59
Mean radius (um) 412 £0.20 3.93 £ 0.06 4.02 £0.13
Minimum diameter (um) 6.29 + 0.45 6.12 + 0.09 6.11 £ 0.33

Diets: C (control diet), GMOS (5000 ppm galactomannan oligosaccharides), PHYTO
(200ppm phytogenic). Morphometric studlies carried out on transversal sections. Different
letters within a row denote significant differences among dietary treatments (p < 0.05; one-
way ANOVA; Tukey).

fish fed PHYTO and GMOS supplemented diets compared with
that in the gills of fish fed the control diet. Changes in the
production of PCNA in the mucosal epithelium could be an early
symptom of alterations in tissue homeostasis. The upregulation
of the expression of gene regulating PCNA is commonly used as
a marker of proliferation associated with the development of
neoplastic tissue (73-76), which may be induced by exposure to

FIGURE 5 | Goblet cells distribution along the gill of European sea bass (Dicentrarchus labrax). (A-D) Longitudinal section corresponding to the central segment of
the second right holobranch goblet cells distribution along the primary lamella (Alcian Blue pH = 2.5). Observe how primary lamella goblet cells are mainly located
between secondary lamellae (A; Bar = 100 um) and in higher density surrounding the top region of the primary lamella (B; Bar = 300 um). Observe the increased
density of goblet cells between basal regions of the primary lamellae in contact with the interbranchial gill associated lymphoid tissue (C, D; Bar = 50 & 20 pm).

(E) Transversal section corresponding to the central segment of the second right holobranch goblet cells

external or internal stressors. Authors of Ref. (77) detected
strong immunopositivity for PCNA, iNOS, HSP70, and Bax in
the gills of Hypostomus francisci exposed to prolonged
anthropogenic influences. Therefore, the reduction in PCNA
counts in the gills of the fish fed PHYTO and GMOS
supplemented diets might be associated with reduced levels of
oxidative species via a modulation of the endogenous
antioxidant capacity. Garlic extract, such as flavonoids,
ameliorated oxidative stress in rat cardiomyocytes by reducing
the production of NO and H,S (78, 79). Although GMOS and
PHYTO did not significantly affect the iNOS concentration and
inflammation status of the gills in the present study, in a parallel
study (79), reported that GMOS and PHYTO at the same dose
and test duration with that of the present study mitigated
leucocytic apoptotic processes associated with stress in
European sea bass at the genetic level. Fish fed the PHYTO
supplemented diet had lower level of lamellar fusion and a
tendency to reduce the incidence of lamellar telangiectasis and
MRC hyperplasia. Although the distribution of goblet cells in the
primary lamellae was unaffected by the supplements, fish fed
GMOS supplemented diet presented a smaller goblet cell area
compared with that in the control group, and this agrees with the
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FIGURE 6 | Photomicrographs of the gill immunoreactivity with the antihuman anti-PCNA and anti-iNOS-2 antibodies at the end of the feeding trial. Immunoreactivity
to anti-PCNA and anti-iINOS-2 was detected in all fish gills sections studied. European sea bass gill immunoreactivity to anti-PNCA antibody (A, B; Bars = 100 and
50 pm) and to anti-INOS-2 antibody (C, D; Bar = 50 pm).
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FIGURE 7 | Total gill epithelium covered by PCNA+ cells on transversal sections at the end of the feeding trial (63 days). Observe as fish fed GMOS and PHYTO
diets presented lower coverage of PCNA+ cells compared to fish fed control diet. Boxes in boxplot represent mean + SD. Different letters denote significant
differences among dietary treatments (p < 0.05; oneway ANOVA; Tukey). Observe the automatically detected immunopositivity (marked in red) comparing the graph
accompanying images.
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FIGURE 8 | Representative TEM micrographs of the gill of European sea bass (Dicentrarchus labrax) fed the different dietary treatments. No significant alterations on
the structural pattern of healthy gills were observed among fish fed the different dietary treatments. (A) Cross-section through the secondary lamellae. Observe the
polymorphic nucleus of pilar cells, the electron dense red blood cells within the blood spaces and pavement cells surrounding the collagen bundle. Scale bar 5 um.
Detailed micrograph pilar cell (B) and blood space (C), observe the collagen bundle embracing both structures (arrowhead). Scale bars 2 um. (D) Pattern of the
space between two secondary lamellae, where goblet cells (gc) are located and surrounded by pavement cells. Epithelial cell visible inside the blood space. Scale bar
5 um. (E) Detailed micrograph of interbranchial lymphoid tissue leucocytes population. Scale bar 5 um. (F) Detail of pavement cells microridges. Scale bar 2 um.

pc, Pilar cells; rbc,red blood cells; pve, pavement cells; gc, goblet cells; ec, ephitelial cell; Gr, granulocyte; L, Lymphocyte.

results of previous studies. Authors of Ref. (52) reported reduced
intestinal goblet cell hyperplasia in European sea bass fed low
FM/FO diets supplemented with GMOS and PHYTO. The
change in goblet cell area may be because of an induced
dysbiosis, which was produced by low dietary FM/FO diets
(80). However, direct changes in the composition and
consistency of gill mucus after functional diet supplementation,
which may protect individual secondary lamellae from adhesion,
should not be discarded because any potential change in the
composition of gill mucus may affect the dynamics of pathogen
invasion and persistence in the host (81).

In this regard, cell junctions play an important role in
protecting the host’s mucosal health (81, 82); however, as in
other cultured fish species, the regulation of the functions of gill
junctional complexes in European sea bass, particularly the roles
of functional additives, is not well understood. Among the
regulators of tight junctions are zo-I and ocln. In the present

study, the expression of ocln was downregulated by GMOS,
whereas zo-1 showed an increasing trend; however, the
opposite tendency was observed in fish fed PHYTO diet. The
expression of certain genes related to the tight junction complex
is involved in the response to environmental stressors, such as
hypoxic stress (83-85) or pathogen exposure (82). In the present
study, the gills of fish fed the functional diets had higher zo-1 and
hsp70 expression levels and lower expression of ocln. In a similar
study, we observed a downregulation of the expression of
hypoxia inducible factor (hif-1), lower cortisol levels, and a
reduction in apoptosis in head kidney leucocytes after 2 h of
stress by confinement in fish fed GMOS and PHYTO diets (79).
An increase in the deposition of ocln and specific claudins was
observed in the tight junctions of single-seeded insert cultures
of PVCs from puffer fish (Tetraodon nigroviridis) in response
to cortisol (86), thus, conditioning the permeability of the
paracellular pathway. Variations in the expression of genes
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FIGURE 9 | TEM micrographs of mitochondria rich cells (MRCs) present in European sea bass primary lamellae. (A) The crypt of MRC is usually bordered by
pavement cells. Scale bar 5 um. (B) Detail of the apical region of MRC, observe the electron dense microvilli, the tubulovesicular system located just below the
microvilli and the mitochondria rich region in the lower region. Scale bar 1 um. (C) Two MRCs sharing one apical pit. Scale bar 5 um. (D) Detail of two chloride cells
sharing the same apical pit. Juctional unions are indicated by arrows. tvs, Tubulovesicular system; mve, microvilli; ap, apical pit; m, mitochondria.

related to tight junction complexes might affect both the cellular
reorganization of the cytoskeleton and bacterial binding (85).

GMOS and PHYTO dietary supplementation did not exert a
clear effect on the morphology and density of the ITL-infiltrated
leucocytes on a qualitative basis, the anti-inflammatory role of
PFAs and GMOS and their effects on the ITL cytokine
microenvironment and possible mechanisms involved on
cytoskeleton rearrangement should be considered in
future studies.

In conclusion, our findings indicated that dietary GMOS
(5,000 ppm) and PHYTO (200 ppm) in 10%FM/6%FO-based
diets protected the gill epithelia of European sea bass from
oxidative stress by modulating the expression patterns of
oxidative enzyme-related genes and lowering PCNA+ cell
count. Moreover, PHYTO supplementation reduced lamellar
fusion, whereas GMOS supplementation reduced goblet cell
count by 11%, but did not affect the distribution goblet cells
along the primary lamellae. These protective effects should be
considered in future prevention strategies against gill mucosal
diseases in fish species, especially those sensitive to gill-associated
pathogens. Further studies should be conducted to establish the
modes of action that are affected by each functional product
under different scenarios of oxidative stress.
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Lactic acid bacteria are a powerful vehicle for releasing of cytokines and immunostimulant
peptides at the gastrointestinal level after oral administration. However, its therapeutic
application against pathogens that affect rainbow trout and Atlantic salmon has been little
explored. Type Il interferon in Atlantic salmon activates the antiviral response, protecting
against viral infection, but its role against bacterial infection has not been tested in vivo. In
this work, through the design of a recombinant lactic acid bacterium capable of producing
Interferon gamma from Atlantic salmon, we explore its role against bacterial infection and
the ability to stimulate systemic immune response after oral administration of the
recombinant probiotic. Recombinant interferon was active in vitro, mainly stimulating
IL-6 expression in SHK-1 cells. In vivo, oral administration of the recombinant probiotic
produced an increase in IL-6, IFNy and IL-12 in the spleen and kidney, in addition to
stimulating the activity of lysozyme in serum. The challenge trials indicated that the
administration of the IFNy-producing probiotic doubled the survival in fish infected with
F. psychrophilum. In conclusion, our results showed that the oral administration of lactic
acid bacteria producing IFNy managed to stimulate the immune response at a systemic
level, conferring protection against pathogens, showing a biotechnological potential for its
application in aquaculture.

Keywords: Lactococcus lactis, interferon type Il, Flavobacterium psychrophilum, salmonids, oral administration

INTRODUCTION

Interferons are a group of cytokines originally discovered by its antiviral properties (1). In
mammals, these cytokines can be classified in three families according their homology, receptors,
structure and function (2). Interferon types I and III are multi-gene families (17 type I and four type
III) strongly induced by viruses, playing a major role controlling viral infection (3-5). Interferon
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type I also show a strong pro-apoptotic and anti-proliferative
activity, being currently applied in anticancer and antiviral
therapies (6).

In contrast, interferon type II or gamma Interferon (IFNY) is a
single gene encoded immunoregulatory cytokine, produced
mainly by activated Natural Killer (NK) and T lymphocytes (T
cells), although also can be secreted by B lymphocytes (B cells)
and professional antigen-presenting cells (APCs) (7-9). Besides
its antiviral properties, IFNy also allows the activation of
macrophages, improves the antigen presentation and induction
of Major Histocompatibility Complex (MHC)-peptides
complexes, regulates the T cell polarization, regulates the CD8
T cell homeostasis, stimulates apoptosis and improves the
antimicrobial mechanism against intracellular bacteria or
parasites (8, 10-12). IFNY is clinically used against infection in
patients with Chronic Granulomatous Disease, although it is also
effective against Mycobacterium tuberculosis, Salmonella and
fungal infection (13-16).

Teleost and mammalian immune systems show several
parallels in innate and acquired immunity. Bioactivity assays
using recombinant IFNYy from Salmo salar or Omncorhynchus
mykiss have shown this cytokine is able to induce the
expression of MHC-I, MHC-II and proteins related to the
processing of the antigens and increase the respiratory burst of
phagocytic cells (17-20). In vitro, IFNYy from S. salar also has
antiviral properties against Salmonid Alphavirus (SAV) and
Infectious Pancreatic Necrosis Virus (IPNV) (21). Moreover, in
O. mykiss cells, IFNy is able to reduce in vitro the load of
Piscirickettsia salmonis, suggesting that in salmonids, as in
mammals, IFNY also has antibacterial properties (22).

IFNY has the potential to be used as a therapeutic or
prophylactic treatment against bacterial and viral pathogens
from salmonid aquaculture. However, the application of these
cytokines has been limited due to the lack of a feasible vehicle of
delivery compatible with the fish physiology.

In the last decades, Lactic Acid Bacteria (LAB) have risen as a
feasible vehicle for the in situ delivery of cytokines and bioactive
peptides inside of the gastrointestinal tract of mammalians (23, 24).
Alpha Interferon (IFNo) (25-27), beta Interferon (IFNP) (28),
IFNy (29, 30), and IL-10 (31) have been successfully expressed in
LAB under its biologically functional form, producing local and
systemic effects after administration to animals.

In S. salar and O. mykiss the use of LAB for in situ delivery of
bioactive proteins has been poorly explored, being used only for
delivery of antigenic peptides (32, 33). In this work we use
Lactococcus lactis for the expression of a functional IFNY from S.
salar. The oral administration of this modified LAB reduces the
susceptibility of treated fish against F. psychrophilum infection,
an important bacterium that affects the salmonid industry.

MATERIALS AND METHODS

Construction of MT009 Strain
The gene encoding for the recombinant IENy from S. salar (rIFNY)
was designed in silico using the protein sequence of type II

interferon from S. salar (FJ263446.1), the Usp45 Signal peptide
(SP), the tag GGGHHHHHH, and the promotor P1 of L. lactis. The
Usp45 SP, type II interferon and tag sequence, were arranged in
frame downstream of the P1 promoter. The sequence was
synthesized in GenScript and codogenically optimized according
to the codon usage of L. lactis. This sequence was cloned in the
pNZ8149 plasmid (MoBiTec GmbH, Germany) between the sites
Ncol and Xbal. The ligation product was electroporated into L.
lactis NZ3900. The identity of the new construct, prIFNY, was
corroborated by sequencing. The L. lactis strain NZ3900 containing
the plasmid prIFNY, was named MT009.

The preparation of electrocompetent L. lactis NZ3900 cells
was performed based on the protocol suggested by Mobitec
GmbH (34). A colony of L. lactis NZ3900 was inoculated in
5 ml of SG-GM17 medium (M17 medium containing 0.5 M
sucrose, 2.5% glycine, and 0.5% glucose) and cultured overnight
at 30°C without agitation. The culture was inoculated in 40 ml of
SG-GM17 medium and grown for 16 h at 30°C without shaking.
The next day, this culture was inoculated in 400 ml of SG-GM17
medium and grown to an OD600 between 0.2 and 0.3.
Subsequently, the culture was centrifuged at 6,000xg for
20 min at 4°C and the collected pellet was washed three times
in cold wash buffer (0.5 M sucrose, 10% glycerol, 4°C). In each
step, the pellet was collected by centrifugation at 6,000xg for
20 min at 4°C and was resuspended by vortex in the
corresponding buffer. After the final wash, the pellet was
resuspended in 3 ml of wash buffer, aliquoted into 200 pl
fractions, and then stored at —80°C.

MTO009 Culture Conditions for
Hybridization and Biological

Activity Assays

From an isolated colony of MT009 a pre-culture was prepared in
0.5% M17-Lactose medium, after incubating overnight, this
culture was used to inoculate (2%) 40 ml of M17-Lactose 0.5%
medium. After reaching an optical density at 600 nm between 0.4
and 0.6, the culture was induced with nisin 10 ng/ml for 2 h.
Bacteria were separated from the supernatant by centrifugation
at 6,000xg for 20 min at 4°C. The obtained pellet was used in
western blot and biological functionality tests, while the
supernatant was used in dot blot assays. The MT009 cultures
were carried out at 30°C without shaking.

Preparation of Cytoplasmic Extracts

From the MT009 culture, the bacterial pellet was resuspended in
1 ml of 1x PBS supplemented with 1 mM protease inhibitor
Phenylmethylsulfonyl fluoride (PMSF). For their rupture, the
resuspended cells were kept on ice and sonicated (ultrasonic
processor, Sonic Vibracell) for 2 min divided into EIGHT pulses
(130 W, 20 kHz, 100%, 2 mm Cv188 stem) of 15 s with intervals
of 1 min. After treatment, the cellular debris was separated by
centrifugation (13,000xg, for 10 min at 4°C). The supernatant
containing the cytoplasmic proteins was removed and stored
at —20°C. Total protein concentration was determined by the
Bradford method.
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SDS-PAGE and Western Blot

For the detection of rIFNYy in cytoplasmic extracts, proteins were
separated according to their mass by SDS-PAGE (Stacking gel:
8% Acrylamide/Bisacrylamide 29: 1, pH 6.8; Resolving gel: 10%
Acrylamide/Bisacrylamide 29: 1, pH 8.8). Ten pg of total protein
extracts from MTO009 and control strains MT005 (L. lactis
NZ3900 with pNZ8149) were loaded, together with the
BenchMark ' His-tagged Protein Standard. The samples were
subjected to electrophoresis for 90 min at 100 V. After
electrophoresis the proteins were electrotransferred (300 mA
for 2 h at 16°C) to a nitrocellulose membrane. Subsequently, the
membrane was blocked for 1 h in a 2% BSA solution and washed
three times with 1x PBS-Tween 20 (0.5%). The membrane was
incubated with Rabbit polyclonal anti-His antibody (Abcam)
(dilution 1/5,000) for 1 h at 37°C and then washed three times
with PBS-Tween 20 (0.5%). Subsequently, the membrane was
incubated with the polyclonal anti-rabbit IgG antibody
conjugated to Horseradish Peroxidase (HRP) (1/5,000 dilution)
for 1 h at 37°C. Then the membrane was washed three times with
PBS-Tween 20 (0.5%). The membrane was incubated with 10 ml
chemiluminescent developer solution (Pierce’™ ECL Western
Blotting Substrate) and exposed to photographic film. For the
detection of rIFNY in the extracellular protein concentrate, a dot
blot was performed. The nitrocellulose membrane was loaded
with 10 ul of extracts to give 1 pg of total protein per sample.
Once air-dried, the membrane was hybridized and developed
following the same protocol described for the western blot.

Culture Cells

Cultures of the Atlantic salmon head kidney cell line (SHK-1)
(Sigma-Aldrich) were prepared up to 80% confluence in L15
medium supplemented with 4 mM glutamine and 5% fetal
bovine serum. These cultures were incubated for 8 h at 16°C
with 0 to 200 ng/ml of L. lactis cytoplasmic extracts containing
rIFNY (MTO009). The total protein concentration was adjusted to
the same value with cytoplasmic protein extract of the control
strain MT005. After the treatment with cytoplasmic extracts,
SHK-1 cell cultures were processed to extract total RNA.

RT-gPCR

Total RNA from cell cultures was extracted using total RNA kit
(Omega Bio-tek), while the total RNA from spleen and kidney
was extracted with TRIZOL using approximately 30 mg of each
organ. In both cases total RNA integrity was evaluated using
agarose gels (1%, TAE 1X) and quantified by absorbance at 260
nm, using the Tecan Infinite 200 PRO equipment or a SynergyTM
2.0 multi-well reader (Biotek). The RNA (2 pg) was treated with
1 U of RQI RNase-Free DNase (Promega, USA) for 30 min at
37°C in a 10 pul volume. The RNase-Free DNase was inactivated
adding 1 pl of 25 mM EDTA and incubating at 65°C during
10 min. The RT reaction was performed with 1 pg of total
RNA previously treated with RNase-Free DNase, 200 Units of
M-MLYV reverse transcriptase (Promega, USA) and 100 pmol of
oligo-dT 18-mer, in a 25 pul volume. The RT reaction
was performed at 42°C for 1 h and stopped by denaturation at
70°C for 15 min. The qPCR reaction was set up using the SYBR

Fast Universal qPCR kit (Kapa Biosystem USA), in a 20 pl
volume, using 2 ul of the RT reaction, and 10 pmol of each
primer. To detect and quantify expression of Stat-1, gamma
IP10, IFNY, IL-1B, TNFo, TGFp, IL-12, IL-6, Mx and eFla, the
thermal program consisted of 40 cycles of 15 s at 95°C, 15 s at the
annealing temperature, and 30 s at 72°C. The qPCR reactions
were performed in duplicate on a Stratagene Mx3000P qPCR
cycler. The expression of the genes was normalized with respect
to the control condition and the expression of the eFlo. gene
using the AACt method described by Pfaffl (35). The primers
used together the annealing temperature are listed in Table 1.

Oral Administration of MT009 and
Challenge Trials
To analyze the expression of genes that respond to IFNy during
oral administration of MT009, O. mykiss of approximately 25 g
were placed in two experimental groups of 12 fish into 27 1 tanks.
After 7 d of acclimatation, one group was fed with food
supplemented with MT009 and the other group continued
with a normal diet. Samples of three fish were taken from each
group at the beginning of the experiment (T0) and at 2,4 and 6 d
during the treatment with MT009. Each sampled fish was
euthanized (see section Fish Maintenance and Euthanize
Protocols) and processed to extract blood, spleen and kidney.
To analyze the effect of MT009 on the expression of genes that
respond to IFNY after oral administration, we followed a similar
design as above, with fish placed into three experimental groups
of 12 fish into 27 1 tanks. After one week of acclimatation, one
group was fed 7 d with feed supplemented with MT009, the
second group was fed with feed supplemented with the control
strain (MT005) and the third group continued with a normal
diet. After administration of MT005 and MT009 fish were fed
with normal feed. Samples of three fish were taken from each
group at 1, 3, 5 and 7 d after the end of the treatment with the test
strain. The fish were euthanized and processed to extract blood,
spleen and kidney tissues.

TABLE 1 | Primers used in gPCR experiments.

Gene Sequence Ta Ref

EFta F: 5’-GGGTGAGTTTGAGGCTGGTA-3’ 60°C (36)
R: 5’-TTCTGGATCTCCTCAAACCG-3’

IL-12 F: 5’-TGACGCTTTTTCTCACCGGTTGT-3’ 60°C (37)
R: 5’-ACGCTTTGCAGCATGAGCTTGA-3’

IFN-y F: 5-CCGTACACCGATTGAGGACT-3’ 60°C (36)
R: 5-GCGGCATTACTCCATCCTAA-3’

TGF-B F: 5’-AGCTCTCGGAAGAAACGACA-3’ 60°C (36)
R: 5’-AGTAGCCAGTGGGTTCATGG-3’

IL-18 F: 5’-CCCCATTGAGACTAAAGCCA-3’ 60°C (36)
R: 5’-GCAACCTCCTCTAGGTGCAG-3’

IL-6 F: 5’- CCTTGCGGAACCAACAGTTTG-3’ 60°C (38)
R: 5’- CCTCAGCAACCTTCATCTGGTC- 3

STAT-1 F: 5’- GACCAGCGAACCCAAGAACCTGAA-3'  60°C (38)
R: 5’-CACAAAGCCCAGGATGCAACCAT-3’

Gamma  F: 5’-GTGTCTGAATCCAGAGGCTCCA-3’ 60°C  This work

IP-10 R: 5’-TCTCATGGTGCTCTCTGTTCCA-3’

rpoC F: 5’-AGG GAG ACT GCC GGT GAT A-8’ 55°C (39)

R: 5’-ACTACGAGGCGCTTTCTCA-3’

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 696803


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

Santibafez et al.

Activation of IFNy Response in O. mykiss

For the challenge assay with Flavobacterium psychrophilum
strain 10094 (ETECMA) (40), six tanks of 27 1 with 12 specimens
of O. mykiss of approximately 25 g were arranged in three
experimental groups as for the feed trials above. The 6th day
post treatment, the groups fed with MT005 (one tank) and
MTO009 (two tanks), and the untreated fish (two tanks) were
challenges by intraperitoneal injection with 10®° CFU of F.
psychrophilum suspended in 100 ul of sterile PBS. As control,
one tank of untreated fish was injected with 100 pl of sterile PBS.

The RPS of the MT009 treatment was calculated according to
the following formula:

(yMMT009
RPS = (1— °7> % 100

% MNF

Where %M™'%% is the percentage of mortality of the group
fed with MT009 and %M™" is the percentage of mortality of the
group fed with normal feed.

The F. psychrophilum load in surviving fish was determined
by qPCR using absolute quantification of rpoC gene with a
standard curve. Approximately 30 mg of spleen were processed
to extract total DNA using Wizard® Genomic DNA Purification
Kit (Promega). The DNA was quantified with an Infinite® 200
PRO NanoQuant (TECAN) and adjusted to 50 ng/pl. The gPCR
was set up using the SensiFAST"" SYBR® No-ROX Kit (Bioline),
in a 10 pl volume, using 50 ng of DNA from spleen, 2.5 pmol of
rpoC-Fp forward primer, and 2.5 pmol of rpoC-Fp reverse
primer (Table 1) (39). The thermal program consisted of one
initial denaturation of 3 min at 95°C followed by 35 cycles of 30 s
at 95°C, 15 s at 55°C, and 20 s at 72°C. The standard curve was set
up using a plasmid that contain cloned the rpoC gene of F.
psychrophilum (the plasmid was donated by Ictio
Biotechnologies S.A). The plasmid was diluted in a range
between 10" and 10° copies/pl.

Lysozyme Activity

The lysozyme activity in serum was evaluated using the
Micrococcus lysodeikticus assay. Samples of blood were
coagulated at room temperature and centrifugated at 6,000xg
for 15 min at 4°C. The serum was separated in a clean tube and
stored at —80°C. Lysozyme activity was measured according to
the protocol described by Shugar (41) adapted in a microtiter
plate. Briefly, 20 ul of serum was mixed with 180 ul of 0.015%
[w/v] M. lysodeikticus cell suspension in 50 mM Potassium
Phosphate Buffer, pH 6.24. The changes in the A5, of samples
(S) and blank (B) were measured for 5 min. The slopes (A450/
min) of sample and blank were used to calculate the lysozyme
activity according to the following formula:

:| (AAEso _ AA_gso) % Df
n

min m!

U
Lysozyme activity [—1
m

2 % 107 [ml]

Preparation of the Pathogen Inoculum for
Challenge Assays

For the challenge assay with F. psychrophilum strain 10094, the
bacteria were grown in 10 ml of Tryptone Yeast Extract Salts

(TYES) medium pH 7.2 at 15°C with constant agitation (200
rpm) for 72 h. Five milliliters of this pre-inoculum were used to
inoculate 95 ml of sterile TYES broth pH 7.2, then the bacteria
were cultured for 4 d at 15°C with constant agitation (200 rpm).
At the end of the culture final density was adjusted with TYES to
10° CFU/ml and 100 ul of this culture was used to infect the fish
intraperitoneally. F. psychrophilum strain 10094 was isolated on
November 6th, 2015 from a specimen of O. mykiss in
Chiloé, Chile.

Fish Maintenance and Euthanize Protocols
Fish were acclimated for one week before treatment at 12°C in
freshwater aquariums with a biomass not higher than 14 g/1, with
continuous aeration, and fed with commercial pellets (EWOS
MICRO™ 2 mm) at 1% of body weight. The fish were
maintained in freshwater with a pH between 6.6 and 7, the
salinity was adjusted to 6 PSU with NaCl to prevent fungal
infection, and total ammonia was maintained in a range below
0.02 mg/l. Seventy percent of the water in all the aquaria were
changed every day after feeding. Water parameters were
monitored daily prior to and after changing the water. Feeding,
changing the water, and measuring water parameters were all
done manually. The L. lactis strains (MT009 or MT005) were
administered to the fish together with feed. The bacterial pellet of
the cultures was washed with 1 ml of M17 medium, collected by
centrifugation at 6,000xg for 10 min at 4° C and resuspended in
M17 medium in a volume equivalent to 1/10 of the volume of the
original culture. The bacteria suspension was mixed with edible
oil in a 2:1 ratio and emulsified by vortexing. The emulsion
obtained was mixed with the feed, homogenized by shaking in a
plastic container and incubated for 1 h at 30°C to allow
absorption and drying on feed pellets.

To avoid unnecessary suffering of fish during the challenge
and sampling, fish were anesthetized with benzocaine 40 mg/l no
longer than 2 min before the intraperitoneal injection, while fish
sampled were euthanized with an overdose of anesthesia with
benzocaine 40 mg/l for 5-10 min. The fish were maintained in
accordance with the ethical standards of the Institutional Ethics
Committee of the Universidad de Santiago de Chile and the
relevant legislation in force.

RESULTS
Expression of rIFNy in L. Jactis NZ3900

The interferon type II encoded in the S. salar genome is a 21.2
kDa protein in its immature form. The modification introduced
to allow its expression and secretion in L. lactis, included the
replacement of the eukaryotic signal peptide (SP) by the
prokaryotic SP of Usp45 protein, the introduction of a
GGGHHHHHH tag in the C-terminal, the codon optimization
to the codon usage of L. lactis and the inclusion of a P1 promoter
to allow a basal expression. This in silico design produces a
theoretical protein (rIFNY) of 22.2 kDa. This sequence was
synthesized and cloned into pNZ8149 using L. lactis NZ3900
as host. The plasmid containing the rIFNYy gene in pNZ8149 was
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named prIFNY and the strain of the L. lactis containing this
plasmid was named MT009.

The expression of rIFNy was evaluated in the cytoplasmic and
in extracellular extracts of the MT009 strain. The expression was
evaluated in the presence of different concentration of nisin (1, 5,
and 10 ng/ml), which is the inducer of the pNIS promoter
present in the plasmid pNZ8149. We also analyzed the
expression of rIFNYy in cultures of MT009 without nisin. As a
negative control, we used the cytoplasmic or extracellular extract
prepared from cultures of the MT005 strain (L. lactis NZ3900).
We identified a protein of approximately 23-24 kDa close to the
theoretical 22.2 kDa. This protein was present in the cytoplasmic
extract from MT009 with and without presence of the inducer,
suggesting that promoter P1 acts constitutively and is able to
quench the pNIS promoter (Figure 1). When the supernatant
was analyzed, no band was identified, so the supernatant was
concentrated and, after this, a thin band at 21 kDa was identified
(data not shown), suggesting poor extracellular secretion.

Bioactivity of rIFNy

In order to test if the rIFNYy present in the cytoplasmic extracts was
functional, we designed a test using SHK-1 cell cultures. These
cells were exposed to several concentrations (0 to 200 ng/ml)

kDa 1
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39

29
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17

11

i

FIGURE 1 | Presence of rlFNy in the cytoplasmic extract of MT009. The
figure shows a western blot using anti-histag and the cytoplasmic extract
from cultures of MT0O05 (1), MTO09 without induction (2) and induced with
nisin 5 ng/ml (3). The arrow indicates the band of ~23 kDa corresponding to
the rlFNy. The effects of the nisin from 1 ng/ml and 10 ng/ml are shown in the
Supplementary Figure 1.

of cytoplasmic protein extracted from MT009 cultures. To control
the effect on the cells of different concentrations of bacterial
proteins from cytoplasm of L. lactis NZ3900, the total
concentration of cytoplasmic bacterial proteins was adjusted to
200 ng/ml using cytoplasmic protein extracts from MT005
cultures grown under the same condition. We evaluated the
effect over the expression of genes under the activation pathway
of IFNYy, STAT1, gamma IP10, IL-6 and IFNYy. We also evaluated
the effect on the expression of general anti-inflammatory and
inflammatory cytokines TGF-B and IL-1PB, respectively. We
observed a dose dependent tendency in the expression of all the
genes that were downstream in the pathway of genes activated by
IFNY, particularly in the expression of IFNy and IL-6. We also
observed that the cytoplasmic extracts of MT009 showed no effects
on the expression of anti-inflammatory cytokine TGF-f, and in
the increase of the expression of IL-1B suggesting that cells
respond to other bacterial components present in the MT009
protein extract (Figure 2).

In vivo Effects During the Oral
Administration of MT009 on the

Expression of IFNy Related Genes

Our initial results showed that rIFNy was biologically active in
vitro stimulating the genes related with the IFNYy response. To
determine if the MT009 strain stimulate the interferon y pathway
when administered orally to rainbow trout, we designed an
experiment where fish were fed with 10’ CFU of MT009 per
day for one week. Tissues from fish were taken every 2 d during
the feeding. The expression of IFNYy, STAT-1, gamma IP-10, and
IL-6 was evaluated in the spleen and kidney. We observed an
increase in the expression of IFNYy in kidney between days 2 and
4 after MT009 feeding began, returning to the initial values on
day 6. In the spleen, the increase in the expression of IFNy began
later, on day 4 and remained high until day 6. A similar pattern
was observed with gamma IP10 which increased its expression in
the kidney between days 2 and 4, and returned to values close to
those observed in the control fish on day 6. In the spleen, we
observed an increase in the expression of gamma IP10 only on
day 2. STAT-1 also increased its expression mainly in kidney
after day 4. IL-6 only increased its expression in kidney, such as is
observed in SHK-1 cells (Figure 3). MT009 also increased the
expression of IL-12, a cytokine secreted by macrophages in
response to IFNY, in the spleen and in a lower extent in kidney
(Supplementary Figure 2B). Interestingly, the expression on IL-
1B showed a slight increase in the spleen throughout the time
analyzed, but in the kidney showed a strong increase after day 2
(Supplementary Figure 2A). Our results show that the kidney
and spleen responded differentially to MT009, with the kidney an
organ with a more robust and complex response than the spleen.

In Vivo Effects Post Oral Administration

of MTO009 on the Expression of IFNy
Related Genes

The previous results show that MT009 was able to induce the
expression of genes related to the IFNy pathway. These effects
could be due to the bacterial host or the associated rIFNY. In
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FIGURE 2 | Effect of MTO09 protein extract on the expression of IFNy related genes in SHK-1 cells. The figure shows the relative expression of genes related with
the downstream IFNy-response pathway Stat-1 (A), gamma IP10 (B), IFNy (C) and IL-6 (D) after exposure to the cytoplasmic extract of MTO09 (L. /actis NZ3900
priFNYy). The figure also shows the effects of these extracts on the expression of (E) inflammatory (IL-1B) and (F) anti-inflammatory (TGF-B) cytokines. The expression
was normalized with respect to the expression of eF1a (NRE). The concentration of bacterial cytoplasmic proteins extracts (CPE) was adjusted with extracts of
MTOO05 (L. lactis pNZ8149) to 200 ng/ml. The NRE of each gene was compared against the NRE of the control (cells without treatment). The assays were performed
using biological and technical replicates. The significance was analyzed using the Mann-Whitney test (“p < 0.05).
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order to determine whether MT009 influenced the immune
system due to prIFNy and if these effects are present post feed
with MT009, we evaluated the expression of IFNYy, STAT-1, IL-6
and gamma IP10 in the spleen and kidney of fish fed with feed
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FIGURE 3 | Expression of IFNy related genes during feeding with MT009. The figure shows the relative expression of STAT1 (A), gamma IP10 (B), IFNy (C) and IL-6
(D). The expression was evaluated in the spleen and kidney at the beginning of the treatment (TO) and every two days during treatment (T2, T4, T6). The expression
was normalized with respect to the expression of eF1o. gene and by the expression of the genes in the control condition at the same time point. The expression
values were compared with the expression at TO. The significance was analyzed using the Mann-Whitney test (“p < 0.05).

supplemented with MT009, MT005 (L. lactis NZ3900 with
pNZ8149) and without any bacterial supplementation. Samples
were taken every 2 d for a week, starting the first day after feeding
with MT005 or MT009. Our results showed that L. lactis was also
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able to induce the expression of IFNY after feeding, but in the fish
fed with L. lactis expressing rIFNY, the induction of IFNy
remained high on day 7 post feeding compared to MT005 (~4
fold in spleen and ~1.2 fold in kidney). A similar pattern was
observed with the expression of gamma IP10. A more prominent
effect was observed in the expression of STAT-1 and IL-6 where
maximum expression was observed on days 3 and 5 post
treatment, respectively. This effect was observed in spleen and
kidney and in both the expression decreased drastically on day 7
post treatment (Figure 4). Interestingly, both MT005 and
MTO009 were able to induce the expression of TGE-f,
suggesting that the L. lactis possesses anti-inflammatory
properties, besides the increase in the expression of IL-6
(Supplementary Figure 3).

Effect of MT009 on the Lysozyme Activity
in Serum After Treatment

The previous finding indicated that IL-6 was strongly induced
after treatment with MT009 and this effect was not present in the
parental strain MT005, suggesting that is an effect related to the
production of IFNy by MT009. Taken into account that IFNy
and IL-6 induce the expression of lysozyme in mammals, we
evaluated lysozyme activity in serum after treatment with MT009
and MT005. Our results showed a strong induction of the
lysozyme activity in serum after treatment with MT009, but
not with MT005, indicating that the induction of lysozyme
activity is related to the presence of the prIFNy in the strain
MT009 (Figure 5). This induction was not observed in serum
during the initial administration of MT009 (Supplementary
Figure 4), suggesting that induction of lysozyme activity is
consequence of a complex cascade and is probably achieved by
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FIGURE 5 | Lysozyme activity in serum post treatment. The figure shows the
lysozyme activity in serum of fish treated during seven days with MTOO9 (solid
blue line) and MTO05 (dashed blue line). Samples were taken at 1, 3, 5 and
7-days post treatment (PT). The assay was performed using three fish per
day and the lysozyme activity was measure in triplicated. The significance was
analyzed using the Mann-Whitney test (p < 0.05, **p < 0.01).

the constant accumulation in serum due to the stimulation of the
immune system.

Protective Activity of MT009

Against Bacterial Infection

In order to test if the immunostimulation produced by MT009 is
able to confer protection against bacterial pathogens, we
challenged O. mykiss with F. psychrophilum. After
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FIGURE 4 | Expression of IFNy related genes after oral administration of MT009 and MTOO05. The figure shows the relative expression of STAT1 (A), gamma IP10
(B), IFNy (C), and IL-6 (D) in fish treated with MTOO09 (solid blue line) and fish treated with the L. /actis strain containing the plasmid pNZ8149 (MT005) (dashed blue
line). Gene expression was evaluated in the spleen and kidney at the beginning of the treatment (*TO) and every two days after treatment (T1, T3, T5, T7). The
expression was normalized with respect to the expression of eF1o. gene and by the expression of the genes in the control condition at the same time point. The
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expression values were compared with the expression at TO. The significance was analyzed using the Mann-Whitney test (*p < 0.05).

Frontiers in Immunology | www.frontiersin.org

86

June 2021 | Volume 12 | Article 696803


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

Santibafez et al.

Activation of IFNy Response in O. mykiss

intraperitoneal injection of F. psychrophilum strain 10094, the
mortality started at day 6 in all groups challenged with the
pathogen and remained similar up to day 10 when survival in
the treated group with MT009 stabilized reaching an average of
73.3% at day 17 post-challenge, while the fish treated with
MT005 and without treatment reached a 26.6 and 36.6% of
survival, respectively. Kaplan-Meier analyses (42) of the survival
of fish treated with MT009 showed a statistical difference with
the survival curve of fish treated with MT005 (p = 0.0052, Log-
rank (Mantel-Cox) Test; p = 0.0169, Gehan-Breslow-Wilcoxon
Test) and without treatment (p = 0.0077, Log-rank (Mantel-
Cox) Test; p = 0.0180, Gehan-Breslow-Wilcoxon Test). We were
unable to identify statistically significant differences in the
survival curve of fish treated with MTO005 and without
treatment. Thus, the Relative Percentage Survival (RPS) of fish
treated with MTO009 corresponded to 57.8% with respect to fish
without treatment (Figure 6). The quantification by gPCR of the
F. psychrophilum (39) in the spleen of survivors and in moribund
fish indicated that the former had a bacterial load at least 10
times lower than the moribund fish. The surviving fish without
treatment showed a bacterial load that was at least three orders
lower than the bacterial load of moribund fish, while surviving
fish treated with MT009 showed bacterial loads at least two
orders lower than moribund fish (Supplementary Figure 5).

Comparison With Interferon Type I

From Salmonids

The results above implies that rIFNY from S. salar can also has
biological effect on O. mykiss, a salmonid closely related to S.
salar. Previous studies using IFNY from O. mykiss have indicated
that this interferon has a biological effect on S. salar kidney cell
lines SHK-1, ASK, and TO (17, 21). These findings allow us to
hypothesize that the MT009 strain may also have biological effects
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FIGURE 6 | Challenge assay with Flavobacterium psychrophilum strain
10094. The figure shows the Kaplan-Meier survival plot of Oncorhynchus
mykiss specimens challenged intraperitoneally with 10° CFU of F,
psychrophilum strain 10094. A total of three diets were analyzed, (1) fish fed
with L. lactis NZ3900 producer of rIFNy (MT009), (2) fish fed with L. lactis
NZ3900 containing the plasmid pNZ3900 (MT005), and (3) fish fed with
normal feed (NF, and Control). All conditions were challenged with F.
psychrophilum 10094, with exception of the control. The challenge of fish
treated with MTO09 and NF was performed in duplicate.

on other salmonids depending on the degree of relatedness
among the type II interferon present in the species. To evaluate
this possible range of action, a BLASTP search was performed
using the IFNYy sequence of S. salar (NP_001117030.1) as query,
and a subsequent phylogenetic reconstruction of these results was
applied. BLAST analysis indicated that the closest type II
interferons were found in Salmo trutta with 98.3%
(XP_029599439.1) and 97.8% (XP_029599441.1) identity,
followed by interferon present in Salvelinus namaycush with
94.3% (XP_038851623.1) and O. mykiss with 93.3%
(CAR95729.1) identity. These results suggest that MT009 could
also stimulate the response to type II interferon in S. trutta and S.
namaycush (Figure 7).

DISCUSSION

The current work explores the hypothesis that probiotic
microorganisms modified to express type II interferon are able to
modify the immune status of the fish and confer protection against
pathogens when orally administrated to fish. This protection would
result from stimulation of the innate immunity, improving the
serological or cellular components. These kind of probiotics, that
stimulate the mucosa and beneficially regulate the immune system
improving performance against microbial pathogens are termed
immunobiotics (47). Some immunobiotics mainly belonging to
Lactobacillus and Bifidobacterium genus, stimulate the expression
of interferons (Types I and II) (48, 49) triggering a cascade that
confers protection against viral pathogens, such as influenza (50),
rotavirus (51) and respiratory syncytial virus (52), and also
intracellular parasites like Toxoplasma (53). A common
characteristic of these immunobiotics is their capacity to stimulate
the cellular immune response mediated by Th1 lymphocytes (48),
NK (54, 55) and macrophages (52, 53) which is initiated and
amplified by the production of type II interferon.

The type II interferon is a pleotropic cytokine produced mainly
by Th1 lymphocytes and NK cells in response to the secretion of IL-
12, IL-18, and IL-1P produced by the APC (56). Type II interferon
stimulates its own expression on Thl cells polarizing the Th1/Th2
balance toward a Thl response (57). Type II interferon also
produces a polarization of macrophages M1/M2 balance, favoring
the M1 cells phenotype (58). The polarization toward a Th1 and M1
response produces metabolic changes in these cells favoring a
glycolytic metabolism, with increased expression of enzymes
related to the production of Reactive Oxygen Species (ROS) and
Reactive Nitrogen Species (RNS), and the expression of autophagy
mediators, especially in M1 macrophages (59-61). These metabolic
changes enhance the microbicidal capacity of the cells, improving
cell-autonomous immunity against intracellular microorganisms
(62). The M1 phenotype of macrophages also secretes IL-6 and
TNF-o (63, 64), which in turn induces the expression of serum
lysozyme, improving the antimicrobial activity in serum against
extracellular pathogens (65, 66).

In teleost, although type II interferon has been much less studied,
increasing evidence shows that type II interferon plays a similar role
as in mammals sharing activation pathways and functions that are
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interferon with the IFNy of S. salar.

conserved and complexed with paralogous genes of non-redundant
function (IFNrel) and diverse receptors (67).

Our work used a Gram-positive bacterial model to express IFN,
an eukaryotic protein, which is predicted to be glycosylated, as its
mammalian counterpart (20). In mammals and teleost specimens
like rainbow trout, recombinant IFNy has been produced in
Escherichia coli (20). This recombinant IFNY, has shown to be
functional, indicating that glycosylation is not necessary for the
activity, although glycosylation increases human interferon half-life
protecting against proteolytic degradation (68).

In this work, we detected the rTFNy mainly in the cytoplasmic
fraction of MTO009 cultures, despite our original design
incorporating an Usp45 signal peptide to allow secretion of the
rIFNY. Low levels of secretion have been also detected in the
recombinant production of human (25) and Atlantic salmon
type I Interferons (unpublished data) using the Usp45 signal
peptide. In human type I IFN this problem was resolved by
introducing a spacer sequence between the Usp45 signal peptide
and the rest of the interferon protein (25). It remains to
determine whether this spacer sequence improves the secretion
of rTENy by MT009 or not.

Others work have used recombinant overexpression of type II
interferon in E. coli with further purification to study its function
in fish (20). However, L. lactis, as an alternative recombinant
protein system, may not offer as efficient a protein producer as E.
coli, and purification of recombinant protein from L. lactis
cultures may be limited (in yields). To overcome this, in this
study we decided to evaluate the ability of different amounts of
cytoplasmic extracts of the MTO009 strain to stimulate the

NP 001117030.1 IFNG Salmo salar
CCP29668.1 IFNG Salmo trutta

XP 029599441.1 IFNG Salmo trutta

XP 029599439.1 IFNG Salmo trutta

XP 038851624.1 IFNG1 Salvelinus namaycush
XP 038851622.1 IFNG1 Salvelinus namaycush

NP 001118092.1 IFNG Oncorhynchus mykiss

NP 001153975.1 IFNG1 Oncorhynchus mykiss

XP 024262355.1 IFNG Oncorhynchus tshawytscha
NP 998029.1 IFNG1 Danio rerio

NP 001347809.1 IFNG1 Lepisosteus oculatus
AAB59534.1 IFNG Homo sapiens

Family Salmonidae

Percentage of
Identity

FIGURE 7 | Relationship between type Il interferon in salmonids. The figure shows the phylogenetic relationship between the type Il interferons of salmonids. The
evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model (43). The bootstrap consensus tree inferred from 1,000
replicates (44) is taken to represent the evolutionary history of the taxa analyzed (44). Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the
branches (44). Initial tree for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the JTT model, and then by selecting the topology with superior log likelihood value. This analysis involved 24 amino acid sequences. There were a
total of 452 positions in the final datasets. Evolutionary analyses were conducted in MEGA X (45, 46). The colors represent the degree of identity of each type |I

expression of genes that respond to type II interferon, but
taking care to maintain the total amount of bacterial protein
constant to evaluate if the effect was caused by the presence of
rIFNY or by some other bacterial component present in
the extract.

This approach showed that the genes previously described in
rainbow trout and mammalians that respond to type II
interferon (Statl, gamma IP10, IFNY, and IL-6) (20, 63, 67) are
also induced in SHK-1, dose-dependent of the MT009 extract,
unlike the gene expression pattern of IL-1B that appeared to
respond to the presence of a common component of L. lactis.

An interesting point is that L. lactis as a Gram-positive
bacterium lacks LPS, an inducer of IFNY expression, that supports
that the activation of these genes is due to the presence of rIFNYy in
the cytoplasmic extracts of MT009. Although it is not possible to
rule out that the overall response is the product of the simultaneous
interaction of rIFNY and some other component of the bacterium.
In mammals, type II interferon has been reported to improve the
response of keratinocytes and macrophages after stimulation of
Toll-Like Receptors (TLR) with microorganisms or agonist,
respectively (69, 70).

Once the effect of Type II interferon was tested in vitro, we
evaluated whether the administration of strain MT009 could
induce the expression of genes markers from the response to
interferon in the central immune organs of rainbow trout, the
spleen and kidney. Although the first encounter of the MT009
strain with the fish immune system is through the digestive
mucosa, we hypothesized that the immune cells (lymphocytes
and macrophages) present in the GALT respond to type II
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interferon and stimulate the central immune response, similar to
how oral vaccines stimulate the immune response at the local
and systemic level (71).

However, the mechanism of how GALT stimulation produces
changes at the level of the central immune organs remains poorly
understood in teleost. In the case of MT009, this could involve
a) stimulation by rIFNY of the immune cells of the GALT, which
in turn responds by secreting cytokines that stimulate the spleen
and kidney, b) diffusion of rIFNY from the intestine to the central
immune organs, or both. An interesting point is that during the
administration of MT009, we identified an early response in the
kidney of the IFNYy response genes, STAT-1, gamma IP10, and
IENY which was out of phase with the later response observed in
spleen. This difference could be the consequence of the presence
of a population of immune cells with different activation
thresholds by IENY or by another cytokine secreted in response
to IFNY. The transient increase in the expression of IFNY in the
spleen and kidney during feeding suggests an initial polarization
of lymphocytes to a Th1 phenotype.

After feeding with MT009, changes were also observed in the
expression of the genes in response to IFNY, in particular, an
increase in the expression of STAT-1 at 3 days post treatment
with MT009. This change in expression could be a consequence
of additive effect of rIFNy and endogenous interferon produced
during the administration of MT009. An experiment carried out
in our laboratory indicated that L. lactis remains in the gut up to
4 days after oral administration has ended (data not shown), a
situation that supports the proposal of a combined effect of rIFNy
and endogenous IFNY.

An interesting point to note is that we also observed a slight
increase in IFNYy expression in fish fed with L. lactis NZ3900
(MTO005), but that it was not associated with a significant
increase in other IFNYy response markers. This could be a result
of the stimulating effect of L. lactis, as occurs in the case of some
immunobiotics or lactic acid bacteria in finfish (47, 72).
However, in fish fed with MT009, the effect on IFNy
expression was sustained until day 7, which suggests that the
effect of rIFNy administration initiates a cascade that is
maintained even after feeding has ended. This is also reflected
in the increased expression of IL-6, a cytokine that is secreted by
the M1 phenotype of macrophages in mammals and teleosts (73)
and also in the increased activity of serum lysozyme, which is
induced specifically by strain MT009 and not by MT005.

Taking into consideration that M1 macrophages are producers
of IL-6 (73) and lysozyme (65, 66), and that IL-6 also promotes
differentiation of monocyte to macrophages in mammals (74), the
results suggest that the administration of MT009 promotes
macrophages with the phenotype M1 increasing the
microbicidal activity at the cellular and humoral level.

This interpretation is consistent with the increase in
resistance to extracellular infection such as that produced by F.
psychrophilum, and potentially could aid the treatment or
prevention of infection by intracellular pathogens such as P.
salmonis. Taking into consideration that the challenge test was
carried out by intraperitoneal injection, bypassing the mucosal
barriers, the stimulation at the mucosal level by the MT009 strain

would improve the ability of the fish to resolve the infection,
increasing the fish survival.

The biological functionality of rIFNY from S. salar was tested
in S. salar cells and in O. mykiss, based that the IFNYy of both
species presents 93% identity and 96% similarity. It therefore
plausible that the MT009 strain could present activity in other
salmonids whose type II interferon are closer to that of S. salar,
such as the IFNYy of S. trutta, and S. namaycush. It however,
remains to be determined whether MT009 actually has a
stimulating effect on salmonids other than O. mykiss and S. salar.

CONCLUSIONS

Our results indicate that in O. mykiss, the oral administration of
rIENy-producing L. lactis (MT009) stimulates the expression of
genes that participate in the IFNy-mediated response at the systemic
level, producing a state of protection against infection of
extracellular bacterial pathogens. This protection could be
mediated by polarization towards the Thl and M1 phenotypes.
The process by which stimulation at the mucosal level with MT009
is connected to a change at the systemic level that provides
protection remains to be elucidated. Further characterization of
the IFNY response genes and immune cell populations in GALT
could help clarify this mechanism.
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B-glucans are prebiotic and/or food additives used by the aquaculture industry to enhance
the immune response of fish. Their efficiency may vary according to their origin and
structure. In this study, the immunostimulant effects of two B-glucan types extracted from
wild-type baker’s yeast (Saccharomyces cerevisiae) and its null-mutant Gas1 were
investigated. Gas1 has a beta-1,3-glucanosyltransferase activity necessary for cell wall
assembly. Using a positive (commercial product MacroGard®) and a negative control
(a diet without glucans), we evaluated the immune responses and disease resistance of
rainbow trout juveniles (mean weight, ~44 g) fed control, low (0.2%) and high (0.5%) doses
of Macrogard®, Gas1, and Wild type-B-glucan after a short-term (15 days, D15) or mid-
term (36 days, D36) feeding periods. We found that B-glucan supplemented diets did not
affect growth performance, mortality, splenic index, or leukocyte respiratory burst activity
on D15 nor D36. However, each B-glucan triggered different immune effectors, depending
of the doses or length of exposure compared to others and/or the negative control.
Indeed, high dose of MacroGard® significantly increased lysozyme activities at D15
compared with the control and other diets (p<0.05). At D36, MacroGard B-glucan
enhanced the production of lymphocytes in comparison with the control diet (p<0.05).
Regarding WT B-glucan, at D36, WT-B-glucan, especially the high dose, provided the
highest enzymatic activities (lysozyme and ACH50) and Ig level (p<0.01). Furthermore, on
D36, Gas1 also increased lysozyme activity, Ig proportion, and some immune genes
(mcsfra, hepcidin) compared with MacroGard® (p<0.05). Besides, both doses of Gas1 -B-
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glucans increased the resistance of juveniles to bacterial infection highlighted by a higher
survival rate at 14 days post-challenge compared with the control and other types and
doses of B-glucans (p<0.05). In conclusion, our results suggest that Gas1-B-glucan could
represent a promising immunostimulant that would help to prevent diseases in
aquaculture even more efficiently than other B-glucans already in use. Mode of action
and particular efficiency of this new Gas1 mutant are debated.

Keywords: immune gene expression, immunostimulant, rainbow trout, bacterial challenge, beta-glucan

INTRODUCTION

Diseases are major constraints to sustainable aquaculture
production, especially for intensive aquaculture systems (1-3).
Indeed, fish might often be exposed to stressful conditions,
eventually becoming more susceptible to microbial infections
(4). For the past few decades, the traditional strategy for fish
disease control in aquaculture relied on the use of antibiotics and
chemical disinfectants. However, application of antibiotics can
lead to the development of antibiotic-resistant bacterial strains
and cause many other problems, such as environmental hazards,
food safety problems, and increasing resistance of pathogens (5).
The use of antibiotics can also adversely affect the health status of
the fish (6, 7). Further, sub-therapeutic doses of antibiotic have
been often added to aquatic feeds to promote growth, and this
has further contributed to drug resistance (8). Therefore, the
prophylactic use of antibiotic treatments in aquaculture has
resulted in a very limited use or a ban of most compounds in
top aquaculture production countries and stringent regulations
on the application of antibiotics worldwide (9). This situation
and recent restrictions on the use of antibiotics have promoted
the use of prebiotics, probiotics (or a combination of both named
synbiotics), and immunostimulant compounds (such as glucans)
as preventive strategies to limit and control fish diseases (10-13).

B-glucan is a heterogeneous group of glucose polysaccharides
consisting of a backbone of (1,3)-link B-p-glucopyranosyl units
with B-(1,6)-link side chains of varying length and distribution
(14) and are a major structural component of fungi, bacteria,
plants, algae, yeast, and mushroom cell walls. Although the cell
wall B-glucans of yeast and fungi is mostly composed of 1,3-B
linked glycopyranosyl residues with small numbers of 1,6 B-
linked branches, oat and barley cell walls are formed of
unbranched B-glucans with 1,3 and 1,4 B-linked glycopyranosyl
residues, bacteria have unbranched 1,3 B-linked glycopyranosyl
residues (15). Because of some similar structure with fungal or
bacterial gram-negative polysaccharides, the recognition of B-
glucan by host’s cell pattern recognition receptors can trigger
inflammatory cascade, leading to the enhancement of the
immune system (16).

Particularly, it has been reported that B-glucans bind to specific
cell surface receptors of macrophages and neutrophilic granulocytes
that promote the enhancement of an organism’s protective activity
against infection through the activation of leukocytes, phagocytic
activity, inflammatory cytokines, chemokines, reactive oxygen free
radicals, increase the activity of antioxidant enzymes, and initiate

the development of adaptive immunity and elimination and killing
of microorganisms (11, 17-19). A wide range of studies described
numerous immunostimulant effects of B-glucans in several fish
species with different levels of immune stimulation, depending on
fish species, PB-glucans structure, dose, and duration of
administration (5, 20-23).

In the rainbow trout, the potential immunomodulatory of -
glucans has been reported in several publications. Djordjevic et
al. (24) showed that dietary B-1,3/1,6-glucans (level 0.2% and
0.4% diets for 37 days) decreased the expression of genes
involved in acute inflammatory reactions to the inflammatory
agent, whereas major parts of the immune response remained
un-changed. Also, Lauridsen & Buchmann (25) reported that
dietary B-1,3/1,6-glucans (0.2% diets, for 46 days) fed rainbow
trout increased resistance against challenge with Ichthyophthirius
multifiliis (white spot disease). Moreover, Skov et al. (26)
reported that dietary B-1,3-glucans from Euglena gracilis at 1%
diets, 1% biomass day ' for 84 consecutive days down-regulated
the expression of pro-inflammatory genes, whereas no effect of
B-1,3-glucans diets on survival after Yersinia ruckeri challenge.

However, the effects of B-glucans on fish immune system
functions can be variable, depending on the frequency, location,
and length of the side-chains, which may play a role in
immunomodulation. Differences in molecular weight, shape,
and structure of B-glucans explain not only the differences in
biological activity (15) but also fish species and administration
route. Indeed, diets supplemented by a commercial B-glucans
(MacroGard®) administrated to channel catfish (Ictalurus
punctatus) for 4 weeks did not significantly affect several
immune parameters, such as plasma lysozyme, bactericidal and
hemolytic complement activities, respiratory burst of phagocytes,
and the number of lymphocytes found, survival rate in fish
infected with Edwardsiella ictaluri (27). Positive dose-related
effects of B-1,3-glucans extracted from by Saccharomyces
cerevisiae have been reported on some immune functions in
rainbow trout (28). Besides, Douxfils et al. (29) found that
overdoses of B-glucans (MacroGard®) and/or prolonged
medication can lead to a non-reactive physiological status and,
consequently, to a poor immune response in rainbow trout. In a
previous study, Han et al. (30) demonstrated that Gasl, a B-1,3-
glucans produced by the null-mutant yeasts Gasl of
Saccharomyces cerevisiae provided the best protection to A.
franciscana against Vibrio harveyi in comparison with wild-
type (WT) Saccharomyces cerevisiae and commercial [3-1,3-
glucans. The authors partly explained this observation by a
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different structure of the Gasl [-1,3-glucans that has a lower
degree of branching and a shorter side chain length in
comparison with the two others.

In our study, we aimed to evaluate if Gasl B-1,3-glucans could
also improve fish resistance in comparison with the WT B-1,3-
glucans of Saccharomyces cerevisiae and to a commercial one,
MacroGard® that effects are already well described in literature. In
that purpose, we conducted a comprehensive evaluation of short-
and mid-term (D15 and D36) and dose effects (low dose at 0.2%
diet vs high dose at 0.5% diet) of dietary administration of different
types B-glucans extracted from yeast wild or cell-wall mutants
Gasl with different particle size and chemical structure (WT- and
Gasl-B-glucan) extracted by the laboratory of Aquaculture and
Artemia Reference Centre (ARC, UGent) compared to a
commercial B-glucan (MacroGard®) on the immune functions
and resistance to pathogens of rainbow trout juveniles. In that
purpose, blood leukocyte cells, humoral immune parameters, and
immune-related gene expression in relevant immune organs, such
as spleen and kidneys, will be evaluated. Moreover, the disease
resistance of trout juveniles was tested by applying a bacterial
challenge test based on the intraperitoneal injection of Aeromonas
salmonicida achromogenes.

MATERIALS AND METHODS

Experimental Fish

Feeding trial and bacterial challenge were carried out in
agreement with the European and Belgian national legislation
on animal welfare (Protocol number: 13197 KE). Rainbow trout
juveniles (n = 315) were transported from a local fish farm
(Hatrival, Belgium) to the University of Namur (in facilities of
the research unit of environmental and evolutive biology) and
distributed into nine fiberglass tanks of 100 L (35 fish/100 L/
tank) in a recirculation system. Fish were allowed to acclimate to
the new environment for 21 days.

During this period, water temperature was maintained at 13.9 +
1.2°C by a cooling system, oxygen level averaged 11.6 + 0.7 mg/L
(aeration applied), constant photoperiod (light/dark ratio = 12:12),
and fish were fed 1.5% of fish biomass, twice daily (at 9:00 am and
5:00 pm) with a specific trout diet (Coppens TROCO SUPREME-16,
The Netherlands, crude protein = 48%, crude fat = 15%).

Fish Diet and Experimental Design

After acclimation, fish (mean body weight, 44.5 + 3.0 g) were fed
by hand either a control diet (no B-glucans) or diets containing
three types of B-glucans: a commercial mixture of 3-glucans, MO
(MacroGard®, Biorigin, Brazil), and two yeast B-glucan
products, namely GAS1-B-glucans (GAS1) and wild type B-
glucans (WT) extracted by the Laboratory of Aquaculture &
Artemia Reference Center (ARC) of Ghent University, Belgium
as described in Han et al. (30). For each type of B-glucans, two
doses were tested (0.2% or 0.5% of the diet) for 36 days at 1% of
fish biomass/day that are called further in the text: G0.2%, G0.5%
for Gasl glucan, M0.2%, MO0.5% for MacroGard® glucan,
W0.2%, W0.5% for wild-type glucan. All diets were formulated
and pelleted in the laboratory of the University of Namur
(Table 1). Three replicate tanks were used for each
experimental diet. After 15 days (short-term nutrient test,
D15) and 36 days (mid-term nutrient test, D36) of feeding, six
fish per tank (18 fish per experimental diet) were anesthetized in
buffered (pH 7) ethyl 3-aminobenzoate methane sulfonic acid
salt (98% purity, MS-222, Sigma) solution (120 mg/L). Blood was
obtained by caudal vein puncture using a heparinized syringe
and stored on ice in heparinized tubes. Fish were then euthanized
by overdose of buffered MS-222 (240 mg/L) before decapitation.
Spleen and head kidney were dissected; a part of spleen was
immediately homogenized after dissection to prepare for spleen
respiratory burst activity analysis. The remaining spleen and
kidney samples were immediately snap-frozen in liquid nitrogen
and finally stored at —80°C until analysis (RT-qPCR immune-
related genes). Heparinized blood was immediately analyzed for

TABLE 1 | Ingredients and proximate composition of the experimental pelleted diet.

Ingredients Diet* (g/kg)
Cod fish meal® 350.0
Blood meal® 70.0
Wheat gluten® 134.0
Cod fish ol 128.0
Starch® 223.6
Carboxylmethylcellulose® 20.0
o- cellulose® 42.4
Mineral mix' 10.0
Vitamin mix9 10.0
Betaine® 10.0
BHA 1.0
BHT 1.0

Crude protein (%)
48.00

Analyzed diet composition

Crude fat (%)
14.75

Ash (%) Energy (MJ/kg)
14.30 19.8

Dry matter (%)
92.16

*b-glucan doses were added in respective % of the dliet reducing the levels of a-cellulose. “Cod fish meal (CP-crude protein = 89%, CF-crude fat = 4.0%) provided by SNICK euroingredient
NV, Ruddervoorde (Belgium). ®Blood meal (CP = 87.6%, CF = 0.0) as Actipro Hemoglobin, Zwevezele (Belgium). “Wheat Gluten (CP = 80.0, CF = 6.0%), Roquette Freres, Lestrem
(France). “Sigma-Aldrich, Saint-Louis, MO, (USA). °Mosselman SA, Chiin (Belgium). "Mineral mix (g kg~ of mix) was prepared in the lab, from (CaHPO4)2H20, 727.77; (MgSO4)7H20,
127.50; NaCl, 60.00; KClI, 50.00; (FeSO4)7H20, 25.00; (ZnS04)7H20, 5.50; (MnSO4)4H20, 2.54, (CuSO4)5H20, 0.78; (CoS04)7H20, 0.48; (CalO3)6H20, 0.29; (CrCI3)6H20, 0.13 g.
Vitamin mix was provided by INVE Aquaculture Company. BHA (butylated hydroxyanisole) and BHT (butylated hydroxyl toluene) were provided by Sigma-Aldrich-Belgium.
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leukocyte populations by flow cytometry, and the remaining
volume of blood was then centrifuged at 7,500g for 10 min to
collect plasma stored at —80°C until subsequent analyses
(Iysozyme activity, alternative complement activity, total
immunoglobulin content).

Bacterial Challenge

To evaluate whether B-glucan has a beneficial effect on disease
resistance, rainbow trout juveniles were experimentally infected
with a virulent strain of Aeromonas salmonicida achromogenes
provided by the CER group (Centre d’Economie Rurale,
Laboratoire de Pathologie des Poissons, Belgium). Bacteria were
cultured in sterile Brain Heart Infusion (BHI; Sigma Aldrich, Saint-
Louis, MO, USA) and incubated at 28°C for 24 h. A preliminary test
infection, including various bacterial doses was performed to
determine the LD50 CFU of the targeted rainbow trout
population (LD50 = 3.1 x 10" CFU/100 g fish body weight).

On D37, atotal of 30 fish from each dietary condition (10 fish x 3
replicate tanks) were anesthetized. Then, the fish were
intraperitoneally injected with a weight-adjusted dose (3.1 x 107
CFU/100 g of fish body weight) of the freshly prepared A.
salmonicida achromogenes culture and equally distributed into
three 50-L tanks. The fish were confined at the animal facility
(Biosafetylevel 2) along the infection assay. They were starved 1 day
ahead of infection as well as the day of bacterial injection, and then
fed the respective experimental diets until the end of the challenge
test. At 35 h post-injection (D39), a total of nine fish from each
dietary condition (3 fish x 3 replicate tanks) were anesthetized, and
blood was sampled for subsequent immunological assays (lysozyme
and alternative complement pathway activity). Levels of plasma
total Ig content and spleen RBA were not determined because of
limitations in this experiment. Fish were then euthanized, and
spleen and kidney were sampled and immediately snap-frozen until
immune gene expression analysis (RT-qPCR).

Blood Leukocyte Populations

Blood cell populations were analyzed at D15 and D36 of dietary
treatment by flow cytometry (Flow Activated Cell Sorter Calibur;
Flow Cytometry System) according to Inoue etal. (31), later adapted
by Mathieu et al. (32). Briefly, 10 pl of fresh heparinized blood were
mixed with 1950 pl of Hanks Balanced Salt Solution (HBSS, Sigma)
and 40 pl of fluorochrome DiOC6 (3,3-dihexyloxacarbocyanine,
Molecular Probes, Eugene) diluted 1:10 in ethanol. The tube was
mixed gently and incubated at room temperature (RT) for 10 min.
The FACS was calibrated with True Count Beads diluted in HBSS,
Sigma-Aldrich, Steinheim, Germany). Each blood cell population
was identified by its typical location in an FL-1 v. SSC (FITC filter
versus Side-scattered light) and FSC vs. SSC (Forward Scatter versus
Side-scattered light) according to Inoue et al. (31) and Pierrard et al.
(33). Four clusters were identified, thrombocyte and lymphocyte
cells were gathered in the same cluster according to Pierrard
etal. (33).

Plasma Lysozyme Activity

Lysozyme activity assay was performed by the turbidimetric
method of Siwicki and Studnicka (34), later adapted by
Mathieu et al. (35). Briefly, 7 pl of plasma were added to 130 ul

of freshly prepared Micrococcus luteus (Sigma-Aldrich, Saint-
Louis, USA) solution (0.6 mg/ml of Na,HPO, 0.05 M, pH 6.2)
in triplicate. Absorbance corresponding to Micrococcus luteus lysis
was measured at 450 nm for 60 min at regular intervals (5 min).
One unit (U) of lysozyme was determined as an absorbance
decrease of 0.001 per min.

Plasma Hemolytic Activity of Alternative
Complement Activity

Plasma hemolytic activity of alternative complement activity
(ACHS50) was assayed following Oriol Sunyer and Tort (36),
later modified by Milla et al. (37). Briefly, 10 ul of rabbit red
blood cell suspension (RRBC, Biomerieux, Mary-I’Etoile, France)
suspended at 3% in veronal buffer was mixed with serial dilutions
of plasma (70 ul of total volume). Hemolysis (100%) was
obtained by adding 60 ul of distillate water to 10 ul of RRBC.
Negative control (fresh water) was obtained by adding 60 ul of
veronal buffer to 10 ul of RRBC. Samples were incubated 100 min
at 27°C and centrifuged (3,000g, 5 min, 4°C). Then, 35 pl of
supernatant was transferred to a new microplate to measure the
absorbance at 405 nm. The ACH50 value was defined as the
reciprocal of the plasma dilution that induced the hemolysis of
50% RRBC.

Plasma Total Immunoglobulin Assay

Analysis of total plasma immunoglobulin content (Ig) was based
on a spectrophotometric technique described by Siwicki and
Anderson and later adapted by Milla et al. (37) with some
modifications. Immunoglobulin was precipitated using 10,000
kDa polyethylene glycol (PEG, Sigma). Plasma was mixed with
an equal volume of 12% PEG solution and shake 150 rpm for 2 h
at room temperature. After centrifugation at 1,000¢ for 10 min,
the supernatant was collected and assayed for its protein
concentration by the method of Bradford (38). Plasma total
immunoglobulin content was calculated by subtracting this value
from the total protein concentration in the plasma before
precipitation with PEG.

Spleen Leukocyte Respiratory

Burst Activity

Just after collection, spleen samples were conditioned in L15
medium (Sigma-Aldrich) at 4°C, and gently pressed through
sterilized nylon mesh (40 pm, Dutscher) to obtain leukocyte
suspensions. Then, the L15 medium-diluted samples were loaded
onto Ficoll gradient (Healthcare, GE). After centrifugation (2500
rpm, 20 min, at 4°C), leukocyte suspensions were collected and
washed twice in L15 medium and again centrifuged (1200 rpm,
5 min, 4°C). They were re-suspended in L15 medium and viable
leukocytes were adjusted at 10° cells/ml before classification of
leukocyte populations (lymphocyte, macrophage, and
granulocyte) by flow cytometry. RBA analysis was performed
using the flow cytometry method as previously described by
Chilmonczyk and Monge (39) with some modifications of Jolly
et al. (40). The RBA test corresponded to an evaluation of
intracellular hydrogen peroxide production following cell
activation or not with phorbol 12-myristate 13-acetate (PMA).
The fluorescence levels of unstimulated and PMA-stimulated
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cells were determined after 30 min of cell incubation (18°C in the
dark) with 2’-7’dichlorofluorescin diacetate (DCFH-DA (5 uM)
and DCFH-DA plus PMA (2 pg ml™"), respectively. The spleen
respiratory burst activities were expressed in a stimulation index
as the ratio between the mean fluorescence measured in
stimulated cells (DCFH-DA + PMA) and the basal mean
fluorescence of control (DCFH-DA only).

RNA Precipitation and Complementary
DNA Synthesis

Three pools of each experimental condition and time-point were
collected to compare their gene expression profiles. Total RNA
was extracted individually from the spleen and head kidney) by
grounding 100 mg of the organ with a pestle until full
homogenization in TriReagent (Sigma-Aldrich, St. Louis, MO).
The next steps were performed according to the manufacturer’s
instructions. The pellet was dried and resuspended in 200 pl of
RNase-free water. Total RNA concentration was determined by
Nano Drop-2000 spectrophotometer (Thermo Scientific), and
the integrity was checked by Experion RNA Std Sens analysis
(Bio-Rad Laboratories, Hercules, CA). Total RNA (1 pg) was
used to synthesize cDNA with iScript cDNA synthesis kit (Bio-
Rad Laboratories) following this protocol: priming for 5 min at
25°C, reverse transcription for 20 min at 46°C, RT inactivation
for 1 min at 95°C as recommended by the manufacturer.

Gene Expression Analysis

Real-time PCR assay was carried out to analyze the expression
pattern of different genes of immunological relevance in spleen
and kidney from rainbow trout stimulated with B-glucan.
Samples were taken randomly from three fish of three different
tanks for each treatment (n = 9) at D15 and D36 days of feeding
with different doses and types of B-glucan. Samples of three
randomly selected fish from each tank were pooled for each

treatment (n = 3 fish per each pool). On day 37 offeeding, fish were
challenged against A. salmonicida achromogenes and 35 h post-
challenge (D39 of treatment) three fish of three different tanks for
each treatment (n = 9 fish) were also collected. Samples were also
taken using the same strategy from fish fed with basal diet and from
non-infected fish (n = 3 fish per each pool). As a housekeeping gene,
elongation factor 1 alpha (ef-1cx) that exhibited the most stable
expression (compared to -actin and 18S genes) between samples
was amplified from all the evaluated samples. The gene expression
of pro-inflammatory (il-1), macrophages (mcsfra), antibacterial
(Lysozyme, Hepcidin), humoral (mIgM), membrane protein
(TLR;), neutrophils (mpo), Cathelicidin (CATHI), T-helper (cd4-
2f),and anti-inflammatory responses (il- 10, tgf-BI) were evaluated.
The list of specific primers used for gene expression analysis is
given in Table 2, and those were designed according to Cornet et al.
(41) and Khuyen et al. (42). Real-time PCR reactions were carried
out with iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories) using a 1:40 dilution of the cDNA for target genes
or 1:1000 dilutions for ef-1cx.

Primers for target genes were used at 500 nM. The thermal
conditions used were 3 min at 95°C of pre-incubation, followed by
40 cycles at 95°C for 30 s, and 60°C for 30 s. All reactions were
performed using ABIprism 7300 (Applied Biosystem), and
quantification was done according to the Pfaffl method (43)
corrected for efficiency of each primer set. Values for each sample
were expressed as normalized relative expression (NRE), calculated
in relation to values of the control group, and normalized against
those of the housekeeping gene ef-1¢. The results are expressed as
an average of values obtained in all pools from D15 and D36 of
feeding, and D39 (after bacterial challenge test).

Statistical Analysis
Results are presented as box plot representing the quartile
distribution of the data. Statistical analyses were performed using

TABLE 2 | Primers used for each gene expression analysis by real-time RT.

Genes Primer sequence (5’-3’) Accession number Amplicon size Efficiency

ef-Ta Fw: 5'-ATGCCCCCAAGTTCCTGAAG-3’ NM_001124339.1 140 1.95
Rv: 5'-AACAGCAACAGTCTGCCTCA-3’

i1 Fw: 5'-TGAGAACAAGTGCTGGGTCC-3' NM_001124347.2 148 2.02
Rv: 5'-GGCTACAGGTCTGGCTTCAG-3'

lysozyme Fw: 5'-TGCCTGTCAAAATGGGAGTC-3’ NM_001124716.1 152 1.89
Rv: 5'-CAGCGGATACCACAGACGTT-3’

migM Fw: 5'-AAAGCCTACAAGAGGGAGACCGAT-3' X65263.1 128 2
Rv: 5'-AGAGTTATGAGGAAGAGTATGATGAAGGTG-3’

mesf-ra Fw: 5'-ATCTCCACTCATGGCGACACA-3’ AB091826 177 2
Rv: 5'-CATCGCACTGGGTTTCTGGTA-3’

mpo Fw: 5’-GCAGAGTCACCAATGACACCA-3’ GBTDO1119227 68 2
Rv: 5'-ATCCACACGGGCATCACCTG-3'

i-10 Fw: 5’-CCGCCATGAACAACAGAACA-3’ NM_001245099.1 105 1.98
Rv: 5’-TCCTGCATTGGACGATCTCT-3'

tgf-B1 Fw: 5'-GCCAAGGAGGTCCACAAGTT-3’ NM_001281366.1 146 2.06
Rv: 5’-GTGGTTTTGATGAGCAGGCG-3’

cd4-23 Fw: 5’-AAGCCCCTCTTGCCGAGGAA-3’ AY899932 108 2
Rv: 5’-CTCAACGCCTTTGGTACAGTGA-3’

vapA Fw: 5'-ATTAGCCCGAACGACAACAC-3’ KP184543.1 148 2.02

Rv: 5'-CCAACACAATGAAACCGTTG-3’

Primers were designed according to Cornet et al. (41) and Khuyen et al. (42).
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Rstudio software (R version 4.0.3). For each timepoint, which was
treated independently, the effects of the concentration, type of
glucan, and their interaction were analyzed using a generalized
linear model with the following code: glm (variable ~ type of
glucan x concentration, family = Gaussian, data = timepoint). Post
hoc comparisons (Tukey’s test) at a 5% significant level were
performed on the factor (type of glucan or concentration) or
their interaction (type of glucan x concentration) with general
linear hypotheses and multiple comparisons for parametric models
(multcomp R package) and Benjamin-Hochberg (BH) correction
was applied. When two groups (from either the concentration, type
of glucans or their interaction depending on the results of the glm)
do not differ from each other, they will share the same letter
annotation (for example “a”), and when two groups are
significantly different, they will be identified by different letters
(“a” and “b”). As in this study, the interaction of two factors is
considered and that seven groups (control, 3 types B-glucans x 2
concentrations) are compared, it is possible that a group is
annotated with more than one letter (for example “ab”).

RESULTS

Specific Growth Rate, Mortality,

and Splenic Index

Fish fed different B-glucan types showed no significant
differences of SGR in comparison with the control diet either
on day 15 (D15) or day 36 (D36) (Table 3). Mortality rate did
not differ between controls and B-glucan treatments (Table 3).
Furthermore, no significant changes in SI values were observed

on D15 and D36 in all B-glucan diets compared with control
diet (Table 3).

Humoral Immune Variables
On D36, the high dose of wild type 3-glucan (W0.5%) significantly
stimulated ACHS50 level in comparison with M0.5% and G0.2%,
whereas G0.2% significantly reduced it compared to the M0.2%
(p<0.01, Figure 1A). At D15 and 2 days after bacterial injection
(D39), there was no significant difference of plasma ACH50 level
between treatment and control groups.

On D36, G0.2%, W0.2%, and W0.5% significantly elevated
the levels of plasma total Ig (p < 0.001) compared to the control
diet (Figure 1B) and MO0.2%.

Concerning lysozyme parameters, on D15, M0.5%
significantly improved its activity compared to the control diet
and M0.2%. On the contrary, for GASI and wild type B-glucan,
the lowest doses G0.2% and WO0.2% were better to improve
lysozyme activity in comparison with the control (p<0.0001) and
their respective high dose (Figure 1C). At D36, we only observed
a type of glucan effect, where WT exhibited a significant highest
lysozyme activity, followed by Gasl and then MacroGard
(p<0.0001). After the bacterial infection, an effect of the
concentration of PB-glucan was highlighted, with a higher
activity with 0.2% in comparison with 0.5% of B-glucan (p<0.05).

Eventually, levels of respiratory burst activity (RBA) of spleen
lymphocytes (as for macrophage cells) did not significantly differ
whatever the B-glucan administration doses and types on D15, and
an effect of the concentration of 3-glucan was highlighted, with a
higher RBA in 0.2% compared to 0.5% (p<0.05) (Figure 1D).

Blood Leukocyte Cell Proportions

Blood leukocytes were composed of high percentages of
lymphocytes followed by those of neutrophils, monocytes, and
basophils (Figures 2A-D). Lymphocyte proportion was not
modified at D15; however, on D36, lymphocyte proportions
were higher with MacroGard B-glucan in comparison with the
control (p<0.01).

On D15, the type of B-glucan significantly influenced the
proportion of basophils with the highest quantity in fish fed
MacroGard and control diets in comparison with Gasl (p<0.05).

Finally, the type of B-glucan also significantly affected
neutrophils proportion of fish as MacroGard diet reduced it in
comparison of WT and the control diet.

Immune Gene Expression

Pro- and Anti-Inflammatory Gene Expressions
Expression levels of both pro-inflammatory (il-1f) and anti-
inflammatory (tgf-f1, il-10) genes were evaluated in spleen and
kidney organs of fish sampled after short-term (D15) or mid-
term P-glucan administration, also the expression of some
immune genes was recorded on D39 after bacterial challenge
(Figures 3A-F).

In the spleen, no significant effect was observed at D15,
whereas only the type of B-glucan affected the expression of il-
10, with a significant decrease in MacroGard and WT diets in
comparison of the control diet (p < 0.05, Figure 3E).

TABLE 3 | Mean ( + SD) values for specific growth rate (SGR), mortality and splenic index (SI) of trout juveniles fed with low (0.2%) and high (0.5%) doses of different

beta glucan types on day 15 and day 36 of the feeding trial.

Times (Days) Variables Control Macrogard GAS1 Wild type F.values  P-values
MO0.2% MO0.5% G0.2% G0.5% WO0.2% WO0.5%

15 SGR (%/day) 1683+033 146+026 1.72+032 156+032 132+037 1.80=+0.01 1.60 +0.18 1.497 0.254
Mortality (%) 3.8+6.6 48+82 29+49 4859 1.0+£1.6 4859 1.0+1.6 0.233 0.958
Splenic index (%) 0.11+ 0.02 0.11+£0.02 013+0.04 0.12+0.03 0.12+0.02 0.11+0.01 0.11 +£0.03 0.214 0.966

36 SGR (%/day) 1568+0.06 154+010 1.73+035 151+008 1.75+034 1.36+0.34 1.54+0.06 0.224 0.965
Mortality (%) 33+58 0.0+0.0 1.1+£1.9 1.3+22 1.1+£1.9 3.6+35 1.1+£20 0.586 0.736
Splenic index (%) 0.16 +0.08 0.16+0.04 0.18+0.03 0.18+0.02 0.17 + 0.01 0.16 +0.04 0.17£0.00 0.438 0.841

Statistical differences between dietary treatments are indicated by different lower-case letters (p < 0.05). Splenic index = weight of spleen (g)/weight of body(qg). (n= 3 for SGR and mortality

and n=9 for Sl).
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On D39, after bacterial challenged, G0.2% and G0.5% diets
significantly reduced il-1 gene expression compared to the
control (p<0.05, Figure 3A). Meanwhile, MacroGard diet up-
regulated tgf-BI gene expression in comparison with the Gasl
and WT diet (p<0.05, Figure 3C).

In kidneys, MacroGard and WT diets significantly reduced il-
10 gene expression in comparison of the control diet on D36
(p<0.05; Figure 3F). After bacterial challenge, only the type of B-
glucan affected tgf-BI and il-10 gene expression compared to the
control (p<0.05, Figures 3D, F). Indeed, MacroGard diet
significantly enhanced the expression of tgf-BI and il-10
compared, respectively, to WT and Gasl diets.

Expression of T-Helper, migM, Complements C3
mcsfra, and TLR, Genes
The expression levels of T-helper genes (cd4-2), membrane
immunoglobulin M (mIgM), complement C3, macrophage
colony-stimulating factor receptor a (mcsfra), and Toll like
receptor (tlr2) genes were determined in spleen and kidney
samples (Figure 4).

In spleen, after 15 days, cd4-2[3 and tir2 gene expressions were
modified by the type of B-glucan with a repression observed in

fish-fed Gasl and WT diets compared with the control group
(p<0.05, Figures 4A, E). Similarly, Gasl and Macrogard diets
enhanced the expression of mIgM in comparison to WT diet at
D15. In addition, Gas 1 diet also significantly raised the
expression of C3a in comparison with MG and WT diets
(Figure 5A). On D36, only mcsfra was modulated by the type
of B-glucan with an increase of its expression with Gasl and WT
diets (p < 0.05, Figure 5C). After bacterial injection (D39), only
tlr2 was affected by the type of B-glucan as fish-fed Gasl diet had
a significant higher expression level compared with MacroGard
and WT diets (p<0.05, Figure 4E).

In kidneys, WT diet significantly repressed cd4-2f3 gene
expression compared with the control on D15 (p < 0.05;
Figure 4B) on DI15. On D36, no gene expression was
modulated by the diets, while after bacterial infection, only igm
and mcsfra expression was changed by the type of B-glucan in the
diet. Indeed, WT diet significantly increase igm expression
compared with the control (p < 0.05, Figure 4D), whereas it
repressed mcsfra expression in comparison of control and MG
diets (p < 0.05, Figure 5D). There was no change of t/r2 and C3a
gene expression in kidneys on D15, D36, and D39 after B-glucan
treatments (Figure 5B).
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FIGURE 4 | Effects of dietary beta glucan on T-helper (cd4-2p3), humoral (migM) and membrane protein (TLR,) genes expressions in the spleen and kidney of fish
sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A-F) are expression levels of cd4-28, migM, TLR> i, spleen and
kidney, respectively. Relative transcript (MRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-7o expression. Values are
expressed as mean + SD of 3 pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are indicated for glucan
concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same
glucan, for glucan type x concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).

Antibacterial Gene Expressions

Expression of antibacterial genes (C-type lysozyme, Hepcidin,
Cathelicidin, and Myeloperoxidase) were evaluated in the kidneys
and spleen on D15, D36, and D39 (Figures 6A-D and 7A-D).

In spleen at D15, Gasl and WT diets caused a significant
decrease of Hepcidin gene expression compared with the control
diet (p=0.015, Figure 6C). On the contrary, at D36, hepcidin
expression was higher in Gasl and WT diet in comparison with
the respective levels of fish fed MG diet (p<0.05, Figure 6C).
After the bacterial infection, only lysozyme and mpo genes were
affected by the type of B-glucan with an increase of their
expression with Gasl in comparison with MG diet (p < 0.05;
Figures 6A and 7C).

In kidneys, there was no change of lysozyme and cathelicidin
gene expression on D15, D36, and D39 after -glucan treatments
(Figures 6B and 7B). Regarding hepcidin gene expression, it was
only modulated on D15 by the concentration of the compound
with a higher expression of the gene with the lowest dose (p <
0.05; Figure 6D).

Survival Rate
The mortality rate increased earlier and more rapidly in trout fed
with the control and most of B-glucan diets during the first week

of infection, except for fish fed with low dose of GAS1 B-glucan
(G0.2%) (Figure 8). The mortality of fish fed with G0.2% was
reduced from day 5 and stopped on the 10th day after bacterial
injections, whereas other B-glucan diets were stopped later
between the 10th and 12th day post-infection. The survival
rates were significantly higher in fish fed G0.2% (43.3%) and
G0.5% (30.0%) than in controls (16.7%) 14 days after bacterial
injection (F = 6.5, p = 0.0019; Figure 8), followed by M0.5%
(26.7%). The higher mortality rates were observed in MO0.2%
and W0.5%.

DISCUSSION

In this study, rainbow trout juveniles were fed with a control diet or
enriched diets with Macrogard-B-glucan, GAS1- B-glucan, and
WT-B-glucan at low (0.2% diet) and high doses (0.5% diet), and
fish were sampled after short-term (15 days) and mid-term (36
days) feedings. After 15 and 36 days of treatment, 3-glucan diets did
not significantly modify specific growth rate (SGR), mortality, or
splenic index of treated fish in comparison with the control group.
This result may be due to the duration of the experiment that was
not long enough to induce a significant modification of growth
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FIGURE 5 | Effects of dietary beta glucan on C3a complement (c3a) and macrophage colony-stimulating factor receptor a (mcsfra) genes expressions in the spleen
and kidney of fish sampled during the nutrient test on D15 and D36, or 2 days after the bacterial challenge (D39). (A-D) are expression levels of c3a and mcsfra in
spleen and kidney, respectively. Relative transcript (MRNA) levels were determined by real-time RT-PCR and normalized by the arithmetic mean of ef-7 o expression.
Values are expressed as mean + SD of three pool samples per experimental condition (3 fish per pool sample). Statistical differences, highlighted by letters, are
indicated for glucan concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two
doses of the same glucan, for glucan type x concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point
(D15, D36, or D39).
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performances. However, this was not the targeted effect in this study
as apart from the effects on growth performance, B-glucans are
mainly used for their immunostimulant capacities and previous
studies highlighted the importance of the quality and structures of
glucans in the activation of immune cells (22, 23, 44, 45).

In a previous paper, Han et al. (30) already demonstrated that
Gasl glucan, which was produced in their laboratory, could
induce a higher survival of Artemia franciscana against Vibrio
harveyi infection. The authors hypothesize that the structural
features of B-glucans could be responsible for this protection, as
Gasl had lower degree of branching and shorter side chain
length than WT glucan. In the present study, the capacity to
trigger different immune responses of the two extracted PB-
glucans in the Ghent’s laboratory (GAS1 and WT) and the
commercial control (MacroGard®) was demonstrated.

MacroGard: The Well-Known

Commercial B-Glucans

MacroGard is a well-known commercial B-glucan that was
already proven to exert several immune stimulation in fish (29,
46, 47). In the present study, we showed that the high dose (0.5%)
of Macrogard B-glucan (M0.5%) was better than the lower dose
(M0.2%) to protect fish against bacterial infection but also to
induce some effectors of the innate immune system. Indeed, on
D15, M0.5% significantly stimulated plasma lysozyme activity.
Lysozyme is an enzyme that possesses a lytic activity against both
Gram-positive bacteria and Gram-negative bacteria and is known
to activate the complement system and phagocytes and its activity
reflects the activation of innate immunity of fish (48). Several

studies have shown that Macrogard B-glucan could stimulate
lysozyme activity. Particularly, dietary with this B-glucan at 0.2%
and 0.3% increased lysozyme activity on Persian sturgeon juvenile
(47) or sea bass-fed Macrogard (0.1%) diet for 30 days had a
significant increase of serum lysozyme activity (46).

However, most of significant immune modulations induced by
this B-glucan were observed on D36 and D39 (after bacterial
infection) and were independent of the doses, except for M0.2%
that significantly increased plasma alternative complement activity
(ACH50) on D36 compared with G0.2%. This alternative
complement activity plays a major role in the innate immune
response by destroying the cell surface membranes of pathogens
by creating pores and opsonizing the pathogens for destruction by
increased phagocyte uptake, through ligand-receptor interactions
between the two cell surfaces (49). In addition, on D36, MacroGard
B-glucan enhanced the production of lymphocytes in comparison
with the control diet. Siwicki et al. (50) already demonstrated the
proliferative response of pronephros lymphocytes that was shown
to be stimulated by mitogens.

Adversely, on D36, some immune parameters, such as lysozyme
activity, immunoglobulin production, neutrophils proliferation,
and genes involved in macrophage production (mcsfra) or in
antibacterial activity (hepcidin) were down-regulated by the
supplementation with MacroGard in comparison with Gasl/WT
B-glucans or the control. Falco et al. (51) reported that treatment
with dietary MacroGard -glucan administered daily to carp for 14
days prior to infection in generally down-regulated the expression
of several measured genes when compared to their corresponding
control. In our study, the decreased were observed mostly in
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comparison with Gasl and WT B-glucans potentially suggesting
that MacroGard could induced a weakening of the immune system
after a shorter period of supplementation. Nevertheless, a bacterial
challenge was essential to validate this hypothesis.

After bacterial infection on D39, M0.5% diet slightly but not
significantly improved fish survival after the infection to the
pathogen A. salmonicida achromogenes in comparison to the
control (26% vs 16%) while the survival in fish fed M0.2% was
worse than the control diet. Although some immune genes involved
in anti-inflammatory responses (i.e., Tgfb and il-10) were enhanced
in comparison with Gasl and/or WT B-glucans, several other
essential in antibacterial activity (lysozyme, mpo) and Toll-NFkb
pathway (tlr2) were repressed. Altogether, those results could
support the hypothesis of a weakening of the innate immune
system when the organism is exposed to such a high dose of B-
glucan for along period. Indeed, it has been reported that overdoses
of B-glucan and/or prolonged medication can lead to non-reaction
physiological status of rainbow trout (29). The decrease of several
immune genes expression in this study may be explained by the high
doses of B-glucan used in this experiment leading to high levels of
butyric acid production in the guts by the fermentation of
bifidobacterium and lactic acid producing bacteria. On the other
hand, butyric acid is also a histone deacetylase (HDAC) inhibitor,
such as HDACI, HDAC2, HDAC3, and HDACS, which inhibits
the function of histone deacetylase enzymes leading to deacetylase
(52). The decrease of HDCA causes the loss of structures of
chromatin due to the decrease of electrostatic attraction between
histone and DNA (52).

Therefore, our results suggest that MacroGard B-glucan
supplementation in trout should be at least 0.5% of the diet
and should be restricted to 15 days to avoid immune weakening
and improve fish survival in case of bacterial infection.

GAS1: The Best B-Glucan to Improve
Resistance to A. salmonicida
achromogenes

As described by Han et al. (30), Gasl is a B-glucan produced by
the null-mutant yeasts Gasl of Saccharomyces cerevisiae

D6

D7

D8 D9 D10 Dii D12 D13 D4

FIGURE 8 | Survival rate profile in rainbow trout juveniles fed with different types of beta glucan at low (0.2% diets) or high doses (0.5% diets) and challenged with
Aeromonas salmonicida achromogenes (3.1 x 107 CFU/100g fish body weight) for 14 days. Statistical differences, highlighted by letters, are indicated for glucan
concentrations in front of 0, 0.2, and 0.5% next to the corresponding plot, for glucan type by letter above the horizontal bar grouping the two doses of the same
glucan, for glucan type x concentrations interactions above each box. P values are shown at the bottom of each graph at a given time point (D15, D36, or D39).

(isogenic deletion strains derived from baker’s yeast strain BY
4741). This B-glucan possesses a lower degree of branching and
shorter side chain length and exerted the most prominent V.
harveyi-protective effects in A. franciscana (30). Similarly, in our
study, low and high doses of Gas1-B-glucan (G0.2% and G0.5%
diet) significantly increase trout immune system with different
cellular or molecular immune effectors stimulated at the three
timepoints (i.e., D15, D36, and D39).

On D15, Gasl B-glucan significantly decreased basophils
proportions after a short-term exposure compared to control and
MacroGard diets. In previous studies, the modulation capacity of
the leukocyte production by B-glucans was already observed (53—
55). In mammals, basophils are immune cells known to be involved
in allergic process and antiparasitic immunity, and release
inflammatory mediators, such as histamine, by degranulation and
induce inflammation (56). In Teleost, although their function
remains poorly described, basophils were proved to be activated
in an antibody-dependent manner (bounding with IgM induced
degranulation) and the released granules exhibited the capacity to
induce the migration of various leukocytes (57). Furthermore, the
expression of ¢d4 coding for a co-receptor of the T cell receptor
(TCR) that assists in the communication with antigen-presenting
cells and tlr2 were also repressed in fish fed Gasl. This repression of
basophils proliferation and cd4 with Gasl could alter inflammatory
processes, but further investigation would be necessary to evaluate
to which extent. Nevertheless, Gasl diet stimulated the activity of
lysozyme and the expression of C3a involved in the alternative
complement pathways in comparison to MacroGard and WT j3-
glucan potentially indicating a better response of innate immune
system on D15.

On D36, Gasl1 also increased lysozyme activity, Ig proportion
and some immune genes involved in macrophage production
(mcsfra) and antibacterial activity (hepcidin) in comparison with
MacroGard B-glucans. As already described for MacroGard B-
glucan, those results suggest the induction of some effectors of
the immune system but triggered by different molecular
pathways. Surprisingly, in another study, brood rainbow trout
fed 0.2% MacroGard B-glucan diet for two months also exhibited
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a significant increase of lysozyme activity and total Ig (54). Here,
only Gasl modified those immune parameters but this could be
explained by the duration of feeding or the age of the fish at the
moment of the experiment. Besides, the increase of plasma total Ig
was also observed with both low and high doses of Gas1 3-glucan on
D36. Immunoglobulins are complex glycoproteins that play critical
functions in innate and adaptive immunity thanks to their capacity
of recognition, binding, and fixation of cells (58).

In the context of a bacterial intrusion, those Ig could help to
cope with the infection, and could be one of the immune effectors
responsible for the results obtained on rainbow trout juvenile
resistance to A. salmonicida pathogens at D39. Indeed, as already
observed in Han et al. (30), low and high doses of Gas1--glucan
(G0.2% and GO0.5% diet) exhibited the best protective effect
against the pathogen. Regarding the cumulative survival rate
10 days after bacterial challenge, fish fed with G0.2% displayed
the highest survival rate with 43.3%, followed by G0.5% with 30%
and fish fed control diet at 16.7%. Meanwhile, there was no
difference in survival rate for fish fed low and high doses of
Macrogard B-glucan, Wild type (WT)-B-glucan diets in
comparison to those of the control. Numerous studies have
reported the immunomodulation potential of B-glucan in fish
disease resistance and the available results vary greatly depending
on the fish species, doses, and administration modes (14, 28, 59-
61). In the present study, in addition to higher amount of Ig, the
immune protection of fish fed G0.2% and G0.5% may be related
to a differential expression of several innate immune genes
(lysozyme, tlr2). Particularly, on D39, myeloperoxidase gene
was still enhanced after 35 h post-infection. This enzyme
present in neutrophils was shown to exert a bactericidal
activity by producing hypochlorous acid (HOCI) that oxidizes
key components of the invading pathogens (62). Therefore, the
higher mpo gene expression could have induced a higher
production of the enzyme leading to a higher oxidant capacity
to deal with the bacterial infection in fish fed Gasl diet.
Surprisingly, we also observed that several genes related to
inflammatory process (il1b, il10, tgfb) were repressed after 35 h
of infection with the low dose of Gasl, and could be explained by
a modified dynamic of gene expression over time. Indeed, in a
previous study, we have shown that infection of zebrafish by A.
salmonicida achromongenes stimulated the expression of il6 at
6 h post-infection (hpi) but was already repressed after 24 hpi,
and this decrease depended on the previous infections applied on
the zebrafish (63). Altogether, our results suggest that Gasl is an
efficient B-glucan that should be used at a dose of 0.2% of the diet
and can be given for a month although it could have provided an
even better protection against pathogen after 15 days of feeding.
The high dose at 0.5% can also be used but it exhibited some
immune weakening as the survival was reduced compared to the
low dose at 0.2%.

WT-B-Glucans: Similar Immune

Stimulation Than Gas1, but Worst
Resistance to Pathogens

This last B-glucans produced from wild-type yeast S. cerevisiae
differs from Gasl by its longer size and higher degree of

branching. Our results of measured parameters highlighted
substantial differences in the modulation of the immune
systems at the three timepoints. First, on D15, W0.5%
exhibited the lowest lysozyme activity compared with other
diets. In addition, this B-glucan significantly reduced the
expression of cd4 and hepcidin in comparison with the control
diet. On D36, W0.5% increased ACH50 and lysozyme activities,
Ig production, and repressed one immune gene (il-10).
Surprisingly, although the stimulation of these immune
features appeared even more enhanced in WT-B-glucan than
in Gasl, W0.2% and W0.5% provided no protection against A.
salmonicida achromogenes in comparison with the control or
MacroGard B-glucan at both doses. Other studies already
reported that dietary B-glucans (0.1%, 0.2%, and 0.3% in diets)
had no significant effect on survival of juvenile Persian sturgeon
(47) or that the administration of dietary B-1,3-glucan from
Eulena gracilis (1% in diet) had no effect on the survival rate of
unvaccinated or vaccinated rainbow trout with Y. ruckeri after 70
or 84 days of treatments (26). In the present experiment, the
results might indicate that the stimulation of ACH50 and
lysozyme activities, Ig and monocyte production was not in
itself sufficient in this case to protect the fish against bacterial
infection. This lack of protection could be due, as already
suggested for Macrogard B-glucan, to an overstimulation of the
immune system, that would be too weak after 36 days of feeding
trial to respond properly to an infection. Nevertheless, it could
also be due to mpo in neutrophils or other bactericidal enzymes
that activities would be more efficient in fish fed Gasl diet than
fish fed other B-glucan diets. Further studies should be
performed to exclude the influence of the doses and duration
on the absence of protection by testing lower and higher doses
(for example 0.1 and 1%) with a bacterial challenge at 15 days of
feeding. However, as previously suggested by Han et al. (30), one
explanation to this huge difference in fish protection could be
because of the size and degree of branching. Bohn et al. (45)
indicate that the activation of the immune cells needs the
presence of some structural features, such as [-1,3-linkages in
the main chain and B-1,6 or B-1,4 branch of the glucan. Finally, it
is possible that their structure influences their absorption in the
intestine and the binding to the receptor, and this should be
further investigated to understand why Gasl is such more
efficient to protect fish against pathogen infection.

CONCLUSIONS

In this study, the diet supplemented with 0.2% of GAS1-B-glucans
was the most effective to protect rainbow trout juveniles against a
bacterial infection with A. salmonicida achromogenes. After short-
term (-glucan feeding (D15), the immune system of rainbow trout
juveniles differentially responded to the two B-glucan doses tested
depending on the type of B-glucans. Regarding lysozyme enzyme,
low doses of Gasl and WT (G0.2% and W0.2%) were better to
stimulates its activity, while M0.5% exhibited the highest activity
in comparison with M0.2%. On D36, independently of the doses,
MacroGard supplementation resulted in the down-regulation of

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 693613


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

Cornet et al.

GAS1: A New B-Glucan Immunostimulant Candidate

several immune parameters such as lysozyme activity,
immunoglobulin production, neutrophils proliferation, and
immune genes (mcsfra, hepcidin) in comparison with Gasl diet
potentially suggesting a weakening of the immune system after a
shorter period of supplementation confirmed by the low survival
rates of fish fed with this diet. Besides, considering the difference of
survival rate between Gasl and WT fed fish, our results suggest
that the structure of the 3-glucan with a lower degree of branching
and shorter side chain length could potentially play a substantial
role in the efficiency of the immuno-stimulation. To conclude, in
the context of a mid-term feeding (36 days), it appeared that Gasl
B-glucan represents the best immunostimulant as MacroGard
already exhibited some immune weakening.
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Lactococcus lactis Expressing
Type | Interferon From Atlantic
Salmon Enhances the Innate
Antiviral Immune Response

In Vivo and In Vitro

Carlos Mufioz ", Josue Gonzélez-Lorca', Mick Parra’, Sarita Soto’, Natalia Valdes’,
Ana Maria Sandino?%, Rodrigo Vargas', Alex Gonzalez** and Mario Tello **
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In salmon farming, viruses are responsible for outbreaks that produce significant
economic losses for which there is a lack of control tools other than vaccines. Type |
interferon has been successfully used for treating some chronic viral infections in humans.
However, its application in salmonids depends on the proper design of a vehicle that
allows its massive administration, ideally orally. In mammals, administration of
recombinant probiotics capable of expressing cytokines has shown local and systemic
therapeutic effects. In this work, we evaluate the use of Lactococcus lactis as a type |
Interferon expression system in Atlantic salmon, and we analyze its ability to stimulate the
antiviral immune response against IPNV, in vivo and in vitro. The interferon expressed in
L. lactis, even though it was located mainly in the bacterial cytoplasm, was functional,
stimulating Mx and PKR expression in CHSE-214 cells, and reducing the IPNV viral load in
SHK-1 cells. In vivo, the oral administration of this L. lactis producer of Interferon |
increases Mx and PKR expression, mainly in the spleen, and to a lesser extent, in the head
kidney. The oral administration of this strain also reduces the IPNV viral load in Atlantic
salmon specimens challenged with this pathogen. Our results show that oral
administration of L. lactis producing Interferon | induces systemic effects in Atlantic
salmon, allowing to stimulate the antiviral immune response. This probiotic could have
effects against a wide variety of viruses that infect Atlantic salmon and also be effective in
other salmonids due to the high identity among their type | interferons.

Keywords: interferon la, Lactococcus lactis, antiviral, IPNV, Atlantic salmon
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INTRODUCTION

In aquaculture, the implementation of immunotherapies based
on interferon administration to combat viral infections has been
poorly studied. Aquaculture is one of the fastest-growing
industries in the world. According to FAO estimates, in 2050
this industry is expected to be the main source of protein for
human consumption (1). The main cultivated species include
shrimp, tilapia, carp, rainbow trout, and Atlantic salmon, which
due to high-intensity cultivation conditions, experience health
problems caused by bacterial and viral pathogens, which reduce
their productivity (2, 3). Among the main viral pathogens, we
can find White Spot Syndrome Virus (WSSV) in shrimp (4),
Tilapia lake Virus (TiLV) in Tilapia (5), and Koi Herpesvirus in
Carps (6). In salmonids, several viral pathogens have been
identified. In Atlantic salmon, the main viral pathogens are
IPNV (7) and ISAV (8), which have shown devastating effects
on the Chilean salmon farming industry (9). In rainbow trout,
Atlantic salmon, and other salmonids, several emerging viruses
have been identified; namely, VHSV, IHNV, SAV, and PRV,
which show a lower impact on production (2). The main strategy
used to date by salmon farming to prevent viral infections has
been the use of vaccines; however, it has not been shown that
they confer the same protection as that observed in mammals,
requiring successive re-stimulations (boosters) to achieve
efficient protection (10, 11).

In Atlantic salmon and other teleosts, the main response of
the innate immune system against viral infections consists in the
expression and secretion of Type I interferons (12), whose
expression is induced as a consequence of the recognition of
viral RNA by the cytoplasmic receptors RIG-I and MDAS5, or by
the membrane-associated receptors TLR3, TLR22 and TLR7 (13,
14). The interaction of type I Interferon with its membrane
receptors stimulates the induction of a set of genes called
Interferon Stimulated Genes (ISG), among which Mx and PKR
are well known effectors (15-17). Mx is a GTPase structurally
related to dynamin, which forms oligomers around the
nucleoprotein, preventing virus transcription and replication
(18). PKR is a kinase that inactivates translation initiation
factor 2 by phosphorylation, preventing translation (19). In
Atlantic salmon, 6 groups of type I Interferon have been
identified, named from a to f (omitting g, to avoid confusion
with gamma interferon) (20). Some of the first type I interferons
from Atlantic salmon to be characterized were SasalFN- a1 and
SasalFN-0.2, both belonging to the current group Ia (IFN-Ia)
(21). In vitro, recombinant SasalFN-a1 exhibits strong antiviral
activity against IPNV (14, 21), but has no effect on ISAV
infections (22, 23). In vivo, administering recombinant
SasalFN-02 increases resistance to IHNV infections (24), while
administering intramuscular plasmids expressing IFN-Ia locally
stimulates the expression of antiviral genes (25), and enhances
the protective effect of DNA vaccines that express the HE
proteins of ISAV (26). On the other hand, administering
plasmids that allow the expression of IFN-Ic in fish confers
protection against ISAV (25) and SAV (27). This background
shows that the use of interferon I could be an effective and broad-
spectrum tool to prevent mortalities caused by viral infections.

However, its implementation involves developing an efficient
administration system that avoids the need to inject each fish.

In mammals, lactic acid bacteria have been used successfully
to synthesis and release immunoactive molecules such as
interferons, antigens, or peptide hormones (28). The oral
administration of these improved probiotics produces systemic
effects, conferring protection against virus (29), bacterial
pathogens (30, 31), and parasites (32). In salmonids, oral
administration of Lactobacillus casei species expressing IPNV
epitopes has shown to confer protection against the virus (33-
37), while Lactococcus lactis strains have been used to orally
immunize against Hirame novirhabdovirus in flounder (38),
Carp spring viremia in common carps (39), the protozoa
Ichthyophthirius multifiliis in Goldfish (40), and against the
viral hemorrhagic septicemia in rainbow trout (41). Oral
administration of recombinant Lactobacillus casei expressing
epitopes of Aeromona veronii confers protection against this
pathogen in Cyprinus carpio (42, 43), and Carassius carassius
(44), while Lactobacillus plantarum expressing G protein of
spring viremia of carp virus (SVCV) (45) and the ORF81
protein of koi herpesvirus (KHV) has shown confers
protection against both viruses with high titers of IgM after its
oral administration to Cyprinus carpio (46). Altogether, these
results have shown that lactic acid bacteria are an efficient vehicle
for the release of immunostimulant peptides in fish.

In this work, we explore the use of L. lactis to produce IFN-Ia
from Atlantic salmon. Recombinant interferon was shown to
have in vitro activity on CHSE-214 and SHK-1 cell cultures,
increasing the expression of Mx and PKR, and reducing the
production of viral particles in IPNV infection assays. In vivo,
the administration of this probiotic was able to stimulate the
expression of Mx and PKR in the spleen and head kidney, in
addition to reducing the viral load.

MATERIALS AND METHODS

Design and Synthesis of the P1-Usp45-
IFNIa Module

To generate a module that allows the expression and export of
Interferon I in Lactococcus lactis, a cDNA encoding for the IFN-
Ia from Salmo salar (NM_001123710.1) between amino acid 24
and 175 was designed in silico, by in frame insertion of the
sequence that encodes the peptide Lactococcus lactis Usp45
signal (GenBank: M35374), and incorporating the sequence of
the constitutive promoter P1 from Lactococcus lactis
(CP004884.1 1775802-1775887). The module was designed to
be flanked by the Ncol and Xbal sites. The synthesis, codogenic
optimization and cloning of this module (P1-Usp45-IFNIa) in
the vector pUC57 was carried out by the company Genscript
(http://www.genscript.com/).

By electroporation, plasmid pUC57/P1-Usp45-IFNIa was
transformed into E. coli MC1061. Plasmid DNA was prepared
from the transformants (FavorPrep ' Plasmid DNA Extraction
Mini Kit) and ~3 ug were digested sequentially, first with the
Xbal enzyme (10 U), and then with the Ncol enzyme (10 U) in a
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final volume of 20 pl at 37°C for 1 hour. The released fragment
was separated by agarose gel electrophoresis (Agarose 1%, TAE
buffer), purified (FavorPrep ™ GEL/PCR Purification Kit) and
used for its cloning in the vector pNZ8149 (Mobitec GmbH).

Cloning of P1-Usp45-IFNIa in pNZ8149
Plasmid pNZ8149 was prepared in a similar manner to the P1-
Usp45-1FNIa segment, ~ 3 ug of pPNZ8149 DNA was treated first
with Xbal (10 U), and then with Ncol (10 U) for 1 hour. The
linearized plasmid was separated by agarose gel electrophoresis
and purified using the FavorPrep ™ Plasmid DNA Extraction
Mini Kit.

Purified P1-Usp45-IFNIa module and plasmid pNZ8149
from digestion with Xbal and Ncol were ligated with 400 U of
T4 ligase (New England Biolabs) overnight at 4°C. The ligation
was performed in an insert: vector ratio of 3: 1. Subsequently, the
ligation was dialyzed against distilled H,O using a 0.02 um
dialysis membrane (Millipore), and electrotransformed into L.
lactis NZ3900. The bacteria were subsequently plated in Elliker
medium, supplemented with 0.5% lactose and cultured for 48
hours at 30°C. In this medium, positive transformants forms
yellow colonies, since pNZ8149 contains as selectable marker the
lacF gene which allows to L. Lactis NZ3900 grows using lactose
as sole carbon source. The yellow colonies were separated, seeded
on new Elliker plates, and analyzed by colony PCR, using
primers pNICEF and pNICER (Table 1) to detect the presence
of the insert. The PCR positive clones were again separated on
Elliker plates, and the identity of the insert was corroborated by
sequencing, after isolation of plasmid DNA from the
recombinant L. lactis clones. This construction was named
pNZ8149/P1-Usp45-IFNIa.

Insertion of the Spacer and Histidine Tail
at the COOH end of IFN-la

To detect the recombinant expression of IFN-Ia (rIFN-Ia), the
plasmid pNZ8149/P1-Usp45-IFNIa was modified by adding at
the 3’ end of the IFN-Ia gene a sequence that codes for the
GGGHHHHHH peptide. This sequence was incorporated by
reverse PCR using the primers pNZIFN-HisF and pNZIFN-HisR
(Table 1). The primer pNZINF-HisR hybridizes to the 3’ end of

TABLE 1 | Primers used for PCR and RT-qPCR.

Primer Sequence
Mx-Fw 5 TGT AAC ACG ATG CCC TCT CG &
Mx-Rv 5" GAC GTC AGG GGA GCC AATC &
PKR-Fw 5" CAA TGA CCG ATT CCA GCT CC 3’
PKR-Rv 5 CCC TTATTT ATG CTAA TCC AG 3
18S-Fw 5 CCT TAG ATG TCC GGG GCT &’
18S-Rv 5 CTC GGC GAA GGG TAG ACA 3’
VP2F 5 GAA GTC TTT CTG AGG TGG AGA G &
VP2R 5 ATT CCT TTG GTC ACT AGT TGG T 3’
5

pNICEF TTA GAT ACA ATG ATT TCG TTC GAA GG &

pNICER 5" CAAGCC TTG GTT TTC TAATTT TGG 3

pNZIFN-HisF 5" TCT TAA TAA AGA ATT CAT AGT CTA GAG AGC TCA AGC &

PNZIFN-HisR 5" TTA TTA AGA CGA ATT CTT AAT GAT GAT GAT GAT GAT
GTC CAC CTC CAT ACATTT GTG CAG CAAGAAT 3

the interferon I gene (codogenically optimized), and replaces the
stop codon with a sequence encoding the GGGHHHHHH
peptide. After this sequence, the primer incorporates a stop
codon and a site for the restriction enzyme EcoRL. On the
other hand, the primer pNZINF-HisF hybridizes in the
plasmid pNZ8149 in the region corresponding to the Xbal site
and incorporates an EcoRI site at its 5 end. After amplification,
the PCR product was digested with the EcoRI enzyme, purified
(FavorPrep ' Plasmid DNA Extraction Mini Kit), and ligated
with the T4-ligase enzyme. Subsequently, the ligation product
was electroporated in Lactococcus lactis NZ3900. The identity of
the new construct, prIFN-Ia, was corroborated by sequencing.
The Lactococcus lactis strain NZ3900 containing the plasmid
prIFN-Ia was named MTO006.

Preparation of Lactococcus lactis
Electrocompetent Cells

The electrocompetent Lactococcus lactis NZ3900 cells was
prepared based on the protocol suggested by Mobitec GmbH
(47). A colony of Lactococcus lactis NZ3900 was inoculated in
5 ml of SG-GM17 medium (M17 medium containing 0.5 M
sucrose, 2.5% Glycine, and 0.5% glucose) and cultured overnight
at 30°C without agitation. The culture was inoculated in 40 ml of
SG-GM17 medium and grown for 16 hours at 30°C, without
shaking. The next day, this culture was inoculated in 400 ml of
SG-GM17 medium and grown to an ODgo between 0.2 and 0.3.
Subsequently, the culture was centrifuged at 6,000 x g for 20 min
at 4°C and the collected pellet was washed three times with a cold
wash buffer (0.5 M sucrose, 10% glycerol, 4°C). In each step, the
pellet was collected by centrifugation at 6,000 x g for 20 min at
4°C and was resuspended by vortex in the corresponding buffer.
After the last wash, the pellet was resuspended in 3 ml of wash
buffer, aliquoted into 200 pl fractions, and stored at -80°C.

MTO006 Culture Conditions for
Hybridization and Biological

Activity Assays

From an isolated colony of MT006 (Lactococcus lactis NZ3900
prIEN-Ia), a pre-inoculum was prepared in 0.5% M17-Lactose
medium; after incubating overnight, the culture was used to
inoculate (2%) 40 ml of M17-Lactose 0.5% medium. After
reaching an optical density at 600 nm between 0.6 and 0.8, the
culture was induced with nisin 10 ng/ml for 2 h. Bacteria were
separated from the supernatant by centrifugation at 6,000 x g for
20 min at 4°C. The pellet obtained was used in western blot and
biological functionality tests, while the supernatant was used in
dot blot assays. The MT006 cultures were carried out at 30°C
without shaking.

Preparation of Cytoplasmic Extracts

of MTO06

From the MT006 culture, the bacterial pellet was resuspended in
1 ml of 1X PBS supplemented with 1 mM protease inhibitor
PMSEF. For their rupture, the resuspended cells were kept on ice
and sonicated (ultrasonic processor, Sonic Vibracell) for 2
minutes, divided into 8 pulses (130 watts, 20KHz, 100%, 2 mm
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Cv188 stem) of 15 seconds with intervals of 1 minute. After
treatment, the cellular debris was separated by centrifugation
(13,000 x g, for 10 min at 4°C). The supernatant containing
the cytoplasmatic proteins was removed and stored at -20°C.
The total protein concentration was determined by the
Bradford method.

Preparation of Extracellular Protein
Extracts From MT006 Cultures

The MT006 culture supernatant was treated with TCA (10%
final), incubated on ice for 30 min, and then the proteins were
precipitated by centrifugation at 9,000 x g for 30 min at 4°C. The
obtained pellet was washed twice with acetone and dried at room
temperature for 30 min. The pellet was resuspended in 1 ml of 1X
PBS, supplemented with 1 mM PMSEFE. The total protein
concentration was determined by the Bradford method.

rIFN-la Detection in Cytoplasmic and
Extracellular Protein Extracts From

MTO006 Culture

To detect rIFN-Ia in cytoplasmic extracts, the proteins were
separated by mass using SDS-PAGE (Gel concentrator: 8%
Acrylamide/Bisacrylamide 29:1, pH 6.8; resolutive gel: 10%
Acrylamide/Bisacrylamide 29: 1, pH 8.8). 10 pg of total protein
extracts from MT006 and MTO005 (Lactococcus lactis NZ3900
pNZ8149) (control) were loaded together with the BenchMark "'
His-tagged Protein Standard. The samples were subjected to
electrophoresis for 90 min at 100 V. After electrophoresis,
proteins were electrotransferred (300 mA for 2 h at 16°C) to a
nitrocellulose membrane. Subsequently, the membrane was
blocked for 1 hour with a 2% BSA solution and washed 3 times
with 1X PBS-Tween 20 (0.5%). The membrane was incubated
with Rabbit polyclonal anti-His antibody (Abcam) (dilution 1/
5000) for 1 hour at 37°C and washed three times with 1X PBS-
Tween 20 (0.5%). It was then incubated with the polyclonal anti-
rabbit IgG antibody conjugated to HRP (1/5000 dilution) for 1
hour at 37°C, followed by 3 washes with 1X PBS-Tween 20
(0.5%). The membrane was then incubated with 10 ml
chemiluminescent developer solution (Pierce '~ ECL Western
Blotting Substrate) and exposed to photographic film.

A dot blot was performed to detect rIFN-Ia in the
extracellular protein concentrate. The nitrocellulose membrane
was loaded with 10 pl of extracts to complete 1 ug of total protein
per sample. Once air-dried, the membrane was hybridized and
developed following the same protocol as described for the
western blot.

Quantification of the Amount of rIFN-la
Produced by MT006

rIFN-Ia in cytoplasmic extracts was quantified by means of an
ELISA test using 1 ug of protein extract. The plates were
activated overnight at 4°C using 1X PBS buffer in the presence
of the cytoplasmic extract. The wells were blocked with 2% BSA
in 1X PBS buffer for 1 hour at 25°C. The first antibody, rabbit
polyclonal anti-His Tag antibody (AbCam) dilution 1/5,000 in
1X PBS Tween 20 0.5%, was incubated at 37°C for 1 hour. The

second antibody, goat polyclonal Anti Rabbit IgG conjugated to
HRP (dilution 1/5000 in 1X PBS Tween 20 0.5%), was incubated
for 1 hour at 37°C. Between each step, the wells were washed 3
times with 200 pl 1X PBS-0.5% Tween 20. The presence of bound
antibody was determined by development with 100 pl of
commercial TMB one-solution developer solution (Promega).
After 15 minutes of incubation at 37°C, the reaction was stopped
by adding 100 pl of IN HCIL The product obtained was
quantified by absorbance measurement at 450 nm. To quantify
the concentration of Interferon present in the cytoplasmic
extract, the following formula was used: rIFN-Ia (nM) =
(OD450-0.0685)/0.0035, where IFN-Ia is the Interferon
concentration in nM, and OD450 is the absorbance at 450 nm
of the ELISA assay for rIFN-Ia.

In Vitro Evaluation of the Immunostimulatory
Activity of Recombinant Interferon

The determination of the immunostimulatory activity of the
recombinant interferon was evaluated by the ability to induce
the expression of the Mx and PKR genes. Both genes are part of
the antiviral system activated by Interferon I and act as markers
for this response.

Cultures of the CHSE-214 salmon embryo cell line were
grown to 80% confluence in MEM supplemented with Fetal
Bovine serum 2%, before treating them for 24 hours with
different doses of recombinant interferon (10, 100 and 500 ng/
ml) from cytoplasmic extracts of MT006. The concentration of
total proteins in each dose was equal to the protein concentration
in the condition with the highest amount of rIFN-Ia (500 ng/ml).
Adjustment was achieved adding extracts of total protein from
the Lactococcus lactis strain containing an empty pNZ8149
plasmid (strain MT005). PBS and cytoplasmic extracts of
strains MT004 (L. lactis NZ3900) and MTO005 were used as
negative controls. As a positive control, cells were transfected
with poly I:C (1 ug/ml), using 3 pl of FuGENE transfection
reagent (Promega) following the instructions established by the
manufacturer. After stimulation, cells were harvested, then total
RNA was extracted using the E.ZN.A. total RNA kit (Omega
biotek), and quantification of the expression of Mx and PKR was
performed using RT-qPCR. Each condition was assessed in
triplicated (three independent experiments).

Quantification of Mx and PKR Expression
in Cell Cultures

Changes in the expression of Mx and PKR were quantified and
evaluated by RT-qPCR. Once the RNA was extracted, its
integrity was evaluated using agarose gels (1%, TAE 1X) and
its amount determined by absorbance at 260 nm, using the Tecan
Infinite 200 PRO equipment or a Synergy ' 2.0 multi-well
reader (Biotek). For each extraction the RT reaction was
performed using 1 pg of total RNA and 100 Units of M-MLV
reverse transcriptase (Invitrogen, USA) and 4 pmol of oligo-dT
18 mer. The RT reaction was performed first at 25°C for 10
minutes, then at 42°C for 1 hour, and finally stopped by
denaturation at 65°C for 10 minutes. The qPCR reaction was
developed using the SYBR Fast Universal qPCR kit (Kapa
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Biosystem USA), in 20 pl, using 2 pul of the RT reaction. To detect
and quantify Mx, the primers Mx-Fw and Mx-Rv were used. The
thermal program used consisted of 40 cycles of 15 seconds at
95°C, 15 seconds at 60°C, and 30 seconds at 72°C. PKR
expression was quantified using the PKR-Fw and PKR-Rv
primers (Table 1). A program similar to the one used with Mx
was used for PKR, varying the melting temperature to 54°C. The
18S ribosomal RNA (18S-Fw and 18S-Rv primers, Table 1) was
used to normalize the expression. The amplification program
that was used consisted of 40 cycles of 15 seconds at 95°C, 15
seconds at 58°C and 30 seconds at 72°C. The qPCR reactions
were performed in duplicate on a Stratagene Mx3000P kit. Each
qPCR was performed in duplicated (technical replicates). The
expression of the genes was normalized with regard to the
control condition and the expression of the 18S gene using
the AACt method described by Pfaffl (48).

Evaluation of the In Vitro Antiviral Activity
of Recombinant Interferon

To determine the effect of the recombinant interferon produced
by Lactococcus lactis on the viral load of IPNV, cultures of the
SHK-1 cell line (Sigma-Aldrich) were grown up to 80%
confluence in L15 medium supplemented with 4 mM
glutamine and 5% fetal bovine serum. These cultures were
incubated with Lactococcus lactis cytoplasmic extracts
containing 10, 100 and 500 ng/ml of rIEN for 24 h. The total
protein concentration was also equal to the condition where
there is a greater amount of rIFN-Ia using protein extract of the
control strain MT005. Poly I:C 1 pug/ml (final concentration) was
used as a positive control, which was transfected according to the
protocol indicated above. At the end of the incubation time, the
infection was carried out at an M.O.I of 0.1 plaque-forming units
per cell (PFU/cell). After 1 h of adsorption, cells were washed with
MEM medium and placed again in MEM medium supplemented
with 2% fetal bovine serum. The culture supernatant was extracted
at 0, 6, 24, 48, 72, 120, and 168 hours post-infection for
quantification of the viral load. Each condition was assessed in
triplicated. The virus used in the assay correspond to an isolated
belonging to the serotype Sp-2, genogroup 5.

Quantification of Viral Load in Culture
Supernatants

The viral load present in the culture supernatants of each well
was determined under the following methodology. Total RNA
was extracted from the supernatants using the EZNA total RNA
kit (Omega Biotek). The RT and qPCR reaction was performed
using the SYBR Fast One-Step qRT-PCR system (Kapa
Biosystems), using 1 pg of total RNA, and the primers VP2F
and VP2R (Table 1). To express the results in viral gene copy
number, a calibration curve was established, based on the VP2
gene cloned in a pGEM-T vector. A range between 1x10° to
1x10° copies of the construct was used for the calibration curve.

Preparation of IPN Virus for Challenge Tests
Infectious pancreatic necrosis virus (IPNV Sp-2) was propagated
in monolayers of CHSE-214 cells grown in MEM medium

supplemented with 2% fetal bovine serum. The infection was
carried out at an M.O.I of 0.1 plaque-forming units per cell
(PFU/cell). After 1 h of adsorption, cells were washed with MEM
medium and placed again in MEM medium supplemented with
2% fetal bovine serum. Subsequently, it was incubated again at
16°C until the presence of a visible cytopathic effect was
observed, approximately 48 to 72 hours post-infection.

The viral titer present in the culture supernatant was
determined by the lysis plate method. Starting with the
supernatant from the infected wells, serial dilutions were
prepared with MEM medium, starting at from 10™" upto 10™'".
Subsequently, the dilutions of the supernatants were used to
infect CHSE-214 cells. After 1 h of adsorption, cells were washed
twice with PBS and kept for 72 hours in a semi-solid medium
containing supplemented MEM and 0.5% w/v of agarose with
low melting point. To fix the cells, 1 mL of formamide 37% v/v
was added and incubated for another 30 minutes. To reveal the
presence of lysis plaques, the agarose was removed, and 1 mL of
crystal violet (1% crystal violet, 20% ethanol) was added to each
well. After 30 minutes of incubation, excess crystal violet was
removed, and the lysis plaques were quantified.

Mixing L. lactis Strains with Fish Feed

The L. lactis strains (MT006 or MT005) were administered to the
fish together with feed. The bacterial pellet of the cultures was
washed with 1 ml of M17 medium, collected by centrifugation at
6,000 x g for 10 minutes at 4°C and resuspended in M17 medium
in a volume equivalent to 1/10 of the volume of the original
culture. The bacterial suspension was mixed with edible oil in a 2:
1 ratio and emulsified using a vortex. The emulsion obtained was
mixed with the food and homogenized by shaking it in a
plastic container.

Evaluation of Immunostimulatory

Activity In Vivo

The immunostimulatory activity in vivo was evaluated by
determining the effect of the administration of the interferon-
producing bacteria on the induction of the genes that express Mx
and PKR in the main immunological organs of salmonids: spleen
and head kidney. In the experiment, three groups of 15 fish
(Salmo salar specimens of approximately 10 g each) were fed at
1% for 5 days. The first group was fed with food supplemented
with 107 CFU/(fish x day) of MT006, the second, with 10’ CFU/
(fish x day) of MT005, and the third group received
unsupplemented food.

Five fish of each group were sacrificed on days 1, 3, and 10
post-treatment. The spleen and anterior kidney immunological
organs were extracted, collected in cryogenic tubes, and stored in
liquid nitrogen. Total RNA was extracted from each immune
organ, using TRISURE (Bioline) or the E.Z.N.A Total RNA kit
(Omega Biotek) and the total RNA of each extraction was
subsequently quantified by absorbance at 260 nm. RNA
integrity was evaluated by agarose gel electrophoresis.

The RT-qPCR reaction was developed using the same
procedure as that used to evaluate Mx and PKR expression in
cell culture. The expression of Mx and PKR was analyzed in each
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organ of each fish sampled (five per condition). Each qPCR was
performed in duplicated (technical replicates). Gene expression
was normalized to the control diet consisting in food
supplemented with MT005 and the expression of the 18S gene
using the AACt method described by Pfaffl (48).

In Vivo Effect of MT006 Administration on
IPN Viral Load

Three groups of 10 fish (Salmo salar, 10 gr) were used to evaluate
the effect of oral administration of strain MT006 on the in vivo
viral load of IPNV. One group was fed for 5 days at 1% of their
weight, with food supplemented with 10" CFU/(fish x day) of
MT006. The other two groups functioned as controls and were
fed at 1% with food supplemented with 10" CFU of MT005
(group 2) and with food without supplementation (group 3).
Once the treatment was finished, on day 6 the fish were infected
intraperitoneally with 10® PFU of IPN virus. Afterwards, the fish
were sacrificed at 6, 25, and 60 days post-infection, and their
immune organs, spleen, and head kidney were used to extract
total RNA and perform RT-qPCR to quantify IPNV. Total RNA
was extracted using TRISURE (Bioline) or the E.Z.N.A Total
RNA kit (Omega Biotek). The integrity of the RNA was
evaluated by agarose gels and its concentration was determined
by absorbance at 260 nm. The RT-qPCR reaction was performed
using 1 pg of total RNA and the SensiMix SYBR Hi-ROX One-
Step kit (Bioline), under the same protocol described for the
determination of viral load in cell culture.

Fish Maintenance and Euthanize Protocols
The fish were acclimated for one week before treatment at 12°C
in freshwater aquariums with a biomass not higher than 14 g/L,
with continuous aeration, and fed with commercial pellets
(EWOS MICRO™ 2 mm) at 1% of body weight. Water was
maintained with a pH between 6.6 and 7, the salinity was
adjusted to 6 PSU with NaCl to prevent fungal infection, and
total ammonia was maintained in a range below 0.02 mg/L.
Seventy percent of the water in all the aquariums was changed
every day after feeding. Water parameters were monitored daily
prior to and after changing the water. Feeding, changing the
water, and measuring water parameters were all performed
manually. The L. lactis strains (MT006 or MTO005) were
administered to the fish together with food.

To avoid unnecessary suffering of fish during the challenge
and sampling, fish were anesthetized with benzocaine 40 mg/L
for no longer than 2 min prior to the intraperitoneal injection,
while sampled fish were euthanized with an overdose of
benzocaine 40 mg/L, exposing fish during 5 to 10 minutes.
Finally, fish were maintained in accordance with the ethical
standards of the Institutional Ethics Committee of the
Universidad de Santiago de Chile (approved in internal report
n°350) and the relevant legislation in force.

Phylogenetic Reconstruction and
Bioinformatic Analysis

Evolutionary relationships between interferons encoded in the
Salmo salar genome and that reported for SasalFN-ol was

inferred using the Neighbor-Joining method (49) and the
bootstrap test (1000 replicates) (50). The evolutionary
distances were computed using the Poisson correction method
(51) and are in the units of the number of amino acid
substitutions per site. The rate variation among sites was
modeled with a gamma distribution (shape parameter = 1).
The ambiguous positions were removed for each sequence pair
(pairwise deletion option). Evolutionary analyses were
conducted in MEGA X (52). The amino acid sequences used
are in the Supplementary Table 1.

The orthologous and paralogous sequences of Interferon Ia
present in Salmo salar and other commercial salmonids species
were identified using BLASTp against the genome of Salmo
trutta, Salvelinus alpinus, Oncorhynchus nekra, Oncorhynchus
mykiss, Oncorhynchus kisutch, and Oncorhynchus keta. As
external groups we search also against the genome of Esox
lucius and Anguilla anguilla. The minimum coverage cut-off
was a 70%.

RESULTS

Identification of Interferon la Sequence
With Antiviral Activity Against IPNV

The strategy outlined to evaluate the use of L. lactis as a release
vehicle consisted of synthesizing in vitro a DNA segment that
allows the constitutive expression of a gene that in its coding
region allows in L. lactis the synthesis of recombinant interferon.
On its amino-terminal end, this gene has the signal peptide of the
protein Usp45, in its central region it encodes for interferon I
from Atlantic salmon, and at its carboxyl end it encodes a tag for
histidine that can be used for the detection of recombinant
interferon (Figure 1). Once this synthetic DNA segment was
obtained, it was cloned into the plasmid pNZ8149 and the
production of the protein was evaluated in vitro. The antiviral
activity in vivo and in vitro would be tested using IPNV for
infection or challenge tests. As the Interferon I system of Atlantic
salmon is constituted by six groups of genes, which show
different degrees of antiviral activity, interest is focused on
identifying a group with antiviral activity both in vitro and
in vivo, which show functionality in its recombinant form
produced in bacterial systems. Group Ia met these characteristics
and, based on the work of Svingerud and collaborators (14), the
sequence coding for Interferon Ia (SasalFN-oul, NM_001123710.1,
NP_001117182.1) was identified. Its classification as Interferon Ia
was analyzed by phylogenetic reconstruction using interferon
sequences from Atlantic salmon analyzed in the works by
Liu and collaborators (20). The interferon encoded by
NM_001123710.1 effectively clustered together with the IFN-Ia
sequences encoded in the Salmo salar genome, indicating that the
chosen sequence effectively encodes an IFN-Ia (Figure 1).

Expression of Recombinant Interferon in
Lactococcus lactis NZ3900

To determine if the designed interferon Ia gene would allow the
expression of rIFN-Ia in L. lactis, the gene was cloned in
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the vector pPNZ8149 and transformed into L. lactis NZ3900. The
chosen clones were sequenced to corroborate the identity of the
gene, and then their expression was evaluated by western blot
from cytoplasmic extracts and the culture supernatant. The
cytoplasmic extract of the MT006 culture induced with nisin
showed a band of approximately 22 KDa, close to the 21.9 KDa
theoretically estimated for its cytoplasmic form. This band is not
present in cytoplasmic extracts of the MTO005 strain, which
corresponds to the wild type strain transformed with plasmid
pNZ8149. When the western blot was repeated using protein
extracts from the MT006 culture supernatant, a signal of the
expected size was not observed (data not shown), which may be
due to low concentration of the extracellular interferon. Proteins
of the supernatant were then precipitated with TCA and a dot
blot was performed loading approximately 1 pg of total protein.
Four different clones were tested. The results show a positive
signal in all four MT006 clones. No signal was observed in the
culture supernatant of L. lactis strain NZ3900 containing plasmid
pNZ8149 (MT005). As in the western blot, protein extracts of the
LMBO030 strain were used as a positive control, which expresses a
40 KDa protein that presents a histidine tag (Figure 2).

Antiviral Activity of Cytoplasmic Extracts
From L. lactis Expressing rIFN-la in

Cell Cultures

To determine if the recombinant interferon produced by the
MTO006 strain shows bioactivity, CHSE-214 cell cultures were
exposed to different amounts of rIFN-Ia (10, 100 and 500 ng/ml)

for 24 hours. To keep constant the amount of total protein added
to the CHSE-214 cell cultures in all conditions, the total amount
of proteins was adjusted to the same concentration using
cytoplasmic extracts of the MTO005 control strain, which lacks
the rIFN-Ia producing gene. The expression of Mx, and PKR was
evaluated and also the effect of these extracts on the replication of
IPNV in CHSE-214 cells. The results show that PKR expression
increased in a dose-dependent manner (Figure 3A), while Mx
reached its maximum induction (~1000 times) when cells were
exposed to 100 ng/ml of extract from MT006 (Figure 3B). The
induction of Mx and PKR at high concentrations of the MT006
extract exceeded the effect achieved by the Poly I:C transfection,
indicating a specific effect achieved by the rIFN-Ia present in the
MTO006 extract.

Although several studies where the function of IFN-Ia from
Atlantic salmon against IPNV has been tested in CHSE214 (14,
21), this cell line corresponds to an isolated from Chinook
Salmon embryonic tissues. Thus, to properly test a more
complex process such as resistance to IPNV infection in
Atlantic salmon we change our cellular model to SHK-1
because is a cell line from Atlantic salmon. The SHK-1 was
isolated from the head kidney of Atlantic salmon, and can be
both infected and propagate IPNV Sp-2 (genogroup 5) (53, 54)
in a mechanism dependent on macropinocytosis. However, to
our knowledge, there is no direct evidence that Interferon Ia
confers an antiviral state against IPNV infection, although
several findings suggest it. SHK-1 increases the expression of
Mx in response to Interferon Type I from rainbow trout (55),
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Poly I:C, and supernatant of Atlantic salmon macrophages
stimulated with Poly I:C (56). In SHK-1, Poly I:C also induces
the expression of Interferon Ia (57). To validate the use of SHK-1
to test the antiviral activity of extracts containing rIFN-Ia we first
evaluated the effect of its transfection with Poly I:C on the
expression of Mx, PKR, IFN-Ia, and the viral load of IPNV.
Transfection with Poly I:C induced the expression of Mx, PKR
and IFN-Ia between 10 to 30-fold in the first 24 hours and
reduced the viral load two orders after 7 d post-infection (data
not shown), indicating that the activation of the interferon type I
pathway was effective to control the infection of IPNV in SHK-1.
Based on these results we proceeded with the experiments.

When the effect on the replication of the IPN virus was
analyzed in SHK-1 cells, it was observed that cells exposed to the
extracts of MT006 present a lower viral load, reducing the
number of copies of the VP2 gene by up to 2 orders of
magnitude at the maximum amount of extracts of MT006. The
exposure of SHK-1 cells to extracts of L. lactis strains that do not
express rIFN-Ia had no effect on the number of copies of the VP2
gene, suggesting that the normal components of L. lactis do not
induce an antiviral state. The effects achieved by the MT006
extracts on the viral load showed a dose-dependent behavior,
reaching the maximum reduction at 500 ng/ml of rIFN-Ia. These
antiviral effects were also greater than those observed when cells
were transfected with poly I:C prior to infection with IPNV,
suggesting that the rIFN-Ia present in the extract of MT006 has a
highly specific antiviral effect on IPNV (Figure 3C).

In Vivo Effect of the Oral Administration of
MTO006 on the Expression of Mx, PKR, and
the Viral Load of IPNV

The results shown above indicate that extracts L. lactis expressing
rIFN-Ia (strain MT006) stimulate the expression of antiviral
genes (Mx and PKR) in CHSE-214 and reduce the viral load in
the supernatant in SHK-1 cell cultures, suggesting that this strain
could help control infections by IPNV or other viruses sensitive
to IFN-Ia. To evaluate the functionality in vivo, the effect of the
administration of MT006 for 5 days (107 CFU/ (fishxday)) on the
expression of Mx and PKR, and on the viral load in fish
challenged with IPNV, was evaluated on 1, 3 and 10 days after
the end of the treatment (fed) with MT006. The results show that
the effect of administering MT006 is mainly on the spleen, where
Mx reaches a maximum induction of 85,000 times the first day
after the end of treatment with MT006 (Figure 4A), while PKR
reaches an increase of around 8 to 9 times on days 1 and 3 post-
treatment (Figure 4B). In the case of the head kidney, an inverse
behavior to that observed in the spleen was noted, where a
reduction of the expression is observed in the head kidney on the
days of maximum induction (Figures 4D, E). To our knowledge,
this striking behavior has not been previously described in
salmonids, however the stimulation of fish with Poly I.C and
R848 induce the expression of IFN-Ia mainly in the spleen,
suggesting that this cytokine is related with the immune function
of this organ (14). These data were normalized with respect to
the fish fed with MT005, analyzing only the changes in
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expression consequence of the rIFN-Ia expression. When we  target of the rIFN-Ia produced by MT006, showing a faster and
analyze if L. lactis perse could increase the expression of Mx and  strong response than the kidney. While the bacterial host (L.
PKR in the spleen or kidney, we also observed a different pattern  lactis NZ3900) induced an antiviral response weaker and later to
of stimulation in both organs. While in the spleen MT005  that induced by MT006, targeting first to the kidney and later to
increased the expression of Mx (25-fold) and PKR (11-fold) the spleen.

only at 10 days post-treatment (Supplementary Figures 1A, C), When the effect of the administration of the probiotic
a faster response was identified in the kidney that increased the = expressing rIFN-Ia (MT006) was analyzed in challenge assays
expression of Mx (7.7 fold) and PKR (5 fold) only on the first day with IPNV, it was observed that fish treated with MT006 showed
post feed with MT005 (Supplementary Figures 1B, D).  alower viral load than fish treated with L. lactis NZ9000 or without
Altogether these results showed that the spleen was the main  treatment both in spleen as in head kidney (Figures 4C, F).
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This effect was observed in the 3 timepoints analyzed (6, 25
and 60 days post-infection), although the magnitude of this
effect decreased towards the end of the experiment, suggesting
a long-term effect in increasing the antiviral capacity induced
by MT006. Mortality was not detected in the fish challenged
with the pathogen, in agreement with the current presence of
QTL IPNV-resistant fish in Chilean salmon farming centers
that results in a high prevalence of the infection with a
lower mortality.

Potential Antiviral Effect of MT006 on
Other Salmonids

Our results show that the rIFN-ITa produced by MT006 has
in vitro and in vivo effects on the antiviral activity of Salmo salar,
where the administration of the strain MT006 suffices to confer
an antiviral state that reduces the load of IPNV. The application
of MT006 in other salmonids will partially depend on the degree
to which rIFN-Ia from Salmo salar can stimulate IFN-I receptors.
To evaluate the potential effect of MT006 on other salmonids, it
the protein sequence of rIFN-Ia was compared with the sequence
of interferons previously identified in other salmonids. We
identified genes that encode for proteins with over 90%
identity to rIFN-Ia in Salmo trutta, Salvelinus alpinus,
Oncorhynchus nekra, Oncorhynchus mykiss, Oncorhynchus
kisutch, and Oncorhynchus keta, with higher identity in
Interferons I of Salmo trutta and Salvelinus alpinus (Figure 5).
These results suggest that oral administration of MT006 to other
salmonids could help reduce the impact of viral infections in
these species.

DISCUSSION

The microorganisms that conform the microbiota play an
important role in the adequate stimulation of the immune
system (58). Although this interaction has mainly been
characterized in mammals, the common characteristics shared
by the immune system of mammals and teleost fish, in addition
to the similarities in the complexity of the microbiota that is
established in the intestines and mucosa in both groups, suggest
that the mechanisms of communication are conserved (59).
Experiments using zebrafish as models have established the
role of the microbiota in the maturation of the immune system
(60), protection against pathogens (61), nutrient uptake (62),
behavior (63), and in the formation of bones (64). In salmonids,
although progress has been made in characterizing the
composition of the microbiota in various environments
and how it is affected by the culture and feeding conditions,
there are few studies that show a direct relationship with the
immune system (65-69). Indirect evidence has been obtained
regarding the effect of probiotics on the immune system of
salmonids, where in Salmo salar and Oncorhynchus mykiss,
have been shown to stimulate the innate immune response
against bacterial and viral pathogens (70). The mechanisms
that allow the interaction between the immune system and the
microbiota have not been fully clarified. The evidence obtained

so far indicates that its communication is mediated by the
interaction of structural components of microorganisms with
PRR or host antibodies, and by molecules secreted by
microorganisms that are detected by the immune system, in a
mechanism similar to that used by the endocrine system (58, 71).
The presence of these molecules in the microbiota of fish and
mammals, as well as their receptors in their respective hosts (59),
suggest that the communication mechanism arose early in
evolution and has been conserved and improved in the various
species (72).

The present work exploits this communication capacity of the
host with its commensal microorganisms using a probiotic
bacterium L. lactis as a vehicle for the production and release
of rIFN-Ia in Salmo salar to stimulate the antiviral response of
the fish. Moreover, L. lactis have been identified as normal
components of the microbiota of mammals and salmonids (73,
74). Similar strategies have been used in mammals, allowing to
stimulate the anticancer response through the secretion of IL-
17A (75), stimulating the adaptive immune response by secreting
IL-12 (76), or reducing the intestinal inflammation by secreting
IL-10 (77), or IL-35 (78). The expression of functional proteins
from animals using bacterial systems lacking the post-
translational modification machinery is not always feasible
when these modifications are necessary for the proper folding
of the protein or for recognition by its receptor. In the case of
cytokines, some of them, such as type I and II interferons in
humans, are glycosylated or have glycosylation motifs
(uniprot.org). The functionality of human type I interferon
expressed in E. coli (79) and L. lactis (80) suggests that
glycosylations are not related to the interaction with its
receptor. However, they participate by increasing the half-life
of the protein, stabilizing the 3D structure, or protecting it from
the action of proteases (81, 82). In the case of Interferon Ia from
Salmo salar, its glycosylated isoforms have not been described
despite the fact that it also presents glycosylation motifs in its
primary sequence. As in the case of Interferon I of humans, the
expression of recombinant interferon Ia from Salmo salar in its
biologically active form has also been successfully achieved using
E. coli as a recombinant protein expression system (83),
supporting our observation that Interferon Ia from Salmo salar
is also biologically active in its non-glycosylated form.

Our original design involves modifying the primary sequence
of Salmo salar IFN-Ia by introducing the signal peptide of the
USP45 protein. This peptide has been widely used in order for L.
lactis to secrete proteins to the extracellular medium (84).
However, the efficiency of this signal appears to depend on the
recombinant protein. In the case of human interferons, the signal
peptide of the USP45 protein produces an inefficient secretion,
just as we observed in the case of salmon rIFN-Ia presented in
this work. This efficiency has been improved by incorporating
additional signals to the USP45 protein peptide (85). It remains
to be determined whether these signals could also increase the
export efficiency of rIFN-Ia. However, according to our results,
this inefficient secretion is sufficient to produce biological effects
in vivo. This is consistent with the low concentrations of IFN-Ia
in serum (100-1000 pg/mL) that are observed in vivo in response
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FIGURE 5 | Comparison of rIFN-la with interferons present in other Saimonids. The figure shows the percentage of identity of rIFN-la with interferons present in the
salmonid species Salmo trutta, Salvelinus alpinus, Oncorhynchus nekra, Oncorhynchus mykiss, Oncorhynchus kisutch, Oncorhynchus keta, and in other fish (Eagle
eel and Esox lucius). The figure shows the number of hits identified in each species and the percentage of identity. Both data were obtained by BLASTP alignment
against database nr. The identity percentage is shown in a color scale and was constructed with the Prism 9.0 program.
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to viral infections (86) or during the administration of interferon
in hepatitis C treatments (87).

The mechanism by which the in situ release of these cytokines
at the mucosal level produces local and systemic effects is not
fully understood, but it is estimated that the release of these
cytokines would stimulate the immune cells associated with the
mucosa, and these, in turn, would amplify the effect when

translocated into lymph nodes. An important difference in the
organization of the immune system of fish and mammals is that
the former have diffuse mucosal-associated immune tissue,
without the presence of lymphoid nodes (88). Therefore, if the
first suggested mechanism operates, it would imply that rIFN-Ia
could stimulate the immune cells present in the intestinal
mucosa or be phagocytosed by them, producing the migration
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of these immune cells to the spleen or kidney. There, the immune
cells could stimulate other cells either by endogenous release of
interferon or by the release of interferon produced by MT006, in
a mechanism similar to that observed when dendritic cells
interact with commensal bacteria in the mammalian intestine
and transport them to the lymph nodes (89). This mechanism
could explain the immunizing properties of orally administered
recombinant Lactic Acid Bacteria that express epitopes from
microbial pathogens of fish (33-44). The dosages used in these
experiments are between 10” to 2x10® CFU per fish gram, around
30 to 600 times the used dosage of MT006. This high dosage
allows reduce the spleen viral load of IPNV 32 times (37), far
more than our results that show a reduction of 3 -4 times, in the
first days after the challenge. It remains to determine whether
longer treatment with MTO006 has the potential to reduce the
viral load to levels similar or lowers at the observed with the
immunizing Lactobacillus casei expressing the epitopes of VP2 of
IPNV (37). The characterization of the immune response at the
gut level during and after the administration of MT006 should
help to clarify if this proposed mechanism plays a role in the
immune stimulation produced by the Lactococcus lactis strain
expressing rIFN-Ia.

An alternative mechanism that could explain the systemic
effects of orally administered probiotics could be the spread of
these bacteria to different tissues. The translocation of bacteria
from the gastrointestinal tract to other organs has been observed
mainly under pathological conditions where inflammatory
processes increase the permeability of the epithelial barrier.
However, this has also been observed under physiological
conditions (90). The translocation of L. lactis from the
intestine to internal organs such as the mammary glands has
been identified in pregnant female mice shortly before giving
birth (91). Interestingly, IFN-I promotes the integrity of the
gastrointestinal barrier mediated by a reduction in apoptosis of
epithelial cells (92). Thus, if IFN-Ia has the same effect in fish, it is
unlikely that rIFN-Ia secretion promotes the translocation of
MTO006. However, it cannot be discarded as a mechanism since
there are several examples of symbiotic relationships between
fish and bacteria based on the colonization of internal and
external organs (93-96). On the other hand, the presence of
bacteria in the liver and head kidney has also been detected in
healthy wild fish (97), a situation that indicates that the
relationship that fish have with their commensal bacteria is
more complex than that observed in mammals.

The in vivo stimulation with MT006 also showed that the
spleen and kidney have an opposite kinetics of Mx, being the
spleen, the organ/tissue preferentially stimulated at a short time
after treatment with MT006. To our knowledge, this behavior
has not previously described, probably because most of the
studies that analyze in vivo the effects of IFN-I have been
conducted analyzing the expression in one organ at different
times or comparing both organs at the same time. The
preferential stimulation of the spleen could be explained if
these organs express receptors specific for IFN-Ia which
expression should be regulated at the translational level, since
both organs show no differences in the transcription of IFN-Ia

receptors (98). By other hand, the reason why the spleen is more
sensitive to INF-Ia could be related to its function as a secondary
immune organ related to the antibody production by B-cells,
which is improved in Atlantic salmon by IFN-I (26). In relation
to the opposite kinetics of Mx expression observed in the spleen
and kidney, the reduction of Mx expression in the spleen cloud
be the result of the lost MT006 in the intestine, while the
increased expression of Mx in the kidney could be explained if
the kidney responds to a secondary signal emitted by the spleen.
Since interferon type I can stimulate its own expression, the
rIFN-Ia could induce the expression of Interferon Ic or Ib which
are able to produce systemic effects. It remains to determine
whether Interferons type I shows a cross-stimulation pattern
among them.

Our results showed that administration of MT006 before the
infection with IPNV reduced the replication of the virus but was
not able to help at resolves completely the infection, which
continued achieving after 60 days a viral load like those
observed on day 6. Continuous treatment with MT006 higher
than five days could be useful to improve the capacity of fish to
completely resolve the infections of IPNV, especially in fish with
QTL resistant to the mortality but not to the infection, such as
the fish cultured in Chilean salmon farming centers. Since IPNV
has shown an immunosuppressive effect on fish (99), a reduction
in viral load mediated by the oral administration of MT006
should help to improve the robustness of fish against co-infection
with pathogens either bacterial or viral (100).

Interferon Ia has shown antiviral effects against IHNV (24),
IPNV (83), SAV (101) and an adjuvant effect in vaccines against
ISAV (26), a situation that allows us to suppose that the
administration of MT006 could also have antiviral effects
against SAV or act as adjuvant of ISAV vaccines in Salmo
salar or other salmonids infected by these viruses, which
possess a system of Interferons with a high percentage of
identity (>90%) with the rIFN-Ia produced by MT006. For
example, IPNV, and SAV can also infect Salmo trutta, and
Oncorhynchus mykiss (7, 102-104); therefore, they could
constitute species in which to evaluate the antiviral effect of the
administration of MT006. This implies that MT006 could be
used as a broad spectrum biotherapeutic agent in salmonid
aquaculture, either to induce an antiviral state, or to enhance
the effect of vaccines against various bacterial or viral pathogens
that affect salmon farming.

CONCLUSIONS

The results obtained in this work indicate that L. lactis is a
suitable vehicle to produce Interferon Ia from Salmo salar in its
biologically active form and that oral administration of this
rIFN-Ia producing bacterium stimulates the systemic antiviral
response in fish, enabling a reduction in the viral load in
immune organs.

Our work supports the use of L. lactis as a vehicle to specifically
stimulate the immune response in teleost fish through the
production and/or secretion of immunostimulating peptides.
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Aquaculture feeds have changed dramatically from being largely based on fishmeal (FM)
towards increased use of plant protein sources, which could impact the fish’s immune
response. In order to characterize immunomodulatory properties of novel functional
ingredients, this study used four diets, one based on FM, a challenging diet with 40%
soybean meal (SBM), and two diets containing 40% SBM with 5% of Cyberlindnera jadinii
yeast exposed to different down-stream processing conditions: heat-inactivated (ICJ) or
autolysation (ACJ). The immunomodulatory effects of the diets were analyzed in the spleen
of Atlantic salmon after 37 days of feeding, using a transcriptomic evaluation by RNA
sequencing (RNA-seq) and the detection of specific immunological markers at the protein
level through indirect Enzyme-linked Immunosorbent Assay (indirect ELISA). The results
showed that SBM (compared to FM) induced a down-regulation of pathways related to
ion binding and transport, along with an increase at the protein level of pro-inflammatory
cytokines such as tumor necrosis factor alpha (TNFo) and interferon gamma (IFNy). On the
other hand, while ICJ (compared to FM-group) maintain the inflammatory response
associated with SBM, with higher levels of TNFa and IFNy, and with an upregulation of
creatine kinase activity and phosphagen metabolic process, the inclusion of ACJ was able
to modulate the response of Atlantic salmon compared to fish fed the SBM-diet by the
activation of biological pathways related to endocytosis, Pattern recognition receptor
(PPRs)-signal transduction and transporter activity. In addition, ACJ was also able to
control the pro-inflammatory profile of SBM, increasing Interleukin 10 (IL-10) levels and
decreasing TNFo. production, triggering an immune response similar to that of fish fed an
FM-based diet. Finally, we suggest that the spleen is a good candidate to characterize the
immunomodulatory effects of functional ingredients in Atlantic salmon. Moreover, the
inclusion of ACJ in fish diets, with the ability to control inflammatory processes, could be
considered in the formulation of sustainable salmon feed.
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Spleen Immunomodaulation in Atlantic Salmon

INTRODUCTION

In aquaculture, the relationship between nutrition and immune
system has been recognized as an important part of the fish
production process, due to the maintenance of high production
densities continuously faces challenges related to multi-stressor
conditions such as infectious diseases and suboptimal nutrition
(1). In addition, energy and nutrients provided by the feed are
essential to maintain an optimal immune function (2). Future
growth in aquaculture depends on feed ingredients that are
capable of meeting nutritional needs and of improving the
overall health of the fish (3).

The dietary composition of the salmon feed has shifted from
marine ingredients such as fishmeal towards increased use of plant
ingredients (4, 5). However, high inclusion of plant ingredients
such as soybean meal, pea proteins and faba bean in diets for
Atlantic salmon (Salmo salar) can have adverse effects on growth
performance and fish health (6-9). In fish, it has already been
described that these plant ingredients, due to an imbalanced
nutritional composition, content of fiber and antinutritional
factors (ANFs) (10, 11), can induce significant changes in gut-
microbiome that affect the mucosal immunity, reducing its
protective capacity or causing its overreaction, by increasing the
secretion of antimicrobial peptides, immunoglobulins and muc-
like proteins (3, 12-14). Considering this, solvent extracted
soybean meal (SBM) has been used as a dietary challenge to
study the impact of alternative ingredients and functional feed
components on gut health. SBM has high level of ANFs, which can
disrupt intestinal homeostasis and induce inflammation in the
distal intestine, commonly referred to as SBM-induced enteritis
(SBMIE) (6, 11, 15).

In recent years, novel microbial ingredients (MI), including
bacteria and yeast, are gaining increasing interest as replacement
for plant-based diets for salmonids (16, 17). Moreover, these
ingredients have other properties beyond their nutritional values
such as modulators of fish’s immune response (3, 18-22) through
components that can be detected as microbial-associated
molecular patterns (MAMPs) by pattern recognition receptors
(PRRs) in the fish (3, 23, 24).

Furthermore, Grammes et al. (19) reported that the use of MI
in feeds could counteract intestinal inflammation in Atlantic
salmon. Nevertheless, feeding is a long-term process and its
modulation capacity may not only occur locally in the intestine,
but also systemically in active immune organs such as the spleen,
since immunity has a wide range of cellular and molecular
components that can act in an integrated and systemic way. In
fish, the spleen has been considered the primordial secondary
lymphoid organ with a key role in the antigen presentation
processes and lymphocyte activation, promoting humoral
immunity, by the cellular coordination of dendritic cells (DC)
and with the specific induction of T cell proliferation (25, 26). In
addition, in salmonids such as rainbow trout (Oncorhynchus
mykiss), it has already been described that fish fed functional
diets (with the inclusion of Lentinula edodes) were able to
regulate the acute inflammatory profile in the spleen, reducing
possible harmful responses after a LPS-challenge (27). This could
be because splenic antigen-presenting cells (APC) would polarize

T cells towards regulatory phenotypes, which are important to
control the immune responses and in the maintenance of fish
homeostasis (28).

Based on this background, the present study proposes the
evaluation of the spleen response, as a target organ for the
characterization of immunomodulatory effects of down-stream
processed Cyberlindnera Jadinii in Atlantic salmon exposed to a
dietary SBM challenge. To meet this goal, our methodology
combines a transcriptomic evaluation by RNA sequencing
(RNA-seq) with the specific detection of immunological
markers at the protein level by indirect Enzyme-linked
Immunosorbent Assay (indirect ELISA). This is in order to
increase the knowledge about the modulation of the immune
response in Atlantic salmon fed ML

MATERIALS AND METHODS

Experimental Design

Atlantic salmon with an average starting weight of 5.71 £ 0.06 g
were sorted (at an initial stocking density of 3.21 kg/m?) into 100
L replicated tanks exposed to a 24 h-light regime and recirculated
fresh water (15°C). Oxygen content of the water was measured
throughout the experiment and was maintained at an average of
9.5 + 0.5 mg L'. Moreover, ammonia nitrogen in the
recirculating system was kept below the toxic level for the fish,
and no mortality or abnormal behavior in any of the fish was
recorded in the experimental period.

In each tank, fish were fed for 37 days using one of the four
experimental diets: fishmeal diet as a control diet (FM), 40%
soybean meal diet as a challenging diet (SBM), and two diets with
40% SBM and 5% inclusion of C. jadinii after different
downstream processes: heat-inactivated (ICJ) or autolysed
(AC)). C. jadinii yeast used in this experiment was produced
by fed-batch fermentation using wood sugars as carbon source
according to Lapefia et al. (29).

The diet composition was described in Table 1 and each diet
was formulated to meet the nutrient requirement of salmon and
contain similar ratio of digestible protein to digestible energy
(30). All diets were fed in 20% of excess based on the feed
consumption of fish in each tank.

After the 37-day feeding period, six fish were randomly
selected, anesthetized using metacaine at 50 mg L' and killed
with a sharp blow to the head per tank. The individual body
weight of each fish was recorded. The final weight per dietary
group was 26.01 g + 0.30 (FM), 24.50 g + 1.11 (SBM), 24.33 g +
0.66 (ICJ), 23.53g + 1.46 (AC]). No significant differences were
detected in the final weight of the fish among dietary groups.

For this study, the spleen of 40 fish was obtained (10 fish per
dietary group from duplicated tanks). Then, for each dietary
group, six spleen samples were stored frozen in liquid nitrogen
(-80°C) until protein extraction and four spleen samples were
immediately suspended in RNAlater and stored overnight in the
refrigerator, and then kept at -80 °C until total RNA extraction.

The fish experiment was carried out in the Fish Laboratory of
Norwegian University of Life Sciences (As, Norway) in
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TABLE 1 | Formulation and nutritional composition of experimental diets
according to Agboola et al. (3).

FM SBM IcJ ACJ
Fishmeal® 433.4 161.4 158.4 158.4
Soybean meal’ 0 400 400 400
Wheat gluten meal® 170 136 111 111
Yeast - - 50 50
Potato starch® 120 90 68 68
Fish oil® 130 130 130 130
Gelatin' 60 60 60 60
Cellulose 80 - - -
MCP? 0 10.0 10.0 10.0
Premix” 5.0 5.0 5.0 5.0
L-lysine' - 3.0 3.0 3.0
DL-Methionine’ - 3.0 3.0 3.0
Choline chloride® 1.5 15 15 1.5
Yitrium oxide' 0.1 0.1 0.1 0.1
Diet composition (analyzed)

Dry matter 924.3 906.5 899.8 914.3
Crude protein 496.6 477.8 4741 479.4
Crude lipids 1915 166.5 162.5 171.0
Ash 715 60.0 63.5 64.9
Gross Energy (MJ kg™) 21.6 20.9 20.9 21.2
DP : DE™ 23.0 22.9 22.7 22.6

LT fishmeal, Norsildmel, Egersund, Norway; bSoybean meal, Denofa AS, Fredrikstad,
Norway; “Wheat gluten, Amilina AB, Panevezys, Lithuania; °Lygel F 60, Lyckeby Culinar,
Fiélkinge, Sweden; ®NorSalmOil, Norsildmel, Egersund, Norway; 'Rousselot 250 PS,
Rousselot SAS, Courbevoie, France; “Monocalcium phosphate, Bolifor MCP-F, Oslo,
Norway Yara; "Premix fish, Norsk Mineralneering AS, Henefoss, Norway. Per kg feed;
Retinol 3150.0 IU, Cholecalciferol 1890.0 IU, a-tocopherol SD 250 mg, Menadione 12.6
mg, Thiamin 18.9 mg, Riboflavin 31.5 mg, d-Ca-Pantothenate 37.8 mg, Niacin 94.5 mg,
Biotin 0.3156 mg, Cyanocobalamin 0.025 mg, Folic acid 6.3 mg, Pyridoxine 37.8 mg,
Ascorbate monophosphate 157.5 g, Cu: CuSulfate 5H.O 6.3 mg, Zn: ZnSulfate 151.2
mg, Mn: Mn(ll)Sulfate 18.9 mg, I: K-lodide 3.78 mg, Ca 1.4 g; 'L-Lysine CJ Biotech CO.,
Shenyang, China; JRhodimet NP99, Adisseo ASA, Antony, France; “Choline chioride, 70%
Vegetable, Indukern SA., Spain; 'Y-05. Metal Rare Earth Limited, Shenzhen, China. "DP :
DE, digestible protein: digestible energy ratio. Calculated using internal digestibility values
of various ingredients.

FM, fishmeal-based; SBM, Soybean meal-based, ICJ, 40% SBM and 5% of inactivated
C. jadinii; ACJ, 40% SBM and 5% of autolyzed C. jadinii (ACJ). Diet formulation and
composition are expressed in g kg™’ unless otherwise stated.

accordance with the institutional (Permit No. 174) and national
regulations for control of live animal experiments in Norway
(Norwegian Animal Welfare Law and Norwegian Animal
Experimentation Regulations derived from Directive 2010/63/EU).

RNA-Seq
Total RNA was extracted from sixteen spleen samples (four per
dietary group from duplicated tanks), using the RNeasy Mini Kit
(Qiagen) following the supplier’s instructions. Then, each RNA
sample was quantified using a NanoDrop TM 8000
spectrophotometer (Nanodrop Technologies). Later, RNA
integrity was determined using Agilent Bioanalyzer 2100. All
samples showed a RNA integrity number (RIN) > 8. Library
preparation and RNA-seq were performed by the Norwegian
Sequencing Center (UiO, Norway), using TruSeq Stranded
mRNA library prep and Illumina HiSeq 4000 System (150 bp
paired-end RNA sequencing).

RNA-seq data analysis was performed according to
Hakenasen et al. (31). Raw reads were cleaned by BBDuk
(v34.56) to trim/remove low quality reads, adapter sequences

and PhiX (Illumina spike-in) using: ktrim = r, k = 23, mink = 11,
hdist = 1, tbo, tpe, qtrim = r, trimq = 15, maq = 15, minlen = 36,
forcetrimright = 149. Thereafter, cleaned reads were aligned to
Salmo salar genome ICSASG_v2 (RefSeq assembly accession:
GCF_000233375.1) by HISAT (v2.1.0). Fragments mapping were
counted using featureCounts (v1.4.6-pl) and differentially
expressed genes (DEGs) were estimated between diets using
SARTools R package (v1.7.3). Significant DEGs were
determined when the adjusted p value (padj) was < 0.05.

To characterize differentially expressed genes, functional
classification was performed using Gene Ontology (GO)
analysis by g:Profiler (32). To achieve this, Salmo salar genome
database (Ensembl) and gene IDs (Entrezgene_ACC) from
significant DEGs list were used. GO categories (g:SCS
threshold 0.05) were displayed in -log,(p). In addition,
EnrichmentMap v3.3 (33) in Cytoscape v3.81 (34) was used
with default settings to visualize all diet comparisons in a single
network of GO terms.

To further understand gene biological functions, significant
DEGs and their expression values were used for Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway
Enrichment Analysis among dietary groups (by clusterProfiler
v3.16.1 package in R). Enriched pathways were selected
(pvalueCutoft = 0.05) and displayed as -log,(p). Enrichment
maps were obtained using emapplot (Enrichplot package
v.1.8.1 in R).

Detection of Immunological Markers

For the characterization of the immune response in the spleen of
Atlantic salmon after a dietary challenge, biomarkers at the
protein level were evaluated in six fish samples per dietary
group (from duplicated tanks). Each sample was homogenized
using metal beads and RIPA lysis buffer with protease inhibitor
cocktail (1x). Then, the samples were centrifuged and total
proteins were quantified from the supernatants using the
Bicinchoninic acid protein assay kit (Pierce). Thereafter,
indirect ELISA was performed following Morales-Lange et al.
(35). Briefly, each sample was diluted in carbonate buffer (60 mM
NaHCO; pH 9.6) and seeded by duplicate in a 96-well plate
(Nunc) at 50 ng uL™ (100 uL) for overnight incubation (4°C).
Next day, the plates were washed three times with PBS-Tween20
(PBST 0.2%) and incubated with 200 uL of blocking solution (per
well) for 2 h at 37°C (Pierce Clear Milk Blocking Buffer 1x). After
successive washes with PBST 0.2%, 100 UL of the primary
antibody (Table 2) was incubated for 90 min at 37°C and later,
a secondary antibody diluted 1:5000 (goat anti mouse IgG-HRP
or mouse anti rabbit IgG-HRP) was incubated per well during
60 min at 37°C. Chromagen substrate 3,3',5,5'-
tetramethylbenzidine single solution (TMB, Thermofisher) was
added (100 uL) and incubated for 20 min at room temperature
(in dark). All reactions were stopped with 50 UL of 1 N sulfuric
acid and finally the plates were read at 450 nm in a SpectraMax
microplate reader. (Molecular Devices).

Results from indirect ELISA were expressed in fold change
relative to SBM. GraphPad Prism 8 was used to display the data
and calculate means, standard deviations, one-way ANOVA and
Tukey’s test for multiple comparisons between diets.
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Furthermore, Corrplot package in R (41) was used to make
correlations among diets. All significant differences were
determined when p value was <0.05.

RESULTS

Transcriptomics

DEGs number per diet comparison showed different patterns
among groups (Table 3). The highest differentiated gene
expression occurred when fish fed FM were compared to those
fed SBM (313 down-regulated, 448 up-regulated). A lower
number of DEGs were observed in ACJ-group compared with
both FM (230 DEGs down-regulated, 163 DEGs up-regulated)
and SBM (95 DEGs down-regulated, 51 DEGs up-regulated).
Moreover, in ICJ-fed fish, few numbers of DEGs relative to both
FM (seven down-regulated, 21 up-regulated) and SBM (21
down-regulated and four up-regulated) were detected.

The comparison between the two diets with C. jadinii (ACJ
and ICJ]) only showed four down-regulated and three up-
regulated DEGs. Complete list of significant DEGs along with
the name of each gene is attached in Supplementary File 2. In
addition, RNA-seq raw data is available in Gene Expression
Omnibus database (GEO-NCBI: GSE174262).

Gene Ontology

DEG classification by Gene Ontology using three categories
(molecular function, biological processes and cellular
components) showed 26 overrepresented GO terms (18
upregulated and 8 downregulated) in FM compared to SBM
(FM|SBM, Figure 1). The analysis showed that the up-regulated
terms in FM were mainly associated with ion binding,
transporter and metabolic activity, while down-regulated GO
terms were related to semaphorin activity, biological adhesion

TABLE 2 | Primary antibodies for indirect ELISA.

Marker Source Type Dilution Reference
CD3 Mouse Monoclonal 1:400 (36)
CD4 Rabbit Polyclonal 1:500 387)
CD83 Rabbit Polyclonal 1:200 (39)
IFNy Mouse Polyclonal 1:400 )

gD Mouse Monoclonal 1:400 (39)
lgM Mouse Monoclonal 1:400 (39
IL-10 Mouse Polyclonal 1:400 (40)
MHC Il Mouse Polyclonal 1:400 (38)
TNFo Mouse Polyclonal 1:400 3)
ZBTB46 Mouse Polyclonal 1:400 Supplementary Figure 1

TABLE 3 | Significant differentially expressed genes (DEGs) per diet-comparison.

Diet-comparison Downregulated Upregulated
FM|SBM 313 448
ICJ|FM 7 21
ICJ|SBM 21 4
ACJ|IFM 230 163
ACJ|SBM 95 51
ACJ|ICJ 4 3

and cell adhesion. The same analysis comparing IC] with both
control diets showed only overrepresented GO terms (up-
regulated) for ICJ compared to FM (ICJ|FM, Figure 2A). In
this case, IC] showed seven significant GO terms related to
phosphagen metabolic and biosynthetic process. In addition,
when comparing ACJ with FM (ACJ|EM, Figure 2B), the results
showed one GO term up-regulated in ACJ (carbon-carbon lyase
activity). On the other hand, the comparison between ACJ and
SBM (ACJ|SBM, Figure 2C) showed two down-regulated terms
(associated to intrinsic apoptotic signaling pathway) and 11 up-
regulated terms in ACJ. Interestingly, the up-regulated terms
observed in ACJ compared to SBM were similar to when FM was
compared to SBM (molecular binding and gas transporter
activity). The analysis between ACJ and IC] did not show
differentially significant GO terms.

By grouping the GO terms detected (from different diet
comparisons) in a network (Figure 3), we observed that FM
and ACJ (compared to SBM) share similarities associated with
the up-regulation of tetrapyrrole binding, oxygen transport,
oxygen carrier activity, hemoglobin complex, heme binding,
gas transport, molecular carrier activity, oxygen binding and
cytosol. Furthermore, it was possible to determine that FM
compared to SBM (FM|SBM) was related to ICJ compared to
FM (ICJ|EM) through ion binding,

KEGG Pathway Analysis

Pathway analyses according to KEGG showed that DEGs from
FM compared with SBM (FM|SBM, Figure 4A) were related to
five activated KEGG terms: biosynthesis of cofactors, peroxisome,
herpes simplex virus 1 infection, carbon metabolism and metabolic
pathways. Using these data, the association network showed that
four of the five KEGG terms (except herpes simplex virus 1
infection) were related (Figure 4B). Moreover, DEGs from ICJ,
compared to FM (ICJ|FM, Figure 4C), showed only a significant
activation of metabolic pathways. The comparison between ICJ and
SBM did not show any significant KEGG terms.

In Figure 5A, DEGs from ACJ compared to FM (ACJ|FM)
showed the activation of 3 KEGG terms: arginine and proline
metabolism, ECM-receptor interaction and phagosome, and the
suppression of salmonella infection-pathway. However, the
analysis of interactions from these pathways did not show
close relationships (Figure 5B).

DEGs comparison between ACJ and SBM (ACJ|SBM)
showed six KEGG terms significantly overrepresented in ACJ:
herpes simplex virus 1 infection, endocytosis, cellular senescence,
Toll-like receptor signalling pathway, C-type lectin receptor
signalling pathway and salmonella infection (Figure 5C).
Enrichment maps using these KEGG terms showed that all
pathways were associated in a cluster (Figure 5D). Regarding
the comparison between AC] and ICJ, no significant KEGG
terms were determined.

Immunological Markers

The detection of immunological markers by indirect ELISA
showed lower levels of Cluster of differentiation 83 (CD83) in
fish fed FM compared to SBM (0.88-fold, Figure 6A). Moreover,
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FIGURE 1 | Significantly enriched gene ontology (GO) terms (minGSSize = 3) in spleen of fish fed FM diet compared to SBM. The list is ordered by -loga(p). Up, up-

an increased production of major histocompatibility complex
class II (MHC II) was detected in fish fed both diets with C.
jadinii inclusion (ICJ= 1.16-fold and ACJ= 1.10-fold,
respectively) compared to FM (0.78-fold). In addition, the level
of ZBTB46 (Zinc finger and BTB domain-containing protein 46)
decreased in fish fed ICJ (0.64-fold) and ACJ (0.62-fold) diets,
compared to both FM (1.00-fold) and SBM-fed fish (1.00-fold).

Also in Figure 6, only Cluster of differentiation 4 (CD4) was
significantly different among diets (Figure 6B). It was higher in
fish fed ACJ-diet (1.19-fold) compared to FM diet (0.66-fold).
Cluster of differentiation 3 (CD3), Immunoglobulin D (IgD) and
Immunoglobulin M (IgM) did not show significant differences
between groups.

The level of cytokines in SBM-diet group (Figure 6C) showed
a higher level of interferon gamma (IFNYy: 1.00-fold) and tumor
necrosis factor alpha (TNFo.: 1.00-fold) compared to FM (0.46-
fold and 0.40-fold, respectively). A similar behavior to SBM-fed
fish was detected in ICJ-diet group, where both pro-
inflammatory cytokines showed an increase in their protein
levels (IFNy= 1.42-fold, TNFa= 1.33-fold) compared to FM.
On the other hand, the cytokine values from ACJ-diet group,
compared with SBM (Figure 6C), showed a reduction of TNFo
levels (0.37-fold) and an increase in the availability of interleukin
10 (IL-10: 1.88-fold).

Finally, the correlation of all these immunological markers
between the different diets (Figure 6D) showed a significant
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FIGURE 2 | Significantly enriched gene ontology (GO) terms (minGSSize = 3) in spleen of fish fed C. jadiinii diets compared to control diets (FM and SBM). The list is
ordered by -logo(p). (A) GO terms in ICJ compared to FM. Up, up-regulated (in green). (B) GO terms in ACJ compared to FM. Up, up-regulated (in orange). (C) GO
terms in ACJ compared to SBM. Up, up-regulated (in red); Down, down-regulated (in pink).

On the other hand, from the use of different diets, we were able to
detect that fish fed SBM diets, compared to FM, showed a down-
regulation of GO and KEGG terms linked to ion binding,
peroxisome, metabolic and transport-associated pathways. These
results are also similar to those reported in intestine of salmon fed
SBM diets. In intestine, in addition to inducing an inflammatory
profile, SBM decreases barrier functions through the down-
regulation of genes associated with iron-binding proteins,
detoxification, transport and metabolic processes (43, 44).

The data also showed that the inclusion of SBM in the diets could
induced systemic effects in Atlantic salmon that can be detected in
the spleen after 37 days of feeding. Furthermore, the results at the
protein level showed that SBM also elicits inflammatory responses
in the spleen by increasing the production of cytokines such as
TNFo and IFNY, and inducing the availability of CD83. In higher
vertebrates, CD83 is a molecule expressed mainly by mature
dendritic cells and acts as an immuno-regulator protein by
delivering co-stimulatory signals, which can trigger T helper cell-
mediated responses that increase TNFow and IFNY (45, 46). In fish,

positive correlation among FM and AC] diets (0.64).
Correlations between other diets did not show significant results.

DISCUSSION

The proposal to consider the spleen as a target candidate for the
characterization of immunomodulatory effects of down-stream
processed C. jadinii in Atlantic salmon has been based on the fact
that in fish the spleen has already been considered as the
primordial secondary lymphoid organ and it has a central role
in the systemic immune response through the coordination of
the innate and adaptive immunity by the antigen presentation
process (26). In Atlantic salmon, our results at the transcriptional
level have shown that this organ also coordinates aspects related
to molecular binding, transporter activity, receptor signalling
pathways, cellular and metabolic processes, among others, which
have already been described as important functions of the spleen
in another salmonid specie such as rainbow trout (42).

Frontiers in Immunology | www.frontiersin.org 129 August 2021 | Volume 12 | Article 708747


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

Morales-Lange et al. Spleen Immunomodulation in Atlantic Salmon

Up Down
semaphorin-plexin signaling pathway /@ | FM | SBM
. W o cell adhesion | sBM
glycosaminoglycan binding - ACJ | SBM -
® v IcJ | FM
semaphorin receptor activity biological adhe"sion / N
— ( cellular amino‘i biosynthetic ACJ|FM -
@ calcium ion binding process

&‘ cell division site ,‘
phosphagen bi thetic process alpha-amino acidéetabolic process

cleavage’ furrow

alpha-amino @il biosynthetic
pr

cellular mod’_amino acid i
metaboliCprocess phosphocrea!ine&(abolic process

creatine k‘e activity ammonium t@esmembrane

transporteér activity

secondary acti

iyélilansmembrane
transpog@activity
’e transporter

phosphocreatige biosynthetic
proeess phosphotransferase activity,
nitrogenous g as acceptor

active transm

phosphagen n‘bolic process tetrapy‘inding

oxygel sport
intrinsic apoptotl@nahng pathway oxyaéoPcamtel actvity inorganic anion ‘:hanger activity
) 4 hemoglobig, complex
he#'@lng b anion (mnsm(’e transporter
carbon-carbon;lyase activity - gas tispon molecular .ier activity
intrinsic apoptotic signaling pathway oxygesﬂnding
|

in response to DNA damage c“

FIGURE 3 | Significant networks of enriched GO terms related to comparisons between different diets. FM|SBM: Up (up-regulated in blue), Down (down-regulated
in light blue). ICJ|FM: Up (up-regulated in green). ACJ|FM: Up (up-regulated in orange). ACJ|SBM: Up (up-regulated in red), Down (down-regulated in pink).

8 FM | SBM ®  FM|SBM

Biosynthesis of cofactors:
Herpes simplex virus 1 infect®n

E )
s Peroxisome: '
- p-value
(9 Herpes simplex virus 1 infection
O] 002
E Carbon metabolism:
0.02
Metabolic pathways @ctatoic pathiays
0.04
k T T T 1
2 4 6 8
-Log,(p)
B Activated
B@synthesis of cofactors
C
ICJ I F M Peroxisome®
Carbon me(abollsrr’
£
=
Q
= Metabolic pathways:
Q
[V}
w
X
k T T T 1
2 4 6 8
B Activated -Logz(p)
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both cytokines have a key role in the inflammatory process by
activating macrophages/phagocytes, thereby enhancing their
phagocytic and antimicrobial activity (47).

Regarding the differences between ICJ and ACJ compared to
control diets, we hypothesize that the down-stream processing of C.
jadinii yeasts by autolysis before feed manufacture might explain
the observed differences in responses. Different down-stream
processes after the yeast is harvested may influence its nutritional
value and the accessibility of its cell wall components (16). This
could modulate the immune response of Atlantic salmon by
exposing fish to different types or amount of MAMP’s from C.
jadinii, such as B-glucan, mannans, chitin and nucleic acids.
Inactivated yeasts have already been described as having smooth
surfaces without wrinkles, while autolysed yeasts are partially
broken and wrinkled, releasing their intracellular content,
exposing bioactive components (3, 22), which can be detected by
PRRs from the fish, triggering a different immune response (23, 24).

The autolysis process has been reported to modify the
nanomechanical properties of the yeast cell wall (without
altering its chemical composition), increasing branching and
availability of reactive molecules (48). Furthermore, previous
works have described the effect of autolysis on the digestibility of
yeast in Atlantic salmon, highlighting the importance of down-
stream processing when using MI as protein source in feed
production (3, 22).

When comparing ACJ with FM, the data showed activated
KEGG terms such as phagosome and arginine and proline
metabolism. These pathways are connected to the immune
response through processes linked to the ability of cells to
engulf solid particles to form internal vesicles (49) and with
the maintenance of homeostasis, regulating the antioxidant
activity in fish (50, 51). On the other hand, the inclusion of
inactivated C. jadinii in SBM diets did not show marked
differences compared to SBM diets. In fact, it seems to
maintain a similar inflammatory profile of SBM compared to
FM, with increased levels of TNFa and IFNY. Regarding TNFo,
this trend had already been reported in the intestine of Atlantic
salmon fed ICJ (3). It is interesting to note that in fish both
molecules (TNFo and IFNYy) would be capable of activating M1
macrophages, due to these cytokines can stimulate phagocytosis
and the pro-oxidative process to destroy the potential aggressor
(52), which would increase the inflammatory pattern of SBM.

On the contrary, the use of ACJ seems to control and regulate
the inflammation caused by SBM. When comparing AC]J to
SBM, we observed a similar pattern with the one observed among
the comparison of FM with SBM. Both showed GO terms
associated with molecular binding and transport. Moreover,
ACJ was also able to up-regulate KEGG terms associated to
endocytosis and signalling pathways of PRRs. We propose that
the increase of IL-10 in ACJ contributed to the reduction of the
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inflammatory profile associated with SBM, controlling the
production of TNFa. In fish, IL-10 is a cytokine that acts as a
suppressor and exerts a conserved role in dampening
inflammatory responses (47). Furthermore, the cytokine profile
in ACJ suggests a modulation of M1/M2 response, which has
been reported as conserved in fish (53). While M1 macrophages
increases the robustness of the immune response, M2
macrophages act as repair cells, capable of controlling tissue
damage caused by both pathogens and the action of the immune
system itself, through a phenotype regulated by molecules such
as Transforming growth factor beta (TGF) and IL-10 (52, 54).

Additionally, Piazzon et al. (55) have reported that the
regulatory activities of IL-10 would not only be associated with
immunosuppression and M2 phenotype, but could also be
related to the maintenance of memory cells over time.
However, further studies must be conducted to better
understand this relationship. In our work, ACJ was also able
to increase CD4 levels compared to FM, nevertheless, its

mechanism of action is not possible to explain with the
present results. CD4 is the most characterized marker for T
lymphocytes, which govern immune responses through specific
antigen recognition and subsequent secretion of effector and
regulatory cytokines (37). In rainbow trout, it has been described
that cross-talk between activated splenocytes can induce an
increase in Forkhead box P3 (FOXP3) (28), which is the
transcriptional factor associated with polarization of naive T
cells to Treg (56).

The positive correlation observed between FM and AC]
suggest a proportional immune response in these diets, which
has also been described in the gut of Atlantic salmon (3).
Moreover, in rainbow trout, the inclusion of B-glucans derived
from fungi (Lentinula edodes) was able to control the acute
inflammatory response in the spleen, reducing potential harmful
responses for the fish (27).

It is also interesting that fish fed diets with C. jadinii showed
higher levels of MHC II compared to the FM diet, in addition to a

Frontiers in Immunology | www.frontiersin.org

132

August 2021 | Volume 12 | Article 708747


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

Morales-Lange et al.

Spleen Immunomodaulation in Atlantic Salmon

lower level of ZBTB46 when compare to the FM and SBM diets.
MHC 1I is a protein involved in the antigen-presentation of
peptides derived from exogenous proteins to CD4" T-cells (57).
On the other hand, ZBTB46 is a transcriptional factor that
inhibits the maturation of APCs in higher vertebrates (58). In
salmonids, this molecule has been described in rainbow trout
(59). Furthermore, in Atlantic salmon, the modulation of
ZBTB46 has been reported in spleen-APCs induced with IFNy
(38). Considering this background, the results in this study
suggest an activation of APCs. However, in fish, APCs are still
poorly described, and their detection and characterization
should be studied deeper in future works to understand their
role in the modulation of the immune response by functional
diets. Despite this, we propose that the differential activation of
APCs in diets with C. jadinii compared to SBM (with higher level
of CD83, but without other modulated APC markers) would
be due to leukocytes from which APCs progress are not a
homogeneous subpopulation (38). Moreover, in mammals,
APCs could be functional at different stages of maturity,
depending on the cytokine environment in which they are
found (60, 61).

In summary, we recommend the spleen as a target organ for
characterization of immunomodulatory effects of down-stream
processed C. jadinii in Atlantic salmon exposed to a dietary SBM
challenge. Furthermore, our findings contribute to establish a
baseline for the study of other novel ingredients that are capable
of regulating the immune system of fish, without compromising
nutritional parameters. The results from this study suggest that
autolysis should be considered when formulating salmon feeds
with C. jadinii as a functional ingredient with the ability to
regulate inflammatory processes.
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In fish culture settings, the exogenous input of steroids is a matter of concern. Recently,
we unveiled that in the gilthead seabream (Sparus aurata), the G protein-coupled estrogen
receptor agonist G-1 (G1) and the endocrine disruptor 17a-ethinylestradiol (EE,) are
potent modulators in polyreactive antibody production. However, the integral role of the
microbiota upon immunity and antibody processing in response to the effect of EE,
remains largely unexplored. Here, juvenile seabreams continuously exposed for 84 days
to oral G1 or EE, mixed in the fish food were intraperitoneally (i.p.) immune primed on day
42 with the model antigen keyhole limpet hemocyanin (KLH). A critical panel of systemic
and mucosal immune markers, serum VTG, and humoral, enzymatic, and bacteriolytic
activities were recorded and correlated with gut bacterial metagenomic analysis 1 day
post-priming (dpp). Besides, at 15 dpp, animals received a boost to investigate the
possible generation of specific anti-KLH antibodies at the systemic and mucosal
interphases by the end of the trial. On day 43, EE, but not G1 induced a significant
shift in the serum VTG level of naive fish. Simultaneously, significant changes in some
immune enzymatic activities in the serum and gut mucus of the EE,-treated group were
recorded. In comparison, the vaccine priming immunization resulted in an attenuated
profile of most enzymatic activities in the same group. The gut genes gPCR analysis
exhibited a related pattern, only emphasized by a significant shift in the EE, group’s i1b
expression. The gut bacterial microbiome status underwent 16S rRNA dynamic changes
in alpha diversity indices, only with the exposure to oral G1, supporting functional
alterations on cellular processes, signaling, and lipid metabolism in the microbiota. By
the same token, the immunization elevated the relative abundance of Fusobacteria only
in the control group, while this phylum was depleted in both the treated groups.
Remarkably, the immunization also promoted changes in the bacterial class
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Betaproteobacteria and the estrogen-associated genus Novosphingobium. Furthermore,
systemic and mucosal KLH-specific immunoglobulin (Ig)M and IgT levels in the fully
vaccinated fish showed only slight changes 84 days post-estrogenic oral administration.
In summary, our results highlight the intrinsic relationship among estrogens, their
associated receptors, and immunization in the ubiquitous fish immune regulation and
the subtle but significant crosstalk with the gut endobolome.

Keywords: 16S rRNA, endocrine disruptors (EDCs), endobolome, estrogens, fish, G protein-coupled receptor 1,

vaccination, vitellogenin (VTG)

INTRODUCTION

The endocrine system of multicellular organisms comprises
secretory glands that release hormones that can regulate signal
transduction pathways with exquisite specificity upon paracrine
engagement with a specific cognate receptor in the target cells.
These interactions lead to the modulation of a vast set of
functions, including but not limited to energy balance
metabolism, body weight regulation, growth development,
reproduction, and immunity (1, 2). Alterations of the natural
endocrine hormonal homeostatic balance eventually occur
through the exposure to environmental single or mixed
synthetic chemical pollutants exhibiting hormone-mimetic
activities, collectively regarded as endocrine disruptor
compounds (EDCs) (3, 4). However, endocrine disruption is
not considered a toxicological endpoint per se but a functional
change that may lead to adverse effects in the organism.
Estrogen plays an essential role in regulating immune
responses through innate immune signaling modulation and
the impairment of B-cell functions (5, 6). The natural
estrogenic steroid 17B-estradiol (E,) and the xenoestrogen, the
synthetic oral contraceptive 17a-ethinylestradiol (EE,), are two
EDCs generally present in wastewaters that adversely affect
aquatic organism and human health (7). The estrogenic ligands
or compounds exert their canonical biological processes via
the intracellular nuclear estrogen receptors (ERs) acting as
the ligand-activated transcription factor, which binds to
the estrogen-responsive element located within the promoter
region of target genes (8). However, they can also rapidly activate
transduction pathways via non-genomic mechanisms mediated
by a membrane-anchored receptor called the G protein-coupled
estrogen receptor 1 (GPERI) (9). Accumulating evidence
indicates that both ERs and GPER1 mediates feedback loops or
crosstalk among several complex signaling axes like the insulin-
like growth factor-1 receptor/phosphatidylinositol 3-kinase-
threonine protein kinase B-mammalian target of rapamycin
(IGF-1R/PI;K-Akt-mTOR) (10), epidermal growth factor
receptor/extracellular signal-regulated kinase 1/2 (EGFR/ERK1/
2) (11), cyclic adenosine monophosphate/protein kinase A
(cAMP/PKA) (12), reactive oxygen species/calcium-apoptosis
signal-regulating kinase 1-c-Jun N-terminal kinase (ROS/Caj -
ASK1 -JNK) (13), interferon (IFN), or the apoptotic pathway
(14). Therefore, to examine the influences of particular EDCs
and distinguish GPER1-mediated estrogen action from the

classic ER activation, a nonsteroidal, high-affinity, and selective
GPERI agonist G-1 (G1) was developed (15, 16).

As most vertebrates, teleost fish are subjected to
developmental immunologic programming triggered by the
action of diverse microbiota inhabiting the surrounding
environment (17-19). Particularly, growing evidence sheds
light on the profound impact that some bacteria have in the
gut and vice versa on the modulation of many long-lasting
biological processes and functions, such as metabolism,
inflammation, immune, and stress responses (20-25). Besides,
it has been acknowledged that endogenous steroid hormones and
EDCs interact with the gut microbiota through different
pathways (26). By combining a myriad of previous findings,
two novel concepts were recently coined. Estrobolome refers to
the enteric bacterial species possessing -glucuronidase and -
glucosidase enzymes involved in the deconjugation of
endogenous estrogen at the gut level (27, 28). Furthermore, the
expanded term endobolome includes the gut microbiota that can
metabolize also the synthetic EE, (29).

Our former studies on the role of sex steroids in teleost fish
immunity revealed that gilthead seabream (Sparus aurata)
leukocytes express nuclear ERs and GPERI. GPER1 modulates
leukocyte functions through a cAMP/protein kinase A/CREB
signaling pathway (30, 31). We also provided evidence that EDCs
altered the immune response by promoting long-lasting effects
even when their disruptive estrogenic effects were not present
(32, 33). Moreover, EE, bath-exposed specimens have an altered
capacity to respond to an immune challenge, even though the
compound does not behave as an immunosuppressor.
Simultaneously, the oral intake of the same compound may
stimulate antibody response and promote the extended
production of natural neutralizing antibodies mediated
through GPER1 (34). In addition, efforts on understanding the
effect of keyhole limpet hemocyanin (KLH) as an immunogenic
protein antigen model in gilthead seabream under diverse
scenarios have been extensively conducted (32, 35, 36).
Nevertheless, the impact of oral EE, exposure following a
vaccination scheme targeting the adaptive immunity and
relying on the generation of better and stronger responses after
a primary immunization on the gilthead seabream-associated
microbiome has never been explored before.

Therefore, this study aimed to investigate, in vivo, the effects
resulting from supplementing the diet with exogenous EE, and
the agonist G1 in the gilthead seabream. Specifically, changes in
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the innate immune response were determined by quantifying
the activity of humoral lytic and oxidative stress mediators.
This study measured essential mucosal inflammatory marker
genes, observed how goblet cells contribute to immunity at the
gut mucosal surface, explored the microbiome landscape on the
immune repertoire following priming immunization with KLH,
and assessed the specific long-term systemic and mucosal
antibody production under the proposed scheme. In
summary, the results highlighted the intrinsic relationship
between xenoestrogens and their associated receptors in the
ubiquitous fish immune regulation, and the subtle but
significant crosstalk with the fish gut endobolome is described
here for the first time.

MATERIALS AND METHODS
Fish and Trial Setup

Ninety-six healthy juvenile European gilthead seabreams
(S. aurata) were obtained from the Oceanographic Center of
Murcia (Mazarron, Spain). The fish were randomly divided into
three treatment groups (n = 32 fish/treatment), and subsequently,
each group was redistributed into a replicate tank. The animals
were stocked in fiber-reinforced plastic tanks of 200 L at the same
facility where they were obtained and provided with running
seawater (dissolved oxygen 6 ppm) with continuous water renewal
(flow rate 20% aquarium vol/h) and under natural temperature
(21.0°C + 3.0°C) and photoperiod. Before the start of the trial, the
fish underwent a period of acclimatization of 2 weeks. The fish
were fed thrice daily with a commercial pellet diet (44% protein
and 22% lipids: Skretting) until apparent satiation. The
environmental parameters, mortality, and behavioral changes
were recorded daily.

Experimental Design

Following the acclimatization period, the fish were maintained
by feeding on the basal (control) or supplemented diets (G1 or
EE,) for 3 months continuously. Briefly, 98% pure EE, (Sigma-
Aldrich) or G1 (Tocris) was supplemented on the commercial
feed at a single dose of 5 ug/g food using the ethanol evaporation
method (0.3 L EtOH/kg of food), as described elsewhere (38). To
evaluate the effect of G1 and EE, under an immunization
program, specimens were intraperitoneally (i.p.) primed and 15
days later boosted with a model vaccine containing KLH (100
ug/fish; Sigma-Aldrich) and Imject Alum adjuvant (4 mg/fish;
Thermo Scientific) (vaccinated/immunized fish) or phosphate-
buffered saline (PBS) (unvaccinated fish) at 42 and 56 days of
treatment. Please note that we have previously reported that
Imject alum enhances the specific antibody levels to the model
antigen KLH in gilthead seabream (35, 39). Strikingly, however,
Imject alone fails to promote mature il1b release or enhance
specific antibody levels compared to the complete KLH model
vaccine. Therefore, the KLH- or alum-only groups were omitted
to optimize economic resources on sequencing in the present
experimental setting.

Sample Collection

As described in Figure 1, complete sets of samples were obtained
1 day post-priming (dpp) and 28 days post-booster coincident
with the end of the trial on day 84. Prior to the sample collection,
the fish were fasted for 24 h. Briefly, six specimens per treatment
(three fish from each duplicated tank) and sampling point were
sacrificed in less than 1 min through anesthetic (clove oil)
overdose, and blood was collected from the caudal vein with
25- G needles attached to 2-ml syringe (40). The blood samples
were allowed to clot for 1 h at room temperature, centrifuged
(10,000g for 10 min), and the sera were collected and stored at
-80°C until analysis. Meanwhile, the total gut mucus samples were
collected using a sterile cell scraper and centrifuged at 3,000 for
1 min at 4°C to remove cells and debris. To separate bacteria from
mucus, the cell-free supernatant was thereafter centrifuged at
10,000g for 10 min. The resulting supernatants were filtered
through a 0.45-um filter in order to detect the antibodies
unbound to bacteria as explained elsewhere (41). In addition,
the head-kidney and gut tissue samples free of fecal contents were
also collected following standard aseptic procedures. Half of each
sample obtained was immediately stabilized and protected from
degradation by immersing it in 1.5-ml Eppendorf tubes prefilled
with 1 ml of RNAlater solution (Thermo Fisher), while the other
half was subjected to histological procedures as detailed further.

Determination of Serum

Vitellogenin Levels

The serum vitellogenin (VTG) levels were quantified by an
enzyme-linked immunosorbent assay (ELISA) using a
commercial kit (Cayman Chemical), following the
manufacturer’s instructions, as previously described (34). In
brief, an aliquot of 1:500 diluted serum from both the control
and EE,- or Gl-treated fish (n = 6 fish/treatment) was added to a
flat-bottomed 96-well plate, followed by a commercial polyclonal
antibody against gilthead seabream VTG and an anti-rabbit
immunoglobulin (Ig)G peroxidase (Sigma-Aldrich), both
diluted at 1:1,000 and incubated at 25°C for 1 h. Finally, the
chromogen tetramethylbenzidine (TMB) was added, and the
absorbance was read at 450 nm using a SPECTROstart nano
(BGM; LabTechnologies).

Detection of Serum and Gut Mucus
Humoral Immune Parameters
Peroxidase activity was determined according to a previously
described and adapted protocol for fish (42). One unit was
defined as the amount of activity producing an absorbance
change of 1, and the data were expressed as a fold increase
relative to the mean of untreated and unvaccinated fish.
Antiprotease activity was determined by serum or gut mucus
ability to inhibit the hydrolysis of azocasein by proteinase K
activity (2 mg/ml) as previously suggested (43). The percentage
of inhibition of proteinase K activity for each sample was
calculated as [100- (% of protease activity)]. Results were
expressed as a fold increase relative to the mean of untreated
and unvaccinated fish.
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FIGURE 1 | Experimental setup. From day 0, control or supplemented diet with G1 or EE2, orally administered daily within 84 days (12 weeks) to githead seabream.
After 6 weeks, on day 42, half of the animals from each group were immune primed and boosted 15 days later (8 weeks) by intraperitoneal injections (i.p.) with repeated
doses of the model vaccine containing KLH as antigen. The analyses in the list were conducted at 1 and 42 days after receiving the priming immunization (6 and 12

Lysozyme activity was measured using a previously described
protocol (35). Briefly, the enzyme activity was quantified
according to a turbidimetric method that uses the lysis of
Micrococcus lysodeiticus ATCC No. 4698 (Sigma-Aldrich) with
hen egg-white lysozyme as the standard. One unit of lysozyme
activity was defined as a reduction in absorbance at 450 nm of
0.001/min. Results were expressed as the fold increase relative to
the mean of untreated and unvaccinated fish.

Bactericidal activity was assessed by evaluating their effects on
the bacterial growth of Vibrio harveyi curves as described
elsewhere (44). The pathogenic marine bacteria V. harveyi
(strain Lg 16/100) was grown and cultured as previously
described (45). Results were corrected with the absorbance
measured in each sample at the initial time point and
expressed as a fold increase relative to the mean of untreated
and unvaccinated fish.

Determination of IgM-Specific

Antibody Levels

The hemocyanin-specific IgM level was determined by an ELISA
kit (Aquatic Diagnostic, Ltd.) as previously described (35).
Briefly, PBS as blank or fish sera from naive, hemocyanin-
immunized, or pre-immune animals as control diluted 1:100
were added to the hemocyanin precoated 96-well ELISA plates,

followed by the monoclonal antibody anti-seabream IgM at
1:1,000. Then, an anti-mouse IgG peroxidase antibody
produced in goat (Sigma-Aldrich) diluted 1:1,000 was included
as a reporter. Finally, the chromogen TMB (Sigma-Aldrich) was
added, and the plates were incubated at 22°C. The reaction was
stopped with the addition of 50 pl/well of 2 M H,SO,, and the
absorbance was read at 450 nm on a SPECTROstart nano (BGM,;
LabTechnologies). The plotted values resulted from subtracting
the absorbance from the control wells.

Determination of IgT Total and Specific
Antibody Levels

Direct and indirect ELISAs were performed to analyze the total
and hemocyanin-specific gut mucus IgT levels, respectively, as
previously described (46). The specificity of the customized
polyclonal anti-GSBIgT antibody used in this study has been
previously validated by Western blot and ELISA (46). Briefly, to
assess the total IgT here, 96-well plates were coated with fish gut
mucus diluted 1:6 in carbonate/bicarbonate solution and
incubated overnight at 4°C. Similarly, to measure the
hemocyanin-specific IgT level, 1:5 dilutions of fish gut mucus
from the naive, hemocyanin-immunized, or pre-immune
animals as control were added to a hemocyanin precoated flat-
bottomed ELISA plates. Then, each assay was followed by the

Frontiers in Immunology | www.frontiersin.org

139

October 2021 | Volume 12 | Article 742827


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

Castejon et al.

EDC and Vaccination Affect Estrobolome

addition of a customized polyclonal anti-seabream IgT
(GeneScript) and an anti-rabbit IgG peroxidase antibody
produced in goat (Sigma-Aldrich, Spain), both diluted at
1:1,000. Finally, the chromogen TMB (Sigma-Aldrich) was
added, and the plates were incubated at 22°C. The reaction was
stopped with the addition of 50 ul/well of 2 M H,SO,, and the
absorbance was read at 450 nm on a SPECTROstart nano (BGM;
LabTechnologies). The plotted values resulted from subtracting
the absorbance from the control wells.

RNA Extraction and Gene

Expression Analysis

Total RNA was extracted from the hindgut of control or treated
(vaccinated or not) fish (n = 6 fish/treatment) with TRIzol
reagent (Invitrogen) following the manufacturer’s instructions
and quantified with a spectrophotometer (NanoDrop, ND-
1000). The RNA was treated with DNase I, amplification grade
(1 U/mg RNA; Invitrogen), to remove genomic DNA traces that
might interfere with the PCRs. Subsequently, the SuperScript IV
RNase H reverse transcriptase (Invitrogen, USA) was used to
synthesize first-strand cDNA with oligo-dT18 primer from 1 pg
total RNA, incubated at 50°C for 10 min. The b-actin (actb) gene
was analyzed for sample content standardization using a
semiquantitative PCR with an Eppendorf Mastercycle Gradient
Instrument (Eppendorf). Briefly, the reaction mixtures were
incubated for 2 min at 95°C, followed by 35 cycles of 45 s at
95°C, 45 s at the specific annealing temperature, 1 min at 72°C,
and finally 10 min at 72°C. In the same samples, the expression
levels of the genes coding for the pro-inflammatory cytokines
il1b and cox2 or the mucosal markers imuc, mucl3, and ight were
analyzed by real-time PCR performed with a QuantStudioTM 5
Flex instrument (Applied Biosystems) using SYBR Green PCR
core reagents (Applied Biosystems). The reaction mixtures were
incubated for 10 min at 95°C, followed by 40 cycles of 15 s at
95°C, 1 min at 60°C, and finally, 15 s at 95°C, 1 min at 60°C,
and 15 s at 95°C. After verifying each primer pair amplification
efficiency and single peak melting curve presence, the
appropriate references were selected based on the average M
value. Thereafter, the relative expression of each target gene was
corrected by the content of two reference genes, the 40S
ribosomal protein subunit 18 (rpsI8) and the subunit 11
(rps1I) in each sample using the comparative cycle threshold
method (2724¢Y) (47). The gilthead seabream-specific primers
used as targets and housekeeping genes are listed in Table 1. In
all cases, each PCR was performed in duplicate with three
technical replicates each.

Intestine Histological Analysis

Hindgut samples (n = 6) from each experimental group were
fixed in 10% buffered formalin solution and processed using
routine methods. Subsequently, they were embedded in paraffin
at 60°C to obtain a microtome cross-section with a thickness of 5
Wwm that was stained with periodic acid shift-alcian blue (PAS-A).
The slides were mounted using approved substitute chemicals
and subjected to optical microscopic evaluation. The abundance
of goblet cells and intraepithelial lymphocytes was assessed.

DNA Extraction, PCR Amplification,
Amplicon Library Construct

and Sequencing

Genomic DNA was extracted from pooled intestine samples
(n = 6 fish/treatment) using the TriSure method (Bioline). The
quality and integrity of the extracted DNA were checked on 1%
(w/v) agarose gel stained with GelRed Nucleic Acid Stain 20,000x
(InTRON Biotechnology, Seoul). The DNA concentration and
purity were quantified fluorometrically using the Qubit'"
dsDNA HS assay kit (Thermo Scientific). The DNA samples
were stored at -20°C, and 30 ng were used for subsequent
analyses. Libraries were constructed with 2 x 300 bp paired-
end sequencing in the Ultrasequencing Service of the
Bioinnovation Center of the University of Malaga, Spain, on
an Illumina MiSeq platform (Illumina). Briefly, Illumina paired-
end sequencing was carried out using the sense forward (341F)
5'-CCTACGGGNGGCWGCAG-3' and (805R) 5'-GACTACHVG
GGTATCTAATCC-3' reverse primers targeting the variable
regions V3-V4 regions of the 16S rRNA gene. After removing
the Illumina barcodes and demultiplexing, the readings were
combined using the Mothur software package (1.39.5 version).
In addition, the assembled readings were filtered, excluding
readings lower or higher than 80-2,000 bp long. Besides, non-
specific PCR amplicons and singleton sequences were excluded
in the subsequent analyses. All processing was done using
the Mothur pipeline. The Mothur script was used to detect and
remove chimera against the reference database, and the
remaining representative non-chimeric sequences were then
subjected to taxonomic assignment against the Greengenes
16S database (48), with 97% 16S similarity as the cutoff and
clustered into operational taxonomic units (OTUs). The
sequencing depth level was determined by the rarefaction
curves obtained by plotting the number of observed OTUs
against the number of sequences and Good’s coverage
coefficient. The alpha diversity was estimated based on
Shannon-Wiener, Chaol, and Simpson indices to determine
taxonomic and phylogenetic structure diversity.

Functional Metagenome Prediction

and Analysis

PICRUSt (version 1.1.3) was used to predict the putative
metagenome functional profiles of intestines from vaccinated vs.
naive fish using the previously obtained 16S rRNA sequencing
reads (49). The resulting metagenome inferences were entered
into the Greengenes database (version 13.5), and the metagenome
prediction of bacterial communities was conducted using the
calculated data set after normalizing the 16S rRNA copy
number. Nearest Sequenced Taxon Index (NSTI) scores for
evaluating the accuracy of predicted metagenomes were
categorized with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways database (50) and bacterial
functional profiles until KEGG modules level 3 were compared.

Statistical Analysis
The microbiome data were analyzed by Good’s coverage,
rarefaction curves, and alpha diversity indices, including Chaol
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TABLE 1 | List and GeneBank accession number of primers used for gPCR analysis of seabream samples.

Gene Name Sequence (5’-3’) Accesion number

ilnb F2 GGGTCTGAACAACAGCACTCTC AJ277166
R3 TTAACACTCTCCACCCTCCA

cox-2 F2 CATCTTTGGGGAAACAATGG AM296029
R2 AGGCAGTGTTGATGATGTCG

imuc F GTGTGACCTCTTCCGTTA JQ27712
R GCAATGACAGCAATGACA

muc13 F TTCAAACCCGTGTGGTCCAG JQ27713
R GCACAAGCAGACATAGTTCGGATAT

ight F TGGCAAATTGATGGACAAAA FM145138
R CCATCTCCCTTGTGGACAGT

rps18 F AGGGTGTTGGCAGACGTTAC AM490061
R CTTCTGCCTGTTGAGGAACC

rps11 F1 GGCGTCAACGTGTCAGAGTA NM_213377
R1 GCCTCTTCTCAAAACGGTTG

richness estimation and community diversity (Shannon index
and Simpson) with Microbiome eAnalyst web platform (51).
Normality (Shapiro-Wilk) and homogeneity of variance
(Levene’s test) were performed, and the statistical significance
of growth data and alpha diversity paired comparisons were
determined by Student’s t-test (p < 0.05). All tests were
performed with XLSTAT software. DESeq2 software was used
to test for differential representation of OTUs by treatment (p <
0.01). The STAMP (Statistical Analysis of Metagenomics
Profiles) was used to analyze the differential abundance of
modules based on the gut sections and diet using ANOVA
multiple-comparison test with post hoc Tukey-Kramer test
(p < 0.05). The results from the gene expression, Ig levels,
goblet cell count, and antimicrobial humoral activities were
analyzed by two-way ANOVA and post hoc Tukey’s to
determine the differences among groups. Note that in some
figures, the number of individuals was lower than the established
(n = 6) due to technical issues. Then, we ran again each data set
using weighted and unweighted means, and the robustness of our
data was not affected. The critical value for statistical significance
was established at p < 0.05. All statistical analyses were carried
out using the GraphPad Prism 8.04 software.

RESULTS

Oral EE, Exposure Strongly Disrupts the
Seabream Hepatic Function Without
Mirroring It in the Gut Cellular

Immune Function

Following our established estrogen-feeding model, the diet was
supplemented with the GI agonist or a strong xenoestrogen
(EE,) and fed continuously for 84 days as described in detail
(Figure 1). The continuous action of both treatments did not
produce any fish mortality or abnormal behavior during the
whole experimental period. However, after 42 days of constant
EE, oral intake, a significant (p < 0.001) estrogenic-mediated
endocrine disruption was found after evaluating the VTG level
from the blood serum (Figure 2A). On the contrary, the
continuous administration of the G1 receptor agonist within

the same period did not affect the VTG production supporting
the notion that the action of EE, triggers specific disruption.
At the same time, the hindgut’s local adaptive immune
response was not affected by any dietary supplementation, as
demonstrated by the invariant yet modest levels of total mucus
IgT recorded in both treated groups and the control
fish (Figure 2B).

Immunological Priming Reduces the
Excessive Enzymatic Activity Triggered by
EE; in the Fish Systemic Response

The magnitude of some major biochemical indicators known for
impacting the cellular and defense functions in seabreams was
assessed. After 1 day post-immunization, at 43 days of
continuously treating the fish with the G1- or EE,-
supplemented feed at naive or immunized conditions, a
selected panel of proteolytic and bacteriolytic assays such as
peroxidase, antiprotease, lysozyme, and bactericidal activities in
the serum was collected as indicators. Interestingly, the naive fish
treated with EE, showed a markedly significant (p < 0.001)
increase in the peroxidase activity relative to the control fish
(Figure 3A). Unexpectedly, we observed that the priming
immunization of the vaccine resulted in a significant (p < 0.01)
decrease of the peroxidase activity in the EE, group, even though
the response remains significantly (p < 0.05) higher than that in
the immunized controls. For the antiprotease response, a similar
significant (p < 0.05) effect was also recorded at the EE,-treated
group between the naive and immunized conditions, while the
G1 treatment of the naive condition produced an opposite
response by producing a significant (p < 0.001) inhibition
(Figure 3B). At the same time, the lysozyme and bactericidal
activities did not show any significant variations at any stage
(Figures 3C, D).

G1 and EE, Exposures Hardly Alter the
Antimicrobial Activities in the Gut

Mucus Interphase

Furthermore, to explore the constitutive gut mucus interphase as
influenced by continuously feeding the seabreams with G1 or
EE,, the biochemical assays previously described in the serum
were conducted. We observed that the intestinal mucus of the

Frontiers in Immunology | www.frontiersin.org

M

October 2021 | Volume 12 | Article 742827


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

Castejon et al. EDC and Vaccination Affect Estrobolome

A B
o Naive Fish o Naive Fish
N ~~
= 15 = 1.2+
B skokok =
: o :
— o fo)
» O kA o 1.1
v O Q o ©
= 2 .2 10
= © =g b
- — S
» o— < —
(0] - O
g = S = 0.9- ©
s @ o = O o
2 oo 5+ o0
n g £ 0.8~
Q I3 .
2 coEp @R 2
= 0 T T T = 0.7 T T T
C Gl EE, C Gl EE,
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parameters were assessed with a double specific antibody procedure by ELISA. Representative + SEM are shown (n = 6). The asterisks denote statistically
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FIGURE 3 | 170-ethinylestradiol (EE2) exposure and further immune priming modulates the antimicrobial humoral activities in the serum of gilthead seabream. The
fish had been orally treated with G1 or EE2 (5 ug/g food) for 43 days and either immune primed with KLH or not (naive) on the sampling day. (A) Peroxidase,

(B) Lysozyme, (C) Antiprotease (D) Bactericidal activity. Data represents means + standard error (n = 6). Asterisks denote statistically significant differences between
the groups. *(p<0.05) **(p<0.01) ***(p<0.001).
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animals exposed to either G1 or EE, hardly showed any
significant changes in either the peroxidase activity or the
bactericidal capacity among the exposed groups and between
the two conditions per se (Figures 4A, D). Although the gut
mucus lysozyme present in the naive fish dietary administered
with EE, showed a dual effect by significantly (p < 0.05)
increasing its activity level within the naive initial stage but
resulting in a significant (p < 0.05) decrease after priming
(Figure 4C). The antiprotease activity showed a significant
variation resulting from treating the fish orally with the Gl
agonist and comparing the response between the naive and the
immunized conditions (Figure 4B).

The Intestinal Level of Inflammatory
Mediators Was Affected by the Oral
Administration of EE, and Can Be
Reversed Through Vaccination

An accurate understanding of how the oral administration of G1
and EE, reconfigures the immune system in the seabream is
crucial to comprehend its disruptive effect. To address this, on
day 43 of the trial, we profiled and quantified five critical
inflammatory mediators, cox2, imuc, mucl3, ight, and illb at
the transcriptional level. Differences in the expression pattern of
the different mediators were assessed by quantitative-PCR
(qQPCR) following a naive scheme and after receiving the

vaccine priming immunization. The mRNA transcriptional
levels of the inducible inflammatory mediators cox2 and imuc
and the constitutive mucl3 and ight genes revealed subtle, yet not
significant, changes in their expression at the naive condition
(Figures 5A-D). At the same time, naive animals fed with EE,
showed a significant (p < 0.05) increase in the transcription level
of il1b when compared to the G1-treated group. Furthermore, as
seen in the previously analyzed parameters, the effect of priming
immunization on the naive EE, enhanced the expression of il1b
significantly (p < 0.05) but eventually reverted to similar basal
levels as those recorded in the untreated group (Figure 5E).

Extended Oral Administration of EE, Alters
the Actively Secreting Mucus Cells

To further validate the positive effect of the immunization as
previously observed on seabream expressing toxic effects after
receiving a continuous oral dose of EE,, we analyzed the gut of
the treated animals histologically under naive and immunized
conditions. After 43 days of trial under naive conditions, we
noted an increase in the volume and number of interepithelial
lymphocytes (IELs) at the lamina propria and the PAS-A-stained
(light blue) cells throughout the mucosal fold height architecture
of EE,-treated fish. Likewise, this is morphologically consistent
with neutral and acidic staining goblet cells, a specialized
epithelial cell type that produces the main component of the
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FIGURE 4 | The gut mucus antimicrobial humoral activity is seldom affected by the presence of 17a-ethinylestradiol (EE2) or KLH-immune priming in gilthead
seabream. The fish had been orally treated with G1 or EE2 (5 pg/g food) for 43 days and either immune primed with KLH or not (naive) on the previous day.
(A) Peroxidase, (B) Lysozyme, (C) Antiprotease (D) Bactericidal activity. Data represent means + standard error (n=6). Asterisks denote statistically significant
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FIGURE 5 | The relative immune gene expression in the gut of gilthead seabream in response to the exposure in either G1 or EE2 under naive or immune primed
condition minimally change. The fish had been orally treated with G1 or EE2 (5 ug/g food) for 43 days and either primed with KLH or not (naive) on the previous day.
Gene expression levels (A) cyclooxygenase-2; (B) intestinal mucin; (C) mucin-13; (D) immunoglobulin T heavy chain; (E) interleukin-1beta are related to the
expression of the 40S ribosomal protein subunit 18 (rps18). The violin graphs visualize quantitative and qualitative attributes of the samples comprised in each group.
The mean is represented by the central solid line on each plot (n=6). Asterisks denote statistically significant differences between the groups. *(p<0.05).

mucus barrier. Unexpectedly, 24 h after the fish received the
priming immunization of the vaccine, the previously altered
goblet cells reverted to the basal state (Figure 6A). However,
after quantifying the number of stained goblet cells on each
treatment at either the naive or immunized stage using light
microscopy, it was shown that the shift was not statistically
supported. Yet, a decreasing trend can be observed (Figure 6B).

Treating the Naive Seabream Orally With
G1 and EE,, Together With the Vaccine
Priming Immunization, Modulates the Gut
Microbiota Communities

The analysis of the different taxonomic levels in the three groups
of naive fish revealed three dominant bacterial groups. The
Proteobacteria showed the highest relative abundance (>75%)
across all samples. It was followed by the phyla Firmicutes (6%-
16%) and Bacteroidetes (4%-7%). Interestingly, the naive fish
exposed to the action of the agonist G1 showed a significant
abundance reduction of Actinobacteria and Firmicutes
compared to the untreated or EE,-exposed animals
(Figure 7A). At the class level, in naive fish, the dominant
groups were the o- and y-Proteobacteria in the naive fish, with
the last class particularly more pronounced in the GI-treated
fish (Figure 7B). Regarding the individual OTUs at the genus
level, the three naive groups shared a high proportion of
Pseudomonas with relative abundance ranging from 48% to

59%. Among the remaining genera, the most predominant
genera in the three groups were Vibrio, Streptococcus,
Sphingomonas, Phenylobacterium, Nevskia, Methylobacterium,
and Acinetobacter, showing abundances between 1% and 9%
but without any significant differences (Figure 7C).
Unexpectedly, while the presence of Shewanella was recorded
in the control and G1 naive groups, the EE, treatment fully
abrogated its presence causing a significant (p < 0.01) difference
between groups. On the other hand, the results in immunized
fish at the phyla, class, and genus levels (Figures 7D-F) mostly
mirrored those previously reported for naive fish. However,
significant differences in some OTUs were detected. At the
phylum level, Fusobacteria was present only in the control
group (Figure 7D), while the OTUs in the class B-
Proteobacteria remarkably shifted in the gut microbiota
abundance between the G1- and EE,-treated and immunized
conditions (Figure 7E). The taxonomic analysis at the genus
level revealed the largest variations in OTUs when comparing the
core microbiota of untreated fish with the G1- and EE,-treated
and priming immunized fish. Brochothrix in the G1-treated and
Staphylococcus and Novosphingobium in the EE,-treated
specimens were the most highly abundant genera between the
naive and the vaccinated conditions (Figure 7F). Note that those
sequences not assigned to any known microbial taxonomical
classification were designated as ETC, which represented less
than 1% of the entire individual data sets presented.
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FIGURE 6 | Oral exposure of G1, EE2 and immune priming induce structural changes along the hindgut of gilthead seabream. The fish had been orally treated with
G1 or EE2 (5 pg/g food) for 43 days and either immune primed with KLH or not (naive) on the previous day. (A) Representative histomorphology image of PAS-A-
stained hindgut longitudinal sections with neutral and acid staining goblet cells highlighted in light blue. Besides, note the high number of IEC infiltrates present in the
lamina propria on both G1 and EE2 conditions. (n = 6; Scale bar = 50um). (B) Representative average histological quantification of the mean number of PAS-positive
goblet cells on three randomly selected slides per treatment and condition in duplication.
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Activation of the GPER1 Receptor
Significantly Modulates the Gut
Microbiome Structure

An average of 76,282.75 + 12,605.17 reads was obtained from the
samples analyzed. Furthermore, these sequences were
successfully clustered in OTUs with 97% identity. The Good’s
coverage estimations ranked between 99.98% and 99.99%,
indicating an adequate sequencing depth. A random
subsampling was conducted to normalize the data size to
42,494 reads that were assigned to 87 genera distributed
among 14 phyla. The alpha diversity of the gut microbial
community concerning its richness, diversity, and average
evenness indices in every single sample within a treatment
group, obtained from the next-generation sequencing (NGS)
data, is summarized in Table 2. Oral treatment with G1 under
naive conditions significantly (p < 0.05) decreased the Chaol
species richness and the Shannon diversity estimator indices for
the gut mucosa-associated microbiota compartments.
Interestingly, the Simpson index of diversity was decreased in

the same G1-treated group, but this variation was not statistically
supported. However, following the priming immunization
variations on any of the three indices among groups, or
changes between the control and the two experimental oral
treatments were not observed.

The Activation of the GPER1-Mediated
Estrogen Action Modulates the Gut-
Associated Microbiota Functional Activity
The changes in the presumptive functions of the gut microbiota
of fish showing significant differences in their microbiotas in
comparison with non-immunized untreated fish were examined
by predicting the metagenomes using PICRUSt. The accuracy of
the prediction was evaluated by computing the NSTI, and the
mean of the samples was 0.048 + 0.005, indicating a relatively
good match to reference genomes [ideal NSTI <0.03 (52)]. The
KEGG ortholog functional predictions showed a significant
difference (p < 0.015) only between the unvaccinated control
fish and those treated with G1. The increased abundances of the
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FIGURE 7 | Relative abundance of the intestinal bacteria communities of gilthead seabream, at different taxonomic levels is affected by the oral G1 and EE2
exposure and further potentiated by immune priming. Phyla (A, D). Class (B, E). Genera (C, F). Left to right, representing the received dietary treatment received
(Control, G1, or EE2). Up to down; immune status (Naive or immune primed with KLH). ETC: average relative abundance < 1%, (n = 6).

specific functional category associated with cellular processes
and signaling of inorganic ion transport and metabolism, pore
ion channels, and membrane and intracellular structural
molecules are predicted with significant changes on the G1-fed
group, with the latter category presenting the highest significance
(p <0.009) value (Figure 8A). For the control and G1 groups, the
level 2 KEGG annotations revealed seven functional associations
related to metabolic, replication and repair, and genetic
information categories. By applying the more detailed

annotation type, the KEGG level 3, 12 significantly different
functional pathways were revealed between the two analyzed
groups. Specifically, categories associated with phenylalanine
metabolism, lipopolysaccharide (LPS) biosynthesis proteins,
arachidonic acid metabolism, biosynthesis of unsaturated fatty
acids, and glutathione metabolism were significantly more
abundant in fish exposed to G1, whereas categories such as
cysteine and methionine metabolism showed lower abundance
in this same group (Figure 8B).

TABLE 2 | Alpha-diversity indices expressed as the richness, diversity, and average evenness (Chao1, Shannon and Simpson) of bacterial communities present in the
hindgut of gilthead seabream (n=6 fish per condition) treated with G1 or EE, (5 pg/g food) for 43 days either immune primed or not with KLH on the previous day’s

(24 h) sampling.

Treatments Immune Status Chao1 Shannon Simpson
Control (C) Naive 64.50 = 7.59 253 £0.29 0.80 + 0.06
G1 50.87 + 8.51* 2.14 = 0.20* 0.74 + 0.07
EE, 60.25 + 8.17 257 £0.17 0.83 £ 0.04
Control-Vac Vaccinated 61.69 + 5.98 2.56 +0.13 0.81 +£0.02
G1-Vac 61.62 + 9.96 2.65+0.12 0.83 £ 0.02
EE,-Vac 66.12 + 5.36 2.56 + 0.22 0.81 £ 0.04
(*) denotes significant differences (p<0.05). For details refer to the statistics section.
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FIGURE 8 | KEGG pathways and functional annotation analysis of gut mucosa-associated microbiota compartments in unvaccinated seabream. (A) Box plots
representing the significant proportion of the relevant abundance of PICRUSt generated functions profile in the hindgut microbiota of gilthead seabream. The box
represents the values between the 25™ and 75" percentiles. The maximum and minimum values are represented by up and low caps. Treatment with the G1
containing diet led to a significant increase in the relative abundance of gene sequences influencing critical cellular processes and signaling terms. (B) Significant
Kyoto Encyclopedia of Genes and Genomes (KEEG) pathways level 2 and 3 enriched by predicted genomes of microbiota from control fish vs. G1-orally treated
animals for 43 days. The significant overexpression of each KEGG term in G1 compared to control fish fractions are indicated by the resulting p-value in bold
analyzed by ANOVA with a post-hoc Tukey-Kramer multiple comparison test (p<0.05).

Vaccination Does Not Alter the Production
of Systemic and Mucosal-Specific
Antibodies in G1- and EE,-Treated Fish

The KLH-specific IgM and IgT levels in the serum and intestinal
mucus were evaluated by ELISA on day 84 (end of the trial). The
samples were collected from control, G1-treated, and EE,-treated
seabreams, both naive and fully immunized after receiving the
vaccine priming and booster doses on days 42 and 56, respectively.
As expected, in naive animals, EE, altered the production of
natural antibodies that should have been overlapping with some
epitopes of the specific IgM and IgT levels measured. However, the
response followed a differentially expressed pattern between both
targets. The IgM level in the naive EE,-fed animals produced a
significantly (p < 0.001) elevated response compared to the control
or Gl-treated groups (Figure 9A). On the contrary, the specific
IgT production in the gut mucosal secretion of naive fish at the
same time point was significantly (p < 0.05) lower in both orally
treated groups, suggesting an inhibitory effect on this parameter
(Figure 9B). The specific systemic or mucosal anti-KLH was
inversely differentiated from the naive condition. Although the
vaccine did not trigger any significant enhancement in any group,
it displayed a more stable effect in the control group when

compared to the naive condition. Furthermore, no effect was
observed at the end of the trial in the vaccinated and orally
treated specimens with either the Gl agonist or the strong
disruptor EE,.

DISCUSSION

In farmed teleost fish, the proper crosstalk between the
commensal bacteria residing in the mucosa and the immune
cells within the mucosal interphase is essential for controlling
and preventing major immune disorders (53, 54). This link
highlights the critical importance of cautiously monitoring the
immune interventions in the presence of exogenous elements
from either a spontaneous or planned artificial origin (e.g.,
environmentally generated EDCs or vaccination) that may
alter such delicate crosstalks. Yet, in fish, the underpinning
mechanisms and the key actors that govern the host-microbe
intercommunication following the effect of combining the EDC
and vaccination in a single setting are poorly understood.
Using our proven estrogen-feeding model and a two-step
vaccination program, we found that the systematic oral intake of
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a moderate dose of G1 or EE, promotes diverse physiological
alterations that can potentially contribute to developing
pathological profiles that are detrimental to exposed individuals.
The fact that estrogens generate reactive oxygen species (ROS),
induce peroxidation, and play a key modulatory role in mammals
and fish immune systems is not new (34, 55). In our model, the
observed endocrine disruption is attributed to the upregulation of
hepatic signaling saturation by EE, that resulted in excessive VTG
production. However, parallel mechanisms equally linked with
EE, involving divergent pathways associated with the estrogenic,
antiandrogenic, thyroid, peroxisome proliferator-activated
receptor 7, retinoid, and actions mediated through other nuclear
receptors; steroidogenic enzymes; neurotransmitter receptors and
systems could not be ruled out from participating in the response.
Consequently, altering the systemic and local immune
transduction pathways via non-genomic mechanisms is
mediated by GPERI, as previously suggested (56). Indeed,
evidence for host-microbe interactions in mammals supports
GPERI as one of the host factors responsible for crosstalk with
microbiota (57). However, the role of the GPER1 agonist, the G1,
in modulating the alpha diversity indices and generating a
microbial dysbiosis highlighted by the shift of Shewanella and
Photobacterium proportions in the gut of naive fish is reported
here for the first time. Thus, we anticipate that after longer
exposures to EDCs, dysbiotic events must be monitored to
prevent possible metabolic dysregulation and changes to gut
barrier function that can lead to diseases in exposed fish.
Cumulative evidence emphasizes the influence of the gut
microbiota on humoral and cellular vaccine responses (58, 59).
Therefore, several studies have attempted to identify the core
microbiota of gilthead seabream (60-62). Despite being not
completely established, most studies have agreed with our
findings on putting forward Proteobacteria, Firmicutes,
Bacteroidetes, and Actinobacteria as the dominant microbial
phyla present in the gut. However, these results are not
surprising. From the trillions of commensal microorganisms
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FIGURE 9 | Vaccination differentially regulates the activity induced by the oral exposure to xenoestrogens on the systemic and mucosal antibody production in the
gilthead seabream. The anti-KLH IgM and IgT levels (A and B, respectively) in fish dietary treated with G1 or EE2 (5 pg/g food) for 84 days and either vaccinated
following priming and boosted doses of KLH or not (naive) are shown. Data were obtained in duplication by ELISA using independent biological samples and
represent means + standard error (n=6). Asterisks denote statistically significant differences between the groups. Data were analyzed by ANOVA with a post hoc

that constitute the intestinal microbiota of most vertebrates,
Firmicutes and Bacteroidetes predominate and represent ~90%
of the total (63). However, the subtle but significant shifts
observed in the relative abundance of Actinobacteria and
Fusobacteria under the naive condition in response to the
vaccination regardless of the treatment prompted our attention.

In our study, the endocrine disruption generated by EE,
altered (at least to some extent) most of the humoral and
cellular parameters screened in the treated naive fish, although
this did not trigger a distinct inflammatory pattern as determined
by the lack of significant upregulation of inflammatory mediators
at the intestinal mRNA or the cellular resolution. Nevertheless,
the EE, treatment generated an increase in size and number of
goblet cells, promoted the IEL infiltration to the lamina propria,
and perhaps also contributed to a general redistribution of
leukocytes among the entire system. Furthermore, it is
accepted that EE, can interact with other components of the
endocrine pathway, e.g., ER corepressors or coactivators, and
modulate the activity of the enzymes involved in steroid
conversion, e.g., aromatase CYP19 converts testosterone to E,
(64). This conversion leads to stimulation or inhibition of
endogenous hormone biosynthesis. Besides, EDCs like the EE,
can bind to circulating hormone-binding proteins and disrupt
the local endogenous hormonal balance expressing cortisol that
ultimately regulates neuroimmunoendocrine circuitries, elicits
stress-induced immunosuppression, and contributes to allostatic
imbalances (65). In any case, in our study, vaccination
significantly contributes to the immune restoration and cellular
and biochemical homeostasis in fish 24 h post priming
immunization on day 42 of the trial. Presumably, the positive
effect of the vaccine has over the estrogenic disruption by EE,
was mediated through the rapid release of specific commensal
microbial factors after a single priming immunization dose.
Previously, we have demonstrated that damage-associated
molecular patterns released from dying cells mediate alum
adjuvant activity when combined with KLH (39). However,
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in this study, the role of alum as adjuvant remains elusive, and
future studies are required to understand its associated
mechanisms. In mammals, it has been demonstrated that
estrogen generates changes in the gut microbiota and might
promote the enrichment of bacteria associated with immune
regulation (66). In addition, the diversity of the gut microbiota
has been shown to influence systemic estrogen levels through
enzymatic and immune pathways (67). Although, in the present
study, an increased modulation of the adaptive immunity
expressed as specific IgM and IgT levels by the end of the trial
in any group was unsupported.

The alpha diversity indices (richness, diversity, and average
evenness) of the gut microbial community in every pooled
sample within a treatment group only showed significant
differences in fish from the G1 naive treatment. This indicates
that the bacterial diversity in these communities was mostly
covered regardless of the diet. In the gut microbiota of fish,
including the gilthead seabream, Actinobacteria is a
predominant low-represented phylum (60, 68). In the present
study, Actinobacteria was completely abrogated at the phyla and
class levels in the Gl-treated naive fish when compared to
the control or EE, treatments. However, in the same group of
the vaccinated fish, Actinobacteria was always present among the
bacterial OTU repertoires. Previous studies have suggested that
mice treated with G1 and subjected to a mucosal bacterial
infection have reduced bacterial burden (69). Moreover, the
low bacterial burden generated local levels of the neutrophil-
recruiting chemokine cxcll and the inflammatory cytokine il1b,
like our results. Therefore, we hypothesize that, in our study, G1
also promoted a diversity reduction through the enhancement of
the endothelial and epithelial gut-blood barrier integrity and
increased permeability through the reorganization of dynamic
structures like the tight junctions in a way that the paracellular
permeability can adapt to the required characteristics of diffusion
restriction mediated by the external stimuli. On this basis, we
speculate that G1 has a strong potential utility as a viable solution
to enhance specific bacteria releasing variated lytic compounds
(70), as probiotic (71) or by producing secondary metabolites
that have critical functions in the physiological, biochemical, or
defensive role within their host (72).

With respect to the vaccine response, our results indicate that
at the genus level, Staphylococcus, Brochothrix, and
Novosphingobium may have driven many of the differences
observed in the response to vaccines. In particular,
Novosphingobium is well known for its capacity to degrade a
wide range of environmental pollutants, with a particular
emphasis on the removal of estrogen (73). These experimental
findings support the hypothesis that differences in estrogen
metabolism are associated with variability in the gut microbial
diversity. Novosphingobium also assists in the metabolism of
nitrogenous compounds and sulfanilic acid, so its ability to
metabolize several xenobiotics has also been described (74, 75).
Besides, the relationships between gut microbial richness,
systemic and fecal estrogens, and beta-glucuronidase activity
have been demonstrated (67). Based on these concepts, the
term estrobolome was coined to define the gene repertoire of

the gut microbiota capable of metabolizing estrogens (28, 76).
However, just recently, the wider term endobolome was also
suggested to address the group of gut microbiota, genes, and
pathways involved in the metabolism of any EDC, including the
target of this study, the EE, (29). Together, these concepts
explain why a balanced bacterial composition is a key player in
eliciting downstream gene activation and triggering intracellular
signaling cascades to maintain intestinal and distal mucosal sites
immunity and homeostasis.

Meanwhile, the PICRUSt analysis of our study showed that
seabream fed with the G1-containing diet acquired a significant
increase in the relative abundance of gene sequences influencing
critical cellular processes and signaling terms. Specifically, the
categories associated were related to ion channels, membrane,
intracellular molecules, inorganic ion transport, and metabolism.
At the immune level, ion exchange between intracellular and
extracellular spaces is the primary mechanism for controlling
cell metabolism and signal transduction (77). This process is
mediated by the predicted overexpressed ion channels and
transporters on the plasma membrane or intracellular
membranes that surround various organelles in response to
environmental stimuli like the one generated by the presence of
EE,. In fish, we have already demonstrated the importance of the
ion channels in mucosal tissues on the transportation of calcium
between the extracellular and intracellular environment to initiate
inflammatory processes mediated through the transient receptor
potential vanilloid 4 (TRPV4) (78). EE, potentiates TRPV1 as an
activated ionotropic membrane receptor coupling with
mitochondrial function and cell survival in injured immunocytes
following an oxidative manner (79). G1-treated fish also showed
predicted functions associated with LPS biosynthesis and
arachidonic acid (ARA) metabolism. ARA is an n-6 essential
fatty acid present in the membrane phospholipid released by
phospholipase A2 that further is used to produce eicosanoids.
Recent studies have elucidated that ARA influences innate
immunity via regulating the development and differentiation of
innate immune cells and the function of the intestinal barrier (80).
Therefore, in our study, ARA generation in the intestine of
seabream may directly affect the gut immune environment by
enhancing the crosstalk between the intestinal epithelial barrier
and the professional immune cells inhabiting the same. In
addition, it has been observed that the proliferation of
Firmicutes inhibits the proliferation of LPS-producing bacteria,
reducing the transfer of potential bacterial inflammatory products
to the liver (81), thus exacerbating the hepatic toxicity generated
by the presence of the EDC. Similarly, the microbiota of GI-
treated fish in our study showed a reduction in Firmicutes.
Perhaps, this effect was related to the increased abundance of
LPS biosynthesis. Also, the changes observed in the gut microbiota
of fish from the G1 treatment are associated with ARA
metabolism. This opens the possibility that the microbiota in the
gut exerts a potential exogenous effect in promoting ARA release
since fish lack the ability to synthesize polyunsaturated fatty acid
(PUFA) and require preformed dietary PUFA from linolenic and
linoleic acids such as ARA for their normal growth and
development (82).
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In summary, we have provided evidence of the beneficial
effects of the gut bacteria, which overall appear capable of
processing endogenous estrogens or xenoestrogens such as EE,
through the endobolome. Moreover, these bacteria, together with
a vaccination scheme, seem to provide robust supplementary
support on the health management of the cultured seabream
subjected to the action of EDCs, despite lacking a significant
enhanced specific antibody production. However, this
knowledge requires extensive further studies to validate the
proposed concepts functionally.
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The halophilic aquatic bacterium Vibrio campbelli is an important aquatic pathogen,
capable of causing vibriosis in shrimp and fish resulting in significant economic losses. In a
previous work, essential oils (EOs) extracts from Melaleuca alternifolia, Litsea citrata, and
Eucalyptus citriodora were found to inhibit the growth of V. campbellii in vitro. This study
aimed to determine in vivo EOs’ potential protective effect towards gnotobiotic brine
shrimp Artemia franciscana, challenged with V. campbelli. The study showed that brine
shrimp larvae supplemented with EOs of M. alternifolia (0.0008%) and L. citrata (0.002%)
displayed significantly increased survival against V. campbellii. The results indicated that
supplementation of these EOs increased the expression of immune-related genes (either
in the presence or absence of the pathogen), probably contributing to enhanced
protection. Furthermore, in vitro studies indicated that some EOs modulated the
expression of virulence factors including swimming motility, biofilm formation, and
gelatinase and lipase activity, while flow cytometry data and regrowth assay indicated
that these EOs do not exhibit antimicrobial activity as V. campbelli grew at the tested
concentrations [M. alternifolia (0.0008%) and L. citrata (0.002%)]. Our findings suggest
that EOs extracted from M. alternifolia and L. citrata, can modulate virulence factor
production and immunological responses and might hence become part of an intervention
strategy to control vibriosis in a fish or shrimp aquaculture setting, a hypothesis that needs
to be validated in the future.

Keywords: essential oil, Vibrio campbellii, Artemia franciscana, survival, immune gene, virulence factor

Frontiers in Immunology | www.frontiersin.org 153

October 2021 | Volume 12 | Article 693932


https://www.frontiersin.org/articles/10.3389/fimmu.2021.693932/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.693932/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.693932/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.693932/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:Peter.Bossier@ugent.be
mailto:Xiaoting.Zheng@ugent.be
https://doi.org/10.3389/fimmu.2021.693932
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.693932
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.693932&domain=pdf&date_stamp=2021-10-20

Zheng et al.

EOs Improve the Artemia's Survival

INTRODUCTION

The Gram-negative motile marine bacterium Vibrio campbellii is
one of the most important pathogens in shrimp or fish culture,
resulting in serious economic losses in aquaculture (1). The
pathogenicity of V. campbellii is determined by its ability of
biofilm formation, swimming motility, and the production of
various degradative enzymes, such as hemolysins, gelatinases,
lipases, and phospholipases (2). In many cases, Vibrio is an
opportunistic pathogen. They cause disease only when the host
organism is immune suppressed or otherwise physiologically
stressed (3). Therefore, to prevent V. campbellii-based vibriosis
in aquatic animals, an approach that focuses on understanding
the host immune response of any potential mitigation strategy
is warranted.

Traditionally, the non-judicious use or overuse of antibiotics
and disinfectants applied to cure infections caused by Vibrio had
limited success, resulting in the emergence of bacterial resistance
(4). Because of such concerns, there is an urgent need for the
development of plant-derived compounds or natural products
that protect aquatic animals and enhance the immune reactivity
towards V. campbellii infection. However, a major challenge in
studying the biological activity of natural compounds in vivo is
the difficulty to either eliminate or extricate the influence of the
microbial communities that occur in the natural environment.
Besides, in germ-associated conditions, natural components are
not only metabolized by the microbial communities but also
influence the physiology of the host-related microbes (5).
Consequently, it is paramount to select an appropriate animal
model system that permits better delineation of the biological
effects of the natural components.

The brine shrimp Artemia franciscana is an aquatic
invertebrate that can be reared under gnotobiotic conditions (a
germ-free system that allows for full control over the host-
associated microbial communities). This model allows for
distinguishing the direct effect on the host (by pre-exposing
axenic brine shrimp larvae to a compound of interest for a
certain duration) from indirect effects (6).

The International Standard Organization (ISO) defines
essential oils as concentrated relatively hydrophobic liquids
containing relatively volatile chemical compounds. They can be
obtained from different parts of the plant, such as seeds, roots,
buds, leaves, flowers, peels, and fruits, by the methods of steam
distillation or (cold) pression (7). Given their bactericidal and
fungicidal properties, EO application in the aquaculture industry
is becoming more and more widespread as an alternative in
controlling pathogens. For instance, the EO of Syzygium
aromaticum inhibits fish systemic bacteria (8). Oregano
essential oil can not only act as a growth promoter but also
improves resistance to Aeromonas hydrophila when supplied to
channel catfish (Ictalurus punctatus) feed (9). The EOs extracted
from the leaves of Lippia sidoides and Mentha piperita can kill
the gill parasites of Nile tilapia (10).

Furthermore, in our previous work, 22 different EOs were
screened for their possible anti-V. campbellii activity (11). The
results demonstrated that EOs of Melaleuca alternifolia, Litsea
citrata, and Eucalyptus citriodora were the three best candidates

to inhibit the growth of V. campbellii. However, whether the
selected EOs could modulate the in vitro production of V.
campbellii BB120 virulence factors was not documented.
Additionally, the immunomodulatory properties of these EOs
that could lead to enhanced protection against pathogenic V.
campbellii BB120 of the experimental animals have not been
verified in this model. Hence, the present study aimed to
investigate whether the selected EOs induce an innate immune
response in brine shrimp larvae and/or regulate the virulence of
pathogenic V. campbellii in vitro.

MATERIAL AND METHODS
Selected EOs and DMSO

EOs of Melaleuca alternifolia, Litsea citrata, and Eucalyptus
citriodora were purchased from Pranarom International S.A.
(Ghislenghien, Belgium). Based on our previous study, the
three essential oils mentioned above were selected to use in
this study (11). The chemical composition of these three essential
oils was characterized (Supplementary Information 1). All EOs
were kept in the brown sterile glass vial and stored at 4°C.
Dimethyl sulfoxide (DMSO) was purchased from VWR
International (Leuven, Belgium).

Vibrio campbellii Strain and

Growth Conditions

V. campbellii wild-type strain ATCC BAA-1116 (BB120), stored
in 20% sterile glycerol at —80°C, was used in the challenge assays.
This strain was reactivated by streaking from the stock solution
onto Luria-Bertani agar plates (Carl Roth, Karlsruhe, Germany)
containing 35 g/L of sodium chloride (LB;s). Subsequently, a
pure colony was transferred to and cultured overnight in LBss
broth (Carl Roth, Karlsruhe, Germany) by incubation at 28°C
with continuous shaking (120 rpm). Bacterial cell densities were
measured by spectrophotometry at 600 nm.

Axenic Hatching of Brine Shrimp Larvae
Artemia franciscana

Axenic brine shrimp larvae were obtained following the
decapsulation and hatching process based on the method
described before (12). Briefly, 200 mg of brine shrimp cysts
originating from the Great Salt Lake, Utah, USA (EG Type, batch
1871, INVE Aquaculture, Dendermonde, Belgium) were
hydrated in 18 ml of filter-sterilized distilled water for 1 h.
Then, sterile cysts and larvae were obtained by decapsulation,
adding 660 pul NaOH (32%) and 10 ml NaClO (50%). The
decapsulation process was stopped after about 2 min by using
14 ml Na,S,0; at 10 g/L. Filtered aeration (0.22 um) was
provided during the reaction. The aeration was then
terminated, and the decapsulated cysts were washed with
filtered (0.2 um) autoclaved artificial seawater (FASW)
containing 35 g/L of instant ocean synthetic sea salt
(Aquarium Systems, Sarrebourg, France). All manipulations
were conducted under a laminar flow hood, and all tools were
autoclaved at 121°C for 20 min. Afterwards, the cysts were
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suspended in a 50 ml falcon tube containing 30 ml FASW and
incubated for 28 h on a rotor at 6 rpm at 28°C with constant
illumination of approximately 2,000 lux.

Evaluation of Selected EOs Toxicity in
Brine Shrimp Larvae

After 28 h of hatching, the larvae at instar II stage (when they
started ingesting particles) were randomly collected (n=20) and
transferred to fresh, sterile 40 ml glass tubes containing 10 ml of
FASW. The glass tubes with axenic larvae were added with
increasing concentrations of essential oil from 0.0005 to 0.005%,
in 1% of DMSO and fed once with 107 cells/ml autoclaved LVS3 (a
feed for Artemia). The control group were supplemented with only
1% of DMSO. Afterwards, the tubes were put to the rotor and kept
at 28°C. Survival of the larvae was recorded at 48 h after exposure
to EOs. Four replicates were maintained for all treatments, and
each experiment was repeated twice to verify the reproducibility.
In each experiment, the sterility of the control and treatment
groups was checked at the end of the toxicity assay by inoculating
1 ml of rearing water to 9 ml of LB35 and incubating the mixture
for 2 days at 28°C (13).

Brine Shrimp Larvae Challenge Assay

The challenge test was performed as described by Yang et al. (12)
with some modifications. Twenty larvae at development stage II
were collected and transferred to fresh, sterile 40 ml glass tubes
containing 10 ml of FASW as described above in the toxicity
assay. A suspension of autoclaved LVS3 bacteria in each glass
tubes was added as feed at the start of the challenge test at 107
cells/ml in all the treatments. Subsequently, the tubes were
supplemented with increasing concentrations of selected EOs
from 0.0001 to 0.001% (M. alternifolia), 0.003% (L. citrata), and
0.0008% (E. citriodora), respectively, in 1% of DMSO. The larvae
not supplemented with EOs and challenged with V. campbellii
served as the positive control, while non-supplemented larvae
groups without challenge (but with 1% of DMSO supplemented)
were used as the negative control. Afterwards, the larvae were
challenged with V. campbellii at 107 cells/ml. The survival of
larvae was scored after 48 h of V. campbellii challenge. Four
replicates were maintained for all treatments, and the experiment
was repeated twice to verify the reproducibility. In the
experiment, the sterility of the negative control group was
checked at the end of the survival assay by inoculating 1 ml of
rearing water to 9 ml of LB;s and incubating the mixture for 2
days at 28°C (13). Relative percent of survival (%, RPS) was
calculated by equation: = (1 — (% mortality in the EO treated
group/% mortality in the control group)) x 100 (14).

Assay of Immune-Related Genes
Expression in the Optimized Dose of EOs
by Reverse Transcriptase Real-Time PCR
After 28 h incubation at 28°C, the instar II stage swimming
Artemia nauplii were collected, counted volumetrically, and
transferred to 1 L sterile glass bottles containing 500 ml
FASW. The nauplii were fed once with 107 cells/ml of

autoclaved LVS3. Afterwards, the nauplii were treated with an
optimized dose of selected essential oils (based on the result of
the dose-response study) and challenged with V. campbellii at
107 cells/ml. Non-challenged larvae groups (in 1% of DMSO)
were used as control. Each treatment was carried out in triplicate.
Samples containing 25 mg of live larvae were harvested from all
treatments and control groups at 6, 12, and 24 h after addition of
V. campbellii, rinsed in distilled water, immediately frozen in
liquid nitrogen, and stored at —80°C.

Total RNA was extracted from control and treatment group
larvae samples using the RNeasy Plus Mini Kit (Qiagen,
Germany) according to the manufacturer’s instructions. The
genomic DNA was eliminated with a gDNA eliminator spin in
the kit when isolating the RNA. The quality and quantity of RNA
were confirmed by NanoDrop' " 2000 (Thermo Scientific, USA).
Then 2 pg of total RNA was used to synthesize the first-strand
cDNA using RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Scientific, USA) with an oligo (dT) primer. The
reverse transcription quantitative PCR (RT-qPCR) assay was
performed on Step One Plus Real-Time System (Applied
Biosystems, USA) using Maxima SYBR Green/ROX qPCR
Master Mix (2X) (Thermo Scientific, USA) in a total volume of
20 pl, containing 10 pl of 2X SYBR green master mix, 1 ul of
forward and reverse primers (10 nM), 1 l of template cDNA (10
ng), and 7 ul of nuclease-free water. The thermal cycling
consisted of an initial denaturation at 95°C for 10 min
followed by 40 cycles of denaturation at 95°C for 15 s and
primer annealing and elongation at 60°C for 1 min. Dissociation
curve analysis was performed to check for the amplification of
untargeted fragments. Data acquisition was performed with the
Rotor-Gene Q software version 2.0.2 (Qiagen, Germany). Two
internal reference genes, EF-1 and GAPDH, were introduced to
normalize the qPCR data. Gene specific primers (designed by
cross-exon strategy and the software PRIMER PREMIER version
5.0) were described by previous studies (15) and shown
in Table 1.

The expression of the target genes was normalized to the
endogenous control (Geomean of EF-1 and GAPDH) by
calculating ACr:

ACT = CT> target CT, Geomean of EF-1 and GAPDH

and expressed relative to the calibrator sample by calculating
AACy:

AACT = ACT - ACT,calibrator

The sample of unchallenged Artemia (1% of DMSO) at 6 h
was used as a calibrator. The relative expression was then
calculated as

: : —AACT
Relative expression = 2744¢

At each time point, the relative gene expression in the
unchallenged control group was set at 1.0, and the gene
expression of the remaining groups was normalized
accordingly. If the fold change was significant and higher than
2, the EO was considered to have an immunostimulatory effect.
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TABLE 1 | Specific primers used for reverse transcriptase qPCR.

Gene Primer sequences (5’-3’)
EF-1 TCGACAAGAGAACCATTGAAAA
ACGCTCAGCTTTAAGTTTGTCC
GAPDH* GTTGATGGCAAACTCGTCATA
CCACCTTCCAAGTGAGCATTA
hsp70 CGATAAAGGCCGTCTCTCCA
CAGCTTCAGGTAACTTGTCCTTG
sod CAATCAGCATTGGGGTTTGTC
GAATCTCTTCGTTGGTTGTAGGG
dscam TCAAGAGGCTGAAAGAGAAGAAAT
CAGTAGAAGCAGTGACCCAGAAAT
lgbp CCGTGAAGATCCCAACGAAC
GGAGGAGGTAATTGGGAGTTTCAAGG
hmgb AGAGGCGGGAAAGGAAGC
CCCACACCAAGACCAGGTTG
pxn TTGGTGCTGCTGCTTTTCG
CCCCATCGCTTGTCTTCGT
tgase 1 GCAAGGAGCTGGAATGGGT
TGTTTGGGAGTTAATCGGACTGT
tgase 2 TTCTTTACACAGGCATTCCGTC
GTTACATCAAATCCCAGCTCCA

EF-1, elongation factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hsp70,
heat shock protein 70; sod, superoxidase dismutase; dscam, down syndrome cell
adhesion molecule; Igbp, lipopolysaccharide and pB-1,3-glucan-binding protein; hmgb,
high mobility group box protein; tgase 1, transglutaminase 1, tgase 2, transglutaminase 2.
*Adapted from Chen et al. (16).

Effect of Selected Essential Oils

on Cell Viability and Growth

Performance of V. campbellii

To determine the effect of selected essential oils on the viability of
bacterial cells, the proportion of live or dead cells in the bacterial
culture was investigated by flow cytometry and regrowth test. For
that, the concentration of overnight V. campbellii culture was
adjusted to 10° cells/ml and was subsequently diluted with
FASW to 10° cells/ml. Then, the EOs of M. alternifolia (at the
concentrations of 0.0005, 0.0008, 0.001, and 0.01%), L. citrata (at
the concentrations of 0.001, 0.002, 0.003, and 0.01%), and E.
citriodora (at the concentrations of 0.0003, 0.0005, 0.0008, and
0.01%) were dissolved in 1% DMSO and added to 1 ml of the
acquired bacterial culture in Eppendorf tubes. The tubes
containing only 1% DMSO with bacterial culture served as the
negative control. Afterwards, all Eppendorf tubes were incubated
at 28°C for 1 h on the rotor (6 rpm).

Later, 100 pl of the bacterial culture was placed into each well
of the 96-well black microtiter plate with the flat bottom (SPL
Life Sciences) together with 5 pl Thiazole Orange (17 mM) and 5
ul Propidium Iodide (0.15 mM). The mixture of 100 pl of FASW
and dyes was used as the blank. The experiment was conducted
in triplicate, corresponding to three wells of the plate. The plate
was then covered by the lid for 10 min for the staining reaction.
The amount of live and dead bacterial cells was then determined
by the CytoFLEX instrument (Beckman Coulter, USA).

For the regrowth assay, 10 ul of the bacterial culture was
added to 990 pl of LBs5 broth. Then, 200 pl volume of this
suspension was put in 96-well transparent plate with the flat
bottom (VWR International) at 28°C with shaking for 48 h, and
the cell density at 600 nm was monitored every hour using a

Tecan Infinite 200 microplate reader (Tecan, Mechelen,
Belgium) after resuspending the cells. Each concentration of
EO had four replicates, and the growth curve was determined for
three independent cultures.

Swimming Motility Assay

The swimming motility assay was performed on soft agar (LBss
plates containing 0.2% agar) as described previously (12) with
some modification. The optimized doses of essential oils (based
on the dose-response result) dissolved in 1% DMSO were added
to the autoclaved agar, when the agar was cooled down to 40°C.
Each plate was closed with a lid immediately after pouring the
medium to maintain equal moisture in plates by preventing
evaporation. V. campbellii was grown overnight in LBss broth,
and 2 pl aliquots (ODggo = 0.1) were spotted in the center of the
soft agar plates. Plates were incubated at 28°C for 24 h, after
which the diameters of the motility halos were measured. All
assays were done with freshly prepared media in four replicates.

Biofilm Formation Assay

Biofilm formation assay was quantified by crystal violet staining,
as described previously (12). In brief, V. campbellii was grown
overnight and diluted to an ODgg of 0.1 in marine broth with or
without essential oils, and 200 pl aliquots of these suspensions
were pipetted into the wells of a 96-well plate. Then, the bacteria
suspensions were incubated without agitation for 24 h at 28°C.
After that, the cultures were removed, and the wells were washed
three times with 300 pl sterile physiological saline to remove all
non-adherent bacteria. The remaining attached bacteria were
fixed with 200 pl/well of 99% methanol for 2 h, after which the
methanol was removed and plates were air-dried overnight.
Then, biofilms were stained for 20 min with 200 pl/well of a
0.1% crystal violet solution (Pro-lab Diagnostics, Richmond Hill,
ON, Canada). Excess stain was rinsed off by placing the plate
under running tap water, and washing was continued until the
washings were free of the stain. After the plates were air dried, the
dye bound to the adherent cells was resolubilized with 200 pl/
well of 95% ethanol, and absorbance was measured at 570 nm
with a Multi-reader (Infinite M200, TECAN, Austria). Five
replicates of two independent bacteria cultures were
maintained for all treatments in this test, and the experiment
was repeated twice to verify the reproducibility.

Lytic Enzyme Activity Assays

All assays were conducted according to Natrah et al. (17). For
each assay, an overnight culture of V. campbellii was diluted to an
ODgqp of 0.5, and 2 pl of the diluted culture was spotted in the
middle of the test plates. The optimized doses of essential oils
dissolved in 1% DMSO were added to the autoclaved agar, when
the agar was cooled down to 40°C. All assays were done in
quintuplicate. Similarly, the lipase and phospholipase activities
were assessed on marine agar plates supplemented with 1%
Tween 80 (Sigma-Aldrich) and 1% egg yolk emulsion (Sigma-
Aldrich), respectively. The development of opalescent zones
around the colonies was observed, and the diameters of the
zones were measured after 2-4 days of incubation at 28°C.
Gelatinase assay plates were prepared by mixing 0.5% gelatin

Frontiers in Immunology | www.frontiersin.org

156

October 2021 | Volume 12 | Article 693932


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

Zheng et al.

EOs Improve the Artemia's Survival

(Sigma-Aldrich) into the agar. After incubation for 2 days,
saturated ammonium sulfate (80%) in distilled water was
poured over the plates, and after 2 min, the diameters of the
clearing zones around the colonies were measured. Hemolytic
assay plates were prepared by supplementing Marine Agar with
5% defibrinated sheep blood (Oxoid), and clearing zones were
measured after 2 days of incubation.

Statistical Analyses

Data were expressed as mean + SEM. The Artemia survival data
were arcsin transformed to satisfy normal distribution and
homoscedasticity requirements as necessary. Lethal concentration
in media (LCsy) was determined by interpolation to a 4PL-
Sigmoidal standard curve. Log transformed gene expression data
were shown. For each gene, the expression in control was set at 1,
and the expression in different treatments was normalized
accordingly using the 27**“T method. In the interaction studies,
statistical analysis was performed using two-way ANOV A followed
by Tukey test. Unless stated otherwise, all other data were compared
with one-way ANOV A, followed by Tukey’s post hoc test. Statistical
analysis was performed using the IBM statistical software SPSS
(version 22.0, IBM Corp., Armonk, New York, USA), and the
results were shown using GraphPad Prism software (version 7,
GraphPad Software, Inc., San Diego, CA, USA) and included all
biological repeats. The significance level was set at P < 0.05.

RESULTS

In Vivo Toxicity (Lethal Concentration,
LC50_43h) of EOs

Firstly, it was investigated whether the EOs have cytotoxic effects on
axenic brine shrimp larvae. Therefore, the toxicity of three EOs was
determined for Artemia as LCso4g, (Figure 1): (i) EO of M.
alternifolia (2.2492x107%) with a 95% confidence interval (CI)
ranging from 2.0977x10 > to 2.4016x10 %, R* = 0.983), (ii) EO of
L. citrata (4.1563x107%%, 95% CI = 3.9812x10 to 4.3313x10 %,
R? = 0.987), and (iii) EO of E. citriodora (0.8349x107°%, 95% CI
from 0.813x107> to 0.857x107°%, R* = 0.9866). According to
Figure 1, these results suggested that the exposure with EO M.
alternifolia, L. citrata, and E. citriodora, at concentrations with no

more than 0.001, 0.002, and 0.0005%, respectively, are non-toxic to
brine shrimp larvae and considered as safe concentrations to
Artemia, with the survival of Artemia is > 90%.

EOs Protect Brine Shrimp Larvae Against
Subsequent V. campbellii Challenge
Secondly, it was determined whether the EOs at safe
concentrations (EO M. alternifolia: 0.0001, 0.0003, 0.0005,
0.0008, and 0.001%; EO L. citrata: 0.0001, 0.0003, 0.0005,
0.0008, 0.001, 0.002, and 0.003%; EO E. citriodora: 0.0001,
0.0003, 0.0005, and 0.0008%) could protect Artemia nauplii
against a V. campbellii challenge. Furthermore, the effect of two
parameters (different concentrations, with/without a V. campbellii
challenge) and their interaction on the survival of brine shrimp
were analyzed. As shown in Figure 2 and Tables 2, 3, brine
shrimp larvae that were treated with EOs at safe doses displayed a
significant increase in their survival compared to the control when
challenged with V. campbellii. As shown previously, the Vibrio
challenge reduced the survival of brine shrimp larvae. A dose-
dependent increase in the survival rate was recorded upon
treatment with the EOs. In addition, a significant synergistic
interaction between the two experimental factors (namely, EO at
different doses and Vibrio challenge) was observed, indicating that
the EOs protect against the Vibrio. The highest relative percent
survival was observed in the Vibrio-exposed groups treated with
L. citrata with concentrations of 0.0003-0.002%. However, with
further increases in EO concentrations, the survival tended to
decrease, probably a result of EO-related toxicity.

EO-Generated Immune Gene Expression
Mediates In Vivo Protective Response in
Brine Shrimp Larvae

Since the survival of Vibrio-challenged brine shrimp larvae
treated with EOs at an optimized dose was significantly
increased, we further investigated whether it was due to the
stimulation of immune-related genes expression in vivo, either in
the absence or presence of Vibrio challenge To address this,
germ-free Artemia were treated with the EOs of M. alternifolia,
L. citrata, and E. citriodora at a concentrations of 0.0008, 0.002,
and 0.0005%, respectively, and analyzed for immune-related
genes expression. The main function of the eight selected genes

A B (&7
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FIGURE 1 | Toxicity of three essential oils (Melaleuca alternifolia, Litsea citrata, and Eucalyptus citriodora) on Artemia franciscana. Survival was recorded 48 h after
EOs treatment. (A) Melaleuca alternifolia, (B) Litsea citrata, (C) Eucalyptus citriodora. X axis represented log transformed concentrations data. The error bars
represented the standard error of four replicates. Dotted line on charts represents 95% confidence intervals.
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FIGURE 2 | Survival (mean + SEM) of brine shrimp larvae 48 h after challenge with Vibrio campbelli BB120. (A) Treated with EO of Melaleuca alternifolia,
(C) treated with EO of Litsea citrata, and (E) treated with EO of Eucalyptus citriodora. (B, D, F) showed the interaction plots between doses of each EO and
with/without V. campbellii challenge, respectively, according to the output from two-way ANOVA. All treatments were carried out in four replicates. The bars
without pattern were unchallenged groups; the opposite was challenged groups. Different letters indicated significant difference (P < 0.05). Control: no EO

and their possible relationship with immunity in crustaceans are
described in the supplementary information (Supplementary
Information 2).

If the fold change (in one of the treatments) was higher than 2
and significant, the EO was considered to have an immuno-
stimulatory effect. Figure 3 showed that the expression level of
Igbp is over two-fold higher at 12 and 24 h in the EO M. alternifolia
group after the challenge. The dscam gene expression level was two-
fold higher in the EO M. alternifolia group at 6 h, and in the EO L.
citrata and E. citriodora groups at 12 h post challenge. The EO L.
citrata group challenged with V. campbellii exhibited two-fold
increase in the hsp 70, sod, and pxn gene expression level at 24 h

time point. At 24 h after challenge, the fgase 1 gene expression in all
the EO groups was threefold higher than the control group.

In addition, Figure 4 and Table 4 showed a synergistic
interaction of EO (M. alternifolia), and the challenge was
observed at 6 h in the dscam and hsp 70 gene expression.
However, an antagonistic interaction of EO (M. alternifolia) and
the challenge was observed at 6 h in the hmgb, sod, and tagsel gene
expression. There was a significant antagonistic interaction between
EO (E. citriodora) and the challenge at 6 h in the hmgb, sod, tgasel,
and fgase2 gene expression, and at 24 h in the hmgb, pxn, and tgase2
gene expression. In addition, there were no interaction effects
between L. citrata and challenge in the gene expression.
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TABLE 2 | A summary table with EOs’ lethal concentrations to 50% (LC50)
value, 10% (LC10) value, and the EOs’ concentration of relative precent of
survival 50% (RPS 50) and 90% (RPS 90) of Artemia.

Essential oil of plant LC 50 LC 10 RPS 50 RPS 90 (%)
species (%) (%) (%)

Melaleuca alternifolia 0.002 0.001 <0.0001 N
Litsea citrata 0.004 0.002 <0.0001  0.0003-0.002
Eucalyptus citriodora 0.0008 0.0005 N N

Relative percent of survival (%, RPS) was calculated by equation: = (1 — (% mortality in the
EO treated group/% mortality in the control group)) x 100 (14).
N, non-observed.

TABLE 3 | Two-way ANOVA showed main and interaction effects of indicated
concentrations of essential oils and with or without Vibrio campbellii challenge on
the survival of brine shrimp larvae.

Essential oil of plant Factors P value P value
species summary
Melaleuca alternifolia concentrations <0.0001 o
challenge <0.0001 e
concentrations x challenge <0.0001 o
Litsea citrata concentrations <0.0001 o
challenge <0.0001 e
concentrations x challenge <0.0001 o
Eucalyptus citriodora concentrations <0.0001 e
challenge <0.0001 o
concentrations x challenge <0.0001 o

The larvae were treated with essential oils at indicated concentrations either alone or challenged
with or without V. campbelli at 107 cells/ml of rearing water. Data represent the mean of four
replicates. (Two-way ANOVA; ***P < 0.0001).

EOs Regulate the In Vitro Virulence of
Pathogenic V. campbellii

Finally, the effects of EOs on the virulence factors and the cell
density of V. campbellii were investigated. The EOs of M.
alternifolia at 0.0008%, L. citrata at 0.002%, and E. citriodora
at 0.0005% significantly decreased biofilm formation, swimming
motility, gelatinase activity, and lipase activity in vitro (Figure 5
and Supplementary Information 3). However, there was no
significant effect on phospholipase or hemolytic activity. There
was no significant change in the number of total cells, live cells,
and dead cells detected in the V. campbellii supplemented with
the EOs of M. alternifolia (0.0008%), L. citrata (0.002%), and E.
citriodora (0.0005%) (Figure 6, Supplementary Information 4,
and Table 5). No significant regrowth was observed when V.
campbellii was treated with L. citrata at 0.01% and E. citriodora at
0.01%, while the EO of M. alternifolia at 0.01% delayed the
bacterial exponential growth phase. There is no significant
difference in regrowth performance in other analyzed
concentrations compared to the control group (Figure 7).

DISCUSSION

We observed that the EOs of M. alternifolia and L. citrata increase
the survival of Artemia against the pathogenic V. campbellii BB120
strain in vivo. Our data implied that supplementation of EOs

induced a protective response in Artemia when challenged with
V. campbellii. EOs seemed to be responsible for stimulating the
immune system of Artemia in vivo. Moreover, the EOs diminished
the virulence factors production without inhibiting the growth of
the pathogen in vitro.

The bacterial species V. campbellii is an important
pathogen in the intensive rearing of aquatic animals, where
mortality can be as high as 100% (1). The use of antibiotics
and disinfectants has limited success in controlling this
pathogen due to the emergence of bacterial resistance (18).
Hence, an alternative approach is needed to control vibriosis.
The EOs of M. alternifolia, L. citrata, and E. citriodora were
previously observed to inhibit or decrease the growth of V.
campbellii BB120 in vitro. This motivated us to investigate
whether they can be applied as a disease-control agent in
aquaculture. Therefore, using the axenic brine shrimp and V.
campbellii as a host-pathogen model, the potential beneficial
effect of the EOs was verified and the potential mode of
action investigated.

To this end, the toxicity of each EO was firstly evaluated in brine
shrimp larvae. The results showed that EOs of M. alternifolia,
L. citrata, and E. citriodora below 0.001, 0.002, and 0.0005%
concentration had no effect on the larvae survival, which indicated
that Artemia was more tolerant to essential oil L. citrata, followed by
M. alternifolia and E. citriodora. Hence, compared to the essential oil
M. alternifolia and E. citriodora, there might be more flexibility in
applying the EO of L. citrata in aquaculture.

Next, to evaluate the protective effect of EO in the brine shrimp,
the optimized doses of each EO were applied to the standard
Artemia in vivo challenge assay. The survival results indicated
that the EOs of M. alternifolia at 0.0008% and L. citrata at 0.002%
significantly improved the survival of brine shrimp challenged with
V. campbellii, while the EO of E. citriodora had limited protection.
To analyze this differential survival protection, it was tried to link
survival with the influence of EO on the immune system of brine
shrimp, especially the immune genes.

The Artemia group exposed to the EO M. alternifolia and
challenged with V. campbellii exhibited a significant synergistic
interaction in the dscam and hsp 70 gene expression level at the 6 h
time point, culminating for the latter gene in a more than two-fold
higher expression at 24 h after Vibrio exposure. Previous studies
showed that infected rats treated with M. alternifolia had increased
levels of IgG (19), and treatment ameliorates the cytokine response
of silver catfish during Aeromonas hydrophila infection (20). These
studies were mainly focused on antibody and cytokine levels in
serum. In the present study, significant antagonistic interaction was
observed with the EO M. alternifolia treatment in combination with
high expression of tgasel, indicating that M. alternifolia might
protect Artemia by an enhanced immune response during the first
24 h of Vibrio exposure.

In the Artemia group treated with EO E. citriodora, a significant
antagonistic interaction at 6 h in the expression of hmgb, sod, tgasel,
and fgase2 gene, and at 24 h in the hmgb, pxn, and tgase2 gene
expression was observed, culminating a two-fold higher expression of
hsp70 and tgasel after 24-h challenge in the presence of this EO. Yet,
the Artemia group exposed to E. citriodora group only displayed a
limited increase in survival after challenge. It was known that the
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TABLE 4 | Two-way ANOVA showing main and interaction effects of essential oils and with/without Vibrio campbellii challenge on the immune gene expressions of
brine shrimp larvae at three different time points (6, 12, and 24 h).

A
Time point Gene Factors P value P value summary Interaction
6h lgbp EO (Melaleuca alternifolia) 0.0105 * -
challenge 0.9619 ns
Interaction 0.7353 ns
dscam EO (M. alternifolia) 0.0842 ns synergistic
challenge 0.0055 =
Interaction 0.0253 *
hsp 70 EO (M. alternifolia) 0.8680 ns synergistic
challenge 0.0104 *
Interaction 0.0434 *
hmgb EO (M. alternifolia) 0.3109 ns antagonistic
challenge 0.8372 ns
Interaction 0.0374 *
sod EO (M. alternifolia) 0.2526 ns antagonistic
challenge 0.0965 ns
Interaction 0.0155 *
pxn EO (M. alternifolia) 0.6615 ns -
challenge 0.1316 ns
Interaction 0.1670 ns
tgasel EO (M. alternifolia) 0.2742 ns antagonistic
challenge 0.0490 *
Interaction 0.0291 *
tgase2 EO (M. alternifolia) 0.2633 ns -
challenge 0.8349 ns
Interaction 0.1402 ns
12h lgbp EO (M. alternifolia) 0.0033 * -
challenge 0.5643 ns
Interaction 0.4659 ns
dscam EO (M. alternifolia) 0.1460 ns -
challenge 0.1796 ns
Interaction 0.8368 ns
hsp 70 EO (M. alternifolia) 0.6845 ns -
challenge 0.0494 *
Interaction 0.3857 ns
hmgb EO (M. alternifolia) 0.7357 ns -
challenge 0.0471 *
Interaction 0.9375 ns
sod EO (M. alternifolia) 0.6114 ns -
challenge 0.1680 ns
Interaction 0.9285 ns
pxn EO (M. alternifolia) 0.1248 ns -
challenge 0.0947 ns
Interaction 0.0745 ns
tgasel EO (M. alternifolia) 0.4522 ns -
challenge 0.1306 ns
Interaction 0.1762 ns
tgase2 EO (M. alternifolia) 0.1888 ns -
challenge 0.3352 ns
Interaction 0.6450 ns
24h lgbp EO (M. alternifolia) 0.0035 - -
challenge 0.3355 ns
Interaction 0.1960 ns
dscam EO (M. alternifolia) 0.0450 * -
challenge 0.5783 ns
Interaction 0.1452 ns
hsp 70 EO (M. alternifolia) 0.8309 ns antagonistic
challenge 0.3049 ns
Interaction 0.0324 *
hmgb EO (M. alternifolia) 0.4211 ns -
challenge 0.0818 ns
Interaction 0.9547 ns
sod EO (M. alternifolia) 0.0112 * -
(Continued)
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TABLE 4 | Continued

A
Time point Gene Factors P value P value summary Interaction
challenge 0.3028 ns
Interaction 0.1879 ns
pxn EO (M. alternifolia) 0.0444 * -
challenge 0.0269 *
Interaction 0.0866 ns
tgaset EO (M. alternifolia) 0.0002 i -
challenge 0.0173 *
Interaction 0.1867 ns
tgase2 EO (M. alternifolia) 0.0017 o -
challenge 0.6760 ns
Interaction 0.7809 ns
B
Time point Gene Factors P value P value summary Interaction
6h lgbp EO (Litsea citrata) 0.6656 ns -
challenge 0.9053 ns
Interaction 0.6053 ns
dscam EO (L. citrata) 0.5382 ns -
challenge 0.2184 ns
Interaction 0.9115 ns
hsp 70 EO (L. citrata) 0.5327 ns -
challenge 0.1660 ns
Interaction 0.5136 ns
hmgb EO (L. citrata) 0.5772 ns -
challenge 0.0055 e
Interaction 0.8219 ns
sod EO (L. citrata) 0.2664 ns -
challenge 0.6359 ns
Interaction 0.1313 ns
pxn EO (L. citrata) 0.0545 ns -
challenge 0.7649 ns
Interaction 0.9075 ns
tgasel EO (L. citrata) 0.8293 ns -
challenge 0.2389 ns
Interaction 0.1047 ns
tgase2 EO (L. citrata) 0.1274 ns -
challenge 0.7944 ns
Interaction 0.1445 ns
12h lgbp EO (L. citrata) 0.2981 ns -
challenge 0.7485 ns
Interaction 0.8852 ns
dscam EO (L. citrata) 0.0045 * -
challenge 0.0230 *
Interaction 0.1637 ns
hsp 70 EO (L. citrata) 0.0945 ns -
challenge 0.0241 *
Interaction 0.1816 ns
hmgb EO (L. citrata) 0.4481 ns antagonistic
challenge 0.9420 ns
Interaction 0.0263 *
sod EO (L. citrata) 0.5051 ns -
challenge 0.8230 ns
Interaction 0.1217 ns
pxn EO (L. citrata) 0.7266 ns -
challenge 0.0039 =
Interaction 0.7825 ns
tgasel EO (L. citrata) 0.4951 ns -
challenge 0.1562 ns
Interaction 0.2472 ns
tgase2 EO (L. citrata) 0.2764 ns -
challenge 0.2137 ns
(Continued)
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TABLE 4 | Continued

B
Time point Gene Factors P value P value summary Interaction
Interaction 0.4248 ns
24h lgbp EO (L. citrata) 0.4771 ns -
challenge 0.4263 ns
Interaction 0.8789 ns
dscam EO (L. citrata) 0.1625 ns -
challenge 0.3050 ns
Interaction 0.7909 ns
hsp 70 EO (L. citrata) 0.0109 * -
challenge 0.0077 >
Interaction 0.4646 ns
hmgb EO (L. citrata) 0.2385 ns -
challenge 0.4116 ns
Interaction 0.4688 ns
sod EO (L. citrata) 0.0014 = -
challenge 0.7530 ns
Interaction 0.6294 ns
pxn EO (L. citrata) 0.0053 e -
challenge 0.1603 ns
Interaction 0.1004 ns
tgasel EO (L. citrata) 0.0005 e -
challenge 0.0738 ns
Interaction 0.4440 ns
tgase2 EO (L. citrata) 0.1593 ns -
challenge 0.6452 ns
Interaction 0.5054 ns
C
Time point Gene Factors P value P value summary Interaction
6h lgbp EO (Eucalyptus citriodora) 0.2767 ns -
challenge 0.6524 ns
Interaction 0.8772 ns
dscam EO (E. citriodora) 0.0964 ns -
challenge 0.0066 **
Interaction 0.0705 ns
hsp 70 EO (E. citriodora) 0.7276 ns -
challenge 0.3050 ns
Interaction 0.8937 ns
hmgb EO (E. citriodora) 0.0694 ns antagonistic
challenge 0.1342 ns
Interaction 0.0042 =
sod EO (E. citriodora) 0.6201 ns antagonistic
challenge 0.3071 ns
Interaction 0.0130 *
pxn EO (E. citriodora) 0.8847 ns -
challenge 0.1854 ns
Interaction 0.2631 ns
tgaset EO (E. citriodora) 0.5771 ns antagonistic
challenge 0.0188 *
Interaction 0.0082 =
tgase2 EO (E. citriodora) 0.0052 * antagonistic
challenge 0.6609 ns
Interaction 0.0079 -
12h Ilgbp EO (E. citriodora) 0.0504 ns -
challenge 0.9434 ns
Interaction 0.7976 ns
dscam EO (E. citriodora) 0.0032 . -
challenge 0.1783 ns
Interaction 0.8676 ns
hsp 70 EO (E. citriodora) 0.8764 ns -
challenge 0.5147 ns
Interaction 0.6000 ns
(Continued)
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TABLE 4 | Continued

C

Time point Gene Factors

hmgb EO (Eucalyptus citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge

sod

pxn

tgasel

tgase2

Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction
EO (E. citriodora)
challenge
Interaction

24h

lgbp

dscam

hsp 70

hmgb

sod

pxn

tgasel

tgase2

P value P value summary Interaction
0.7198 ns -

0.0215 *

0.6577 ns

0.8301 ns -

0.0914 ns

0.8695 ns

0.0408 * -

0.1499 ns

0.5417 ns

0.9968 ns -

0.1144 ns

0.2009 ns

0.7905 ns -

0.1167 ns

0.3772 ns -

0.1281 ns -

0.8545 ns

0.7889 ns

0.0344 * -

0.0041 =

0.1328 ns

0.0567 ns _

0.0059 .

0.1879 ns

0.7132 ns antagonistic
0.8458 ns

0.0250 *

0.1185 ns -

0.4891 ns

0.6296 ns

0.56817 ns antagonistic
0.0816 ns

0.0292 *

0.0001 i synergistic
0.0001

0.0010 e

0.1744 ns antagonistic
0.0125 *

0.0096 e

The larvae were treated with either three different essential oils at an optimized concentration or challenged with/without V. campbellii at 107 cells/ml. Data represent the mean of four
replicates. (Two-way ANOVA; ns, no significant differences; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; no interaction); EO, essential oil.

generation of protective immunity was an energy-consuming process
(21). In invertebrates, each of the effector systems involved in the
immune response may carry a different cost when activated, and their
relative expression may shape the cost of the whole immune response
to a standard challenge (6). Although E. citriodora activate, e.g,
tgasel, known to be important for protection, it might be that this EO
activated other immune-related genes not measured here, resulting in
a high energetic cost. However, this mechanistic explanation is
speculative at this stage and should be verified by, e.g., analyzing
the complete immunological response in Artemia over a 24-h
time span.

There were no interactive effects upon EO L. citrata exposure
and challenge in the expression of immune-related genes (but a high
tgasel exposure after 24-h challenge). Yet, the L. citrata group
displayed a very high survival, and a protection closed to 100%. It
was interesting to observe that there was a high sod gene expression

(more than two-fold) in the L. citrata group at 24 h both with and
without challenge (and not observed with the other two EOs). It has
been reported that numerous short-lived and highly reactive oxygen
species (ROS) such as superoxide (O3), hydroxyl radical, and
hydrogen peroxide were continuously generated in vivo,
especially during an immune response (22). Oxidant/antioxidant
imbalance was thought to be partially involved in the pathogenesis
of the disorders (22). Maybe the EO L. citrata exposure helped to
mount a balanced immune response in which radicals generated
were neutralized by the expression of ROS-neutralizing genes such
as SOD, contributing to a high survival under challenge.
Summarizing, the EOs tested seemed to modulate the immune
response in Artemia, each of them in their particular way. Only in
two cases these seemed to contribute to a substantial increase in
survival. It is possible that the panel of verified immune-related
genes does not generate the complete picture of the immune
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FIGURE 5 | In vitro tests on the bacterial virulence factors of Vibrio campbellii treated with the selected essential oils at an optimized dose. (A) Biofim formation of V.
campbellii in marine broth. (B) Swimming motility of V. campbellii on soft LBgs agar after 24 h of incubation at 28°C. (C) Gelatinase assay of V. campbelli on LBgs
agar supplemented with 0.5% gelatin after 48 h of incubation at 28°C. (D) Lipase assay of V. campbelli on LBss agar supplemented with 1% Tween 80 after 2-4
days of incubation at 28°C. (E) Phospholipase assay of V. campbelli on LBgzs agar supplemented with 1% egg yolk after 2—4 days of incubation at 28°C.
(F) Hemolytic assay of V. campbellii on LBgs agar supplemented with 5% defibrinated sheep blood after 48 h of incubation at 28°C. Control: no EO added but
consisted of 1% of DMSO. The error bars of the graphs represented standard error. Different letters indicated significant difference (P < 0.05).

response upon exposure, and hence an unequivocal temporal
picture between immune gene expression and Arfemia survival
for these three EOs could not be generated.

In addition to the effect of EO on the immune system of
Artemia in vivo, the impact of the EOs on the pathogenic V.
campbellii strain was also investigated in a series of in vitro assays.
The flow cytometer results showed that the amount of live cell
and dead cell of bacteria in the essential oil of M. alternifolia at
0.0008%, L. citrata at 0.002%, and E. citriodora at 0.0005% were
the same magnitude as that in the control group, showing V.
campbellii were not killed by the EOs at the tested concentrations.
For the regrowth curve, bacteria in the essential oil of M.
alternifolia at 0.0008%, L. citrata at 0.002%, and E. citriodora at
0.0005% exhibited the same growth curve as that in the control
group, indicating that the growth performance of V. campbellii
was not affected by the EOs at the tested concentrations. The EOs

might act as a bacteriostatic or bactericidal agent. Bacteriostatic
agents prevent the growth of bacteria, suppressing cellular
division, while bactericidal agents kill the bacteria (23). The
bacteriostatic action has a reversible character, and the
microbial cells will recover their reproductive capacity (23)
when the agent is removed. In contrast, the bactericidal effect is
permanent, and the microbial cells are not able to regrow (23).
Combined with the result from the flow cytometer and the
regrowth performance, there was no bactericidal effect in the
EOs at the tested concentrations. Bacterial swimming motility
played a critical role in host-microbial interactions, which was
also related to biofilm formation. In our study, all EOs at
optimized concentration had a significant decrease in
swimming motility and biofilm formation. Similar results have
been reported by Dominguez-Borbor et al. (24), who observed
that EOs have a profound effect on the virulence of Vibrio sp. The
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essential oil Melaleuca alternifolia at the concentrations of 0.0005, 0.0008, 0.001, and 0.01%; the second line from left to right was control group, the group of
essential oil Litsea citrata at the concentrations of 0.001, 0.002, 0.003, and 0.01%; and the third line from left to right was the group of essential oil Eucalyptus
citriodora at the concentrations of 0.0003, 0.0005, 0.0008, and 0.01%. Control: no EO added but consisted of 1% of DMSO. The plot of live cells was in the green
frame, dead cells was in the red frame, and damage cells or other were in the blue frame.

TABLE 5 | Average total cells count, live cells count, and dead cells count of Vibrio campbellii with or without essential oils at different concentrations, obtained from

flow cytometer.

Group

Average total cells count (x10° cell/ml)

Live cells count (x10° cell/ml)

Dead cells count (x10° cell/ml)

Negative control

Melaleuca alternifolia—0.0005%

M. alternifolia—0.0008%
M. alternifolia—0.001%
M. alternifolia—0.01%
Litsea citrata—0.001%
L. citrata—0.002%

L. citrata—0.003%

L. citrata—0.01%

Eucalyptus citriodora—0.0003%

E. citriodora—0.0005%
E. citriodora—0.0008%
E. citriodora—0.01%

2,907.13 + 7.56
2,643.05 + 10.45
2,769.7 + 26.08
2,655.66 + 11.82
229.83 + 2.74
2,220.74 +18.12
1,944.87 + 4.05
1,285.62 + 20.30
1,654.60 + 24.84

2,731.842 + 27.60

2,847.15 + 30.46
2,789.38 + 34.46
190.05 + 4.59

2,645.69 + 13.27 38.65 + 10.84
2,461.45 £ 7.50 25.87 +3.25
2,689.03 + 15.96 35.07 + 4.06
2,453.48 + 16.98 39.54 + 4.84
18.68 + 0.11 42.99 + 0.19
2,053.67 + 19.97 34.58 + 3.71
1,757.44 + 5.06 56.03 + 2.44
1,078.70 £ 17.78 44.25 +1.97
3.94 +0.05 82.41 £ 0.51
2,497.86 + 20.99 34.29 + 8.81
2,565.29 + 21.95 31.33 +9.17
2,536.09 + 26.24 36.84 + 7.60
0.8 +0.02 25.36 + 0.37

results showed that EOs (Organum vulgare and M. alternifolia)
significantly inhibited the biofilm formation in V. harveyi, V.
campbellii, V. parahaemolyticus, and V. vulnificus. Additionally,
the EOs from different ornamental plants have also been observed
to be effective against biofilms formed by Salmonella, Listeria,

Pseudomonas, Staphylococcus, and Lactobacillus spp (25, 26). V.
campbellii excreted various virulence factors, such as extracellular
products (gelatinase, lipase, phospholipase, hemolytic, and so on)
that were involved in pathogenesis (17). The results revealed that
essential oils significantly decreased the production of certain

Frontiers in Immunology | www.frontiersin.org

167 October 2021 | Volume 12 | Article 693932


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

Zheng et al.

EOs Improve the Artemia's Survival

Melaleuca alternifolia

-# Melaleuca alternifolia-0.0005%

Melaleuca alternifolia-0.0008%
-* Melaleuca alternifolia-0.001%
~+- Melaleuca alternifolia-0.01%
— control

I R IUICICICICI P SRR T I S SN JURCI P SERCIUICIC IR
Time/h

Litsea citrata

B S e

-= Litsea citrata-0.001%
-+ Litsea citrata-0.002%
-+ Litsea citrata-0.003%
-~ Litsea citrata-0.01%

— control

SAYDEO0A 2NN ONELLROPPIPPRAON R RPNV > P ah ol aDad D g (D k00 N R
Time/h

Eucalyptus citriodora

~4

=8

= Eucalyptus citriodora-0.0003%
-+ Eucalyptus citriodora-0.0005%
-+ Eucalyptus citriodora-0.0008%
— Eucalyptus citriodora-0.01%
— control

DAY aX a2 a0\ AP

DD APV adaFaPaPd Al P ad ® M VD PPN R

Time/h

FIGURE 7 | Regrowth curve of Vibrio campbellii after incubation with or without essential oil Melaleuca alternifolia (A), Litsea citrata (B), and Eucalyptus citriodora
(C) at different concentrations for 1 h. The group of essential oil M. alternifolia at the concentrations of 0.0005, 0.0008, 0.001, and 0.01%; the group of essential oil
L. citrata at the concentrations of 0.001, 0.002, 0.003, and 0.01%; and the group of essential oil E. citriodora at the concentrations of 0.0003, 0.0005, 0.0008, and

A
1.5
__10
g
8
[=]
<)
2 05
2
3
3
o
0.0
-0.5
B
1.5
_ 10
g
8
o
o
205
2
3
3
o
0.0
C
15
__10
s
8
o
o
205
2
3
3
0.0{ &=
BERNINER RPN RO T U RO S
0.01%. The control group contained 1% DMSO. Error bars represented the standard error of four replicates.

virulence factors (gelatinase, lipase), whereas they had no
significant effect on phospholipase or hemolytic activity. This
indicated that the inhibition of swimming motility, biofilm
formation, and virulence factors was to a certain degree
consistent with a bacteriostatic action of the EOs at the
tested concentrations.

CONCLUSION

In conclusion, the results presented in this paper showed that
essential oils of M. alternifolia at 0.0008% and L. citrata at 0.002%
can significantly improve the survival of brine shrimp larvae
when challenged with pathogenic V. campbellii. Our results

indicated that supplementation of these two EOs enhanced
immune gene expression (each of them in their particular way),
possibly contributing to protective immunity in brine shrimp
larvae against V. campbellii. Furthermore, the EOs-regulated
expression of bacterial virulence factors, including decreased
swimming motility and biofilm formation, might contribute in
part to the protection of the brine shrimp larvae against
pathogenic V. campbellii. However, further studies are needed
to investigate the underlying protective mechanism of EOs, e.g,,
by analyzing the expression of a larger panel of immune-related
genes. Taken together, the essential oils can be part of disease
intervention strategies either based on their immunostimulatory
properties or modulation of virulence factor production.
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Foodborne intestinal inflammation is a major health and welfare issue in aquaculture. To
prevent enteritis, various additives have been incorporated into the fish diet. Considering
anti-inflammatory immune regulation, an effective natural compound could potentially treat
or prevent intestinal inflammation. Our previous study has revealed galantamine’s effect on
soybean induced enteritis (SBMIE) and has highlighted the possible role of the cholinergic
anti-inflammatory pathway in the fish gut. To further activate the intestinal cholinergic
related anti-inflammatory function, a7nAchR signaling was considered. In this study,
sinomenine, a typical agonist of a7nAChR in mammals, was tested to treat fish foodborne
enteritis via its potential anti-inflammation effect using the zebrafish foodborne enteritis
model. After sinomenine’s dietary inclusion, results suggested that there was an alleviation
of intestinal inflammation at a pathological level. This outcome was demonstrated through
the improved morphology of intestinal villi. At a molecular level, SN suppressed
inflammatory cytokines’ expression (especially for tnf-&) and upregulated anti-
inflammation-related functions (indicated by expression of i-10, i-22, and foxp3a). To
systematically understand sinomenine’s intestinal effect on SBMIE, transcriptomic
analysis was done on the SBMIE adult fish model. DEGs (sinomenine vs soybean meal
groups) were enriched in GO terms related to the negative regulation of lymphocyte/
leukocyte activation and alpha-beta T cell proliferation, as well as the regulation of
lymphocyte migration. The KEGG pathways for glycolysis and insulin signaling indicated
metabolic adjustments of a7nAchR mediated anti-inflammatory effect. To demonstrate
the immune cells’ response, in the SBMIE larva model, inflammatory gatherings of
neutrophils, macrophages, and lymphocytes caused by soybean meal could be
relieved significantly with the inclusion of sinomenine. This was consistent within the
sinomenine group as CD4* or Foxp3* lymphocytes were found with a higher proportion at
the base of mucosal folds, which may suggest the Treg population. Echoing, the
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Sinomenine Ameliorates Enteritis via Immunomodulation

sinomenine group’s 16s sequencing result, there were fewer enteritis-related TM7,
Sphingomonas and Shigella, but more Cetobacterium, which were related to glucose
metabolism. Our findings indicate that sinomenine hydrochloride could be important in the
prevention of fish foodborne enteritis at both immune and microbiota levels.

Keywords: SBMIE, zebrafish, sinomenine hydrochloride, a7nAChR, anti-inflammation, microbiota

INTRODUCTION

Currently, foodborne intestinal inflammation is a major health
and welfare issue in aquaculture. As fishmeal remains an
important source of dietary protein in aquaculture diets, its
increasing price and decreasing availability have given birth to
a replacement of feed made from plant sources of dietary protein,
such as soybean meal (1). The side effects resulting from plant-
sourced proteins have occurred in many fish species, from
carnivorous to herbivorous, such as salmon (2), grouper (3),
zebrafish (4, 5), and carp (6). Fish foodborne enteritis also is due
to the dysregulation of oral tolerance, which is related to
immunoregulation locally at the intestinal mucosa (7). Fish
intestinal mucosal surfaces colonized by normal microbiota
may elicit immune regulatory functions in gut-associated
lymphoid tissues (GALT). Contrastingly, disturbances in these
immuno-regulatory functions by an imbalanced microbiota may
contribute to the development of disease (8). To prevent
enteritis, various feed additives have been designed for
modulating the host as well as intestinal bacteria. The effective
ingratiates incorporated into the fish diet include probiotics,
nutrients, and herbal medicine.

Since the effective components and long-term side-effects of
herbal medicine cannot be easily determined, using a natural
compound rather than herbal medicine to prevent fish disease
may be a better solution for aquaculture (9). A traditional
selection of the drugs or additives depends on the experimental
result of field tests. Based on the exploration of an omics study, in
aquaculture, the pursuit of discovering drugs or additives has
developed novel methods, such as the reverse prediction of drugs
or additives from the pathway enlightened by nutritionally
transcriptomic study. Considering the anti-inflammatory
effects of natural compounds, our previous transcriptomic
study of grass carp soybean-induced enteritis (SBMIE) has
indicated that the intestinal cholinergic anti-inflammatory
pathway may work (6) and that the cholinesterase inhibitor
galantamine can be used to prevent SBMIE (4). Thus, these
findings have indicated the possible existence of the cholinergic
anti-inflammatory pathway in the fish gut. Diet inclusion of
galantamine could elicit a regulatory function on mucosal
inflammation (10).

The preserved intestinal acetylcholine (4) in fish may enhance
o7nAChR and had a mediating anti-inflammatory effect on
immune cells, such as macrophages, neutrophils, and T cells
(11-14). When considering effectors, fish SBMIE showed typical
allergic cytokine profiles (15), similar to IBD in humans. For
proinflammatory cytokines, TNF-o. was highly expressed
(especially in the epithelial cells) for accelerating intestinal

inflammation (16, 17). The acute inflammation-related TNF-c,
IL-1B, and allergic cytokine IL-17A/F have also been reported in
fish SBMIE (4, 15, 18). Based on the existence of zebrafish nicotinic
acetylcholine receptor a7nAChR (19) as well as a7 nicotinic
agonist AR-R17779’s protective effect on colitis (20), 07nAchR
signaling would be a promising target to efficiently activate
intestinal 07nAChR mediated anti-inflammatory function.

Sinomenine (SN), which is an agonist of a7nAChR (21),
could insert into the active site of the a7nAchR structure in
mammals (22) and has been identified as an effective component
to treat swelling and pain during mucosal inflammation, such as
enteritis (23). Sinomenine derivatives have also improved the
immunosuppressive activity of its parent natural compound
(24). For SN’s effect on intestinal humoral immunity,
sinomenine hydrochloride may suppress proinflammatory
cytokines (such as TNF-o) and increase anti-inflammatory
cytokine IL-10 during DSS-induced enteritis in mice (17). At a
cellular level, sinomenine could either promote macrophage
reprogramming toward M2-like phenotype (25) or induce the
generation of Treg by upregulating the transcriptional factor
Foxp3 (22). Recently, the gut microbiome was also found to be a
target for regulatory T cell-based immunotherapy (26). In
zebrafish, intestinal macrophages have been reported to have
the ability to shape gut microbiota (27). These are in line with
that SN-altered gut microbiota composition when treating DSS-
induced colitis (17).

As an effective model organism, the zebrafish has been used to
study enteritis in aquaculture (28, 29). SBMIE is the typical
plant-sourced protein-induced inflammation, including in
zebrafish, with the typical intestinal pathology (30, 31). To
illustrate the immune mechanisms at a cellular level, the
immune cell imaging using zebrafish larva provided important
clues (28, 32, 33). Using zebrafish to model enteritis (34, 35) has
revealed immune mechanisms that were not only the innate
immune cells was involved (28, 30) during SBMIE, but also T
cells played an important role, especially with a Th17 cytokine
profile (15). Zebrafish has become a model for studying
gastrointestinal tract-microbe interaction (36). In the zebrafish
enteritis model, certain aquatic organisms, as well as natural
compounds, have been proved to be effective in orally treating
enteritis, such as microalga (28), lactoferrin (33), fucoidan (32).
Therefore, zebrafish has become a model for testing ingredients,
which could be potentially included in fish feeds.

In this study, sinomenine was tested for its anti-enteritis
functions in the zebrafish SBMIE model. Using transcriptomic
analysis of hindgut tissue and 16S sequencing of intestinal
microbiota, the immune and metabolic processes involved
have been revealed. The immune regulatory mechanisms have
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been assessed by immune cell imaging and regulatory immune
cell-related gene expression. Our findings indicate that
sinomenine hydrochloride could be used as an effective
additive for preventing diet-induced intestinal inflammation
and even microbiota dysbiosis in fish.

MATERIALS AND METHODS

Zebrafish

Zebrafish, including both AB wild-type line and fluorescence-
labeled lines, including Tg(lyz:DsRED2), Tg(mpegl:EGFP), Tg
(rag2:DsRed), and Tg(lck:lck-eGFP), were purchased from China
Zebrafish Resource Center (http://en.zfish.cn/) and were
maintained according to standard protocols (37). After
crossing neutrophil and macrophage labeled lines, Tg(lyz:
DsRED2/mpegl:EGFP) were obtained, then together with Tg
(rag2:DsRed) and Tg(Ick:lck-eGEP), three lines of Tg fish were
prepared for further experiments. The use of animals in this
study was approved by the Animal Research and Ethics
Committees of the Institute of Hydrobiology, Chinese
Academy of Sciences. All experiments were conducted
following the guidelines of the committees.

Diets and Feeding Trial

The formulation of the experimental diets is shown in Table 1.
To model SBMIE in adult WT fish (3 mo), diets, as well as the 6-
week feeding trial, followed a previously published method (4).
For the SBMIE larva model, the feeding trials for both innate and
adaptive immune cell imaging followed our recently published
protocol (38). In brief, the innate model used 5 dpf larva of Tg
(lyzzDsRED2/mpegl:EGFP) to do a 4-day feeding trial with FM
(negative control), SBM (positive control), and drug-included

TABLE 1 | Formulation of experimental diets.

Raw Material g/kg FM SBM SN
Fish meal 555 250 250
Soybean meal 0 500 500
Wheat meal 255 110 110
Starch 50 50 50
Fish oil 30 60 60
Mineral premix® 10 10 10
Vitamin premix® 10 10 10
Sinomenine 0 0 0.7
Cellulose 90 10 9.3
Gross weight (g) 1,000 1,000 1,000

APer kilogram of mineral premix (g kg—1): MnSO4-H20 (318 g kg—1 Mn), 1.6409;
MgS04-H20 (150 g kg—-1 Mg), 60.530 g; FeSO4-H20 (300 g kg—1 Fe), 23.110 g;
ZnS04-H20 (345 g kg—1 Zn), 0.620 g; CuSO4-5H20 (250 g kg—1 Cu), 0.010 g; KI (38 g
kg-1 1), 0.070 g; NaSeO3 (10 g kg—1 Se), 0.005 g. All ingredients were diluted with
cornstarch to 1 kg.

PPer kilogram of vitamin premix (g kg-1): retinyl acetate (500,000 IU g-1), 2.40 g;
cholecalciferol (600,000 IU g-1), 0.40 g, DL-a-tocopherol acetate (500 g kg-1),
12.565 g; menadione (230 g kg—1), 0.80 g; cyanocobalamin (10 g kg-1), 0.83 g; D-
biotin (20 g kg—1), 4.91 g; folic acid (960 g kg—1), 0.40 g, thiamin hydrochloride (980 g kg
—1), 0.05 g; ascorhyl acetate (930 g kg—1), 7.16 g; niacin (990 g kg—1), 2.24 g; meso-
inositol (990 g kg—1), 19.39 g; calcium-D-pantothenate (980 g kg—1), 2.89 g; riboflavin
(800 g kg—1), 0.55 g; pyridoxine (980 g kg—1), 0.59 g. Allingredients were diluted with corn
starch to 1 kg.

SBM diet (tested group). Afterwards, at 9 dpf, imaging of the
hindgut was carried out. The adaptive model used 17 dpflarva of
either Tg(rag2:DsRed) or Tg(lck:lck-eGFP) to do a 10-day
feeding trial, and then larva at 27 dpf was conducted to
imaging analysis. The sinomenine hydrochloride, which is the
hydrochloride chemical form of sinomenine (39), was purchased
from Xi’an Huilin Biotechnology Co., Ltd in China. Based on our
previously researched effective concentration for preventing
SBMIE, the dietary inclusion of sinomenine hydrochloride
should be in the range of 15-60 ppm (40). Thus, in this study,
35 ppm sinomenine hydrochloride was included in the soybean
meal diet to test if it could have any alleviating effect on SBMIE.

Analysis of Sinomenine’s a7nAchR Binding
Ability by Molecular Docking

To check if sinomenine could potentially activate zebrafish
o7nAchR signaling, PROCHECK server and ProSA web were
applied to test the potential binding ability of sinomenine to
zebrafish 07nAChR protein, following a previously described
method (41, 42).

Sampling

In adult zebrafish, the hindgut tissue, which is a third of the whole
intestine from bend 2 to the anus (43), has been used for sampling.
For gene expression analysis, including transcriptome, qPCR, and
immunofluorescence (n = 6), the tissues used to isolate RNA for
both transcriptomic and qPCR were cut into small pieces and
soaked in a 10-fold volume of TRIzol (Invitrogen), and the tissues
used to make frozen sections were soaked in a 10-fold volume of 4%
PFA (Sigma). For all omics studies, the hindgut from one female and
one male adult zebrafish were mixed for each sample (three
repetitions) to avoid sex-biased differences for both transcriptome
and 16S. The sampling of 16S sequencing analysis followed the
method published in previous studies by Deng et al. (44). For the
sampling of larvae, only 27 dpflarvae (n = 6) were sampled for HE
staining at the meantime of imaging the adaptive immune cells.

Histological and Immunofluorescence
Analyses

To demonstrate the basic pathology of intestinal mucosa, both
hematoxylin eosin (HE) staining and immunofluorescence were
performed using hindgut tissue slices of 10 pm. Then, the
zebrafish anti-CD4-1 antibody (GeneTex), which can immune-
stain the T helper cell, was applied during immunofluorescence
analysis to further illustrate the inflammatory aggregation or
infiltration of lymphocytes in different intestinal layers or villi
locations in the hindgut (4). The zebrafish anti-foxp3 antibody
(GeneTex) was also used to identify the regulatory lymphocytes
in intestinal mucosal folds (45). Meanwhile, DAPI was used
parallelly to stain the nucleus.

Library Preparation and Sequencing for
Transcriptomic Data

For the hindgut’s RNA (n = 6), transcriptomic analysis was
completed to reveal the gene expression profile systematically in
adult fish from all groups, including the negative control (FM
group), the positive control (SBM group), and the tested drug
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inclusion group (SN group). The procedure of the gene library
preparation and sequencing for transcriptome followed
previously published methods (46). Briefly, sequencing libraries
were generated using NEBNext R UltraTM RNA Library Prep
Kit for Ilumina R (NEB, USA) following the manufacturer’s
recommendations, and the library quality was assessed on the
Agilent Bioanalyzer 2100 system. The library preparations were
sequenced on an Illumina platform (NovaSeq 6000), and 150 bp
paired-end reads were generated.

Transcriptome Assembly, DEG Analysis,
and Functional Annotation

After the clean data were mapped onto the reference genome by
HISAT?2 (version 2.1.0) (47), the transcript was assembled using
StringTie (Version V1.3.1c) (48). Salmon (version 0.12.0) (49) was
used to calculate the gene expression. | log2FoldChange | > 1 and
padj < 0.05 is considered to be differentially expressed genes
(DEG), using DESeq2 1.24.0 (version) to analyze differential
expression (50). For annotations, enrichment analysis of
both GO terms and KEGG pathways was performed using
clusterProfiler (version 3.12.0) (51), and p < 0.05 was considered
to be a significant enrichment. In the case of the parameters used
not being listed, default parameters were used.

RNA Extraction and qPCR Analysis
Principally, the RNA extraction and qPCR analysis of the
zebrafish intestinal tissues were done according to previously
published procedures (4, 6). In brief, TRIzol (Invitrogen) was
used to extract RNA, and then the isolated RNA was reverse-
transcribed into cDNA using HiScript IIT 1% Strand cDNA
Synthesis Kit (Vazyme). In addition, all the RNA extraction
was done immediately after sampling, or at the same time for
sampling to do an omics study. Genes of interest, including both
randomly selected DEGs and genes involved in a7nAChR,
mediated anti-inflammatory function were validated for their
expressional changes by qPCR. Specifically, genes of both
intestinal pro-inflammatory factors (transcription factor nf-xb,
cytokines il-1f, tnf-c, il17a/f3, and CD4) and anti-inflammatory
factors (cytokines tgf-Bla, il-10, il22 and transcription factor
foxp3a and foxp3b) have been checked for SN-induced
o7nAChR-mediated anti-inflammatory effect in intestine.
Meanwhile, rpl13a was used as the internal reference. The
primers used to amplify these genes are listed in Table 2.

TABLE 2 | gPCR primers used in enteritis-related cytokine gene expression analysis.

In Vivo Imaging of Immune Cells in
Zebrafish Larvae

In vivo imaging of immune cells was completed following previous
studies of zebrafish larvae imaging (15, 28, 32), with some modified
conditions, such as the incubating solution, exact time, and
microscopy. Imaging of innate immune cells, including
neutrophils (lyz labeled) and macrophages (mpeg labeled) in the
hindgut (tail part) of Tg(lyzDsRED2/mpegl:EGFP) larvae (n =
10), was through referencing previously published methods (38).
Larvae were fed with experimental diets (diets for FM, SBM, SB
groups, which were crushed and passed through an 80-mesh sieve)
between 5 to 8 dpf. At 9 dpf, the Tg(lyzDsRED2/mpegl:EGFP)
larvae were anesthetized by MS222 and then embedded in 1% LMP
Agarose (Invitrogen), dissolved in Danieau’s solution (52) to
conduct imaging analysis. For imaging adaptive immune cells,
including immature (rag2 labeled) and mature lymphocytes (Ick
labeled) in the hindgut (tail part) of Tg(rag2:DsRed) and Tg(Ick:
Ick-eGFP) larvae (N = 10), we followed previously published
methods (38). After feeding 12 days of Larval AP100 Diet
(Zeigler) from 5 to 16 dpf, as well as 10 days of experimental
diets from 17 dpf, at 27 dpf the larvae were anesthetized and
embedded in 1% LMP Agarose (Invitrogen), dissolved in Danieau’s
solution (52). The Tg(rag2:DsRed) or Tg(Ick:lck-eGFP) larvae were
observed under a Leica SP8 microscope. For the intestinal imaging
of larvae, a composition of several stacks was merged to generate
the picture for the whole tail part of the intestine.

16S rBRNA Gene Sequencing of

Intestinal Microbiota

The composition of bacterioplankton was analyzed using
sequencing of 16S rRNA gene amplicons. DNAs from the six
repetitions were extracted for each treated sample. Then the
V3V4 regions of the 16S rRNA genes, which can yield accurate
taxonomic information, were amplified with the primer set 338F
(5- ACTCCTACGGGAGGCAGCA-3’)/806R (5-GGACTAC
HVGGGTWTCTAAT-3’). After the libraries were built, the
paired-end 250-nucleotide reads were yielded using the
Mumina NovaSeq platform, according to the manufacturer’s
instructions. Raw sequences were then trimmed, quality
filtered, denoised, merged, chimera and dereplicated using the
DADA2 plugin (53). Reads with 100% nucleotide sequence
identity across all samples were assigned to operational
taxonomic units (OTUs), and taxonomy was assigned to Non-
singleton amplicon sequence variants (ASVs) using the classify-

Gene Name Forward sequence Reverse sequence

i-1B 5’-TGGACTTCGCAGCACAAAATG-3’ 5’-GTTCACTTCACGCTCTTGGATG-3’
nf-kb 5’-GATCATCGAGCAGCCTAAATC-3’ 5’-CCCACTGTAGTTGTGAACCCT-3’
tnf-a 5’-GCGCTTTTCTGAATCCTACG-3 5’-TGCCCAGTCTGTCTCCTTCT-3’
iI-17a/f3 5-AAGATGTTCTGGTGTGAAGAAGTG-3’ 5’-ACCCAAGCTGTCTTTCTTTGAC-3’
tgf-Bia 5’-TGTACCCGCAATCCTTGACC-3’ 5’-CCGACTGAGAAATCGAGCCA-3’
i-10 5’-CACTGAACGAAAGTTTGCCTTAAC-3’ 5'-TGGAAATGCATCTGGCTTTG-3’

i22 5’-GATGACTGATACAGCACGAAA-3’ 5’-CATTGATGCAGCAGGAACCT-3’
foxp3a 5’-GCCTCCATGATACGATGGGCAAT-3’ 5’-CCTTCCTTCAACACGCACAA-3’
rpl13a 5'-TCTGGAGGACTGTAAGAGGTATGC-3’ 5’-AGACGCACAATCTTGAGAGCAG-3’
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sklearn naive Bayes taxonomy classifier in the feature-classifier
plugin (54) against the Greengenes reference database (version
13.8, http://greengenes.secondgenome.com/) (55).

Statistical Analysis

The HE-stained intestinal villi, immunofluorescence signals, as
well as imaging results of immune cells in larvae were quantified
by Image J software. T-tests were used to assess differences for
most parameters for staining and imaging results, with a false
discovery rate adjusted p < 0.05 or 0.01. For the quantification of
immunofluorescence signals, the quantitative analysis method
followed a previously published study (6, 56) with the
modification to calculate the positive cell NO. per villi, which
equaled to that the account of number was divided by the average
length of intestinal villi. Then, the data were processed using
Excel and SPSS 22.0. After eliminating abnormal data by Grubbs’
test, one-way ANOVA was used to analyze the variance. The
minimum significant difference method was used for multiple
comparisons. Means * Standard Deviation was used to generate
bar. p < 0.05 was judged as significant difference, meanwhile p <
0.01 as extremely significant difference. The rearranged data
from the pathological or immune analyses were applied to
GraphPad Prism version 5.0 software for all graphs. For the
correlation analysis to compare fold changes between results of
qPCR and DEGs, data were processed in EXCEL. The plots and
diagrams were displayed by ggplot2 (2.2.1) using R language.

RESULTS

The Validation of a7nAchR Binding Ability
of Sinomenine

The results of molecular docking showed that sinomenine can bind
to the same binding pocket of zebrafish a7nAChR as the positive
control Epibatidine, a typical agonist of 07nAChR (Figure S1). In
this pocket, sinomenine could form hydrogen bonds with several
amino acids, including tryptophan, phenylalanine, and lysine. The
binding energy of sinomenine to zebrafish a7nAChR was —29.62
kJ/mol, which was comparable to that of positive control
Epibatidine (-37.15 kJ/mol).

Effect of Sinomenine on Intestinal
Pathology in SBMIE Adult Model

The inclusion of sinomenine at 35 ppm significantly prevented
pathological changes in the hindgut. The HE staining result
demonstrated the relief of intestinal lesion at mucosal fold level
upon sinomenine dietary inclusion, compared with the SBM group.
Quantitative analyses of the histological parameters in the SBMIE
adult model reflect that in the SN group the height of intestinal villi
increased while the thickness of lamina propria (LP) decreased very
significantly (p < 0.01) (Figure 1A). The increased height of
intestinal villi (p < 0.01) in the SN group was revealed in the
hindgut at 27 dpf in the larva model (Figure 1B), compared to the
very shortened mucosal fold in the SB group. Specifically, in the LP
layer of intestinal villi, the widened top with lymphocyte infiltration
indicated by the blue hematoxylin-stained nuclei in SN group was
reduced compared to that in the SBM group.

Lymphocyte-Related Intestinal

Protein Expression

To reveal the mechanisms of the lymphomonocytes involved, T
helper cells, which are at the nexus of the innate and adaptive
arms of the immune system (57), have been checked for related
protein expressions using immunofluorescent analysis. As the
surface marker of T helper lymphocytes and expressed protein
on certain populations of phagocytes in zebrafish (57), the
immunofluorescence results of intestinal CD4-1 signals showed
that the inflammatory aggregation in the widened LP layer of the
hindgut, especially at the top of villi in the SBM group. While in
the SN group, though that the positive cell NO. per villi of CD4
signals increased, there are fewer signals in the top of villi, but a
large proportion of CD4" cells were found at the base of the
mucosal fold (Figure 2A).

Further, to reveal the Treg’s involvement, an immune-stained
transcriptional factor reflected that there were brighter and more
Foxp3™ cells in the SN group, and a substantial proportion of
Foxp3™ cells was found at the base of the villi in the SN group,
compared to SBM group (Figure 2B). In the SBM group, Foxp3™
cells were also found at the edge of basal plasmacytosis
(Figure 2B). While it was interesting to notice many vasally
located Foxp3™ cells in the SN group (Figure S2). Considering
the recovered length of intestinal villi, the positive cell NO. per villi
of Foxp3 in the SN group was lower compared to the SBM group,
yet still higher than the FM group (Figure 2B).

qPCR Analysis of DEGs and Intestinal

Pro- or Anti-Inflammatory Factors

The raw data of current transcriptomic analysis have been
submitted to the Genome Sequence Archive (GSA) database
(http://gsa.big.ac.cn/index.jsp) with the BioProject identifier
<PRJCA005917> and data ID <CRA004582>. The close
correlation (R > 0.08) of fold changes between fold changes of
qPCR result and DEGs (Figure 3A and Table S1) proved the
successful decoding of gene expression by the current
transcriptomic analysis. Specifically, the immunoregulatory role
of SN was reflected by the expression of pro-/anti-inflammatory
factors (Figure 3B). The pro-inflammatory cytokine genes’ result
(Figure 3B, upper) showed that in the SN group tnf-or was very
significantly downregulated compared to the SBM group, and even
dropped to a similar level to the FM group. il-1f and tnf-or were
downregulated with non-significant trends, yet, nf-xb, il17a/f3, and
cd4 were almost not changed compared to the SBM group. The anti-
inflammatory factor genes’ result (Figure 3B, lower) showed that
except for the not significantly upregulated tgf-Bla, il-10, il22,
foxp3a, and foxp3b were significantly upregulated.

Enriched GO Terms and KEGG Pathways
of Intestinal DEGs

According to the enriched biological process GO terms of DEGs
from a comparison between SN vs SBM groups (with details
in Table S2), there were many immune cells or process-related
terms (Figure 4A and Table S3). For immune cells, there were
“leukocyte cell-cell adhesion,” “negative regulation of lymphocyte
activation,” “negative regulation of leukocyte activation,”
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FIGURE 1 | Pathological analysis of sinomenine’s effect on the intestinal mucosal fold. (A) HE staining of intestinal mucosa in adult fish fed with FM, SBM, and SN
diets. Scale bar: 100 um. (B) HE staining of intestinal mucosa in 27 dpf larva fed with FM, SBM, and SN diets. FM, fish meal diet; SBM, soybean meal diet; SN,
sinomenine supplementary SBM diet. Scale bar: 20 um. ** represented p < 0.01, and *** represented p < 0.001.

A M SBM SN

Positive cell NO.per villi

Positive cell NO.per villi

FIGURE 2 | Lymphocyte-related intestinal protein expression reflected by immunofluorescent signals. CD4* (A) or Foxp3* (B) immunofluorescence signals (green) in
adult fish fed with FM, SBM, and SN diets. The quantification of the ratio, which was calculated by dividing positive cell number with intestinal villi's length, was
shown beside the typical images (at the right side). Typical signals are indicated by arrows. The blue signals represented DAPI-stained cell nucleus. FM, fish meal
diet; SBM, soybean meal diet; SN, sinomenine supplementary SBM diet. Scale bar: 100 um. ** represented p < 0.01, and *** represented p < 0.001.
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a7nAchR-mediated anti-inflammatory effect in fish. "ns" represented p > 0.05, * represented p < 0.05, ** represented p < 0.01, and *** represented p < 0.001.
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“negative regulation of alpha-beta T cell proliferation,” “regulation
of T cell migration,” “regulation of alpha-beta T cell proliferation,”
“regulation of lymphocyte migration.” For the immune process,
there were “regulation of immune effector process,” “positive
regulation of production of molecular mediator of immune
response,” “regulation of cytokine production involved in
immune response,” and “cytokine production involved in
immune response.” Meanwhile, among revealed KEGG
pathways (Figure 4B, Table S4), a high gene ratio existed in six
pathways, which contained metabolic-related “glycolysis/
gluconeogenesis” and “insulin signaling pathways.”

Effect of Sinomenine on Intestinal Immune
Cell in Zebrafish Larvae

At a cellular level, for innate immune cells, sinomenine could
significantly (p < 0.01) relieve inflammatory aggregation for both
neutrophils (lyz" cells) and macrophages (mpeg" cells) (Figures 5A,

B) in the hindgut of the larva. For adaptive immune cells, sinomenine
could significantly (p < 0.01) inhibit the inflammatory aggregation
and immune synapse formation of both rag2” immature
lymphocytes and lck”™ mature T lymphocytes (Figures 5C, D).
Specifically, the formation of immune synapses of mpeg" and rag2"*
cells in the SBM group could be inhibited in the SN group.

Effect of Sinomenine on Microbiota OTU
and Taxa Composition in Hindgut

The identified OTU in the hindgut of adult zebrafish for FM, SBM,
and SN groups were 8,434, 5,976, and 5,895, respectively. As
indicated by the Venn diagram (Figure 6A), the overlapping
between the sinomenine and FM groups covered 635 OTUs,
while the overlapping between the sinomenine and SBM groups
contained 471 OTUs. To estimate the abundance of taxa, currently
revealed OTUs could be identified by alot of phyla. Among the most
abundant 10 phyla, compared to the SBM groups, in the SN group,
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FIGURE 4 | Enriched GO terms and KEGG pathways for DEGs from the comparison between the SN and SBM groups in the zebrafish SBMIE adult model. (A) The
GO terms of biological process; (B) the KEGG pathways. SBM, soybean meal diet; SN, sinomenine supplementary SBM diet.

the increased phyla included Proteobacteria, Actinabactieria,
Acidobacteria, and Gemmatimonadetes, while decreased phyla
included Firmicutes, Bacteroidetes, Fusobacteria, and TM7
(Figure 6B). Moreover, at a genus level (Figure 6C), among the
10 genera of most abundance, compared to SBM groups, in the SN
group increased genera included Aeromonas, Cetobacterium,
Rhodobacter, Prevotella, Pelomonas, and Aquabacterium, while
decreased genera included Sphingomonas, Acinetobacter, and
Shigella. The raw data of the current 16S sequencing analysis have
been submitted to the Genome Sequence Archive (GSA) database
(http://gsa.big.ac.cn/index.jsp) with the BioProject identifier
<PRJCA005917> and data ID <CRA004611>.

DISCUSSION

In the present study, efforts were made to activate the intestinal
local immune modulation by a7nAChR-mediated anti-
inflammatory function to help treat fish foodborne enteritis.
The results indicated sinomenine, which could closely bind to the
zebrafish 07nAChR, reduced fish foodborne enteritis pathology
at both the anti-inflammatory and metabolic levels paralleled by
ameliorating dysbiosis of intestinal microbiota.

Enlightened by the structure-guided medicine discovery
approach (58), the sinomenine’s protective role against SBMIE
was revealed in the fish foodborne enteritis model.
Pathologically, the current data showed that sinomenine did
work in the gut. Based on the successful modeling of SBMIE in
adult or larval zebrafish as in our previously published papers
(19, 20), the typical intestinal pathology, such as villus atrophy
and basal cell hyperplasia, has also been observed in the positive

control (SBM group) and was found to be relieved by the present
results in the SN group. Although in mice, intestinal neutrophil
recruitment could be inhibited via M2AChR (59), the currently
used 07nAchR-specific agonist SN also suppressed fish
neutrophil aggregation in the hindgut. This may be the
downstream effect of suppressed TNF-a by SN. For the
macrophage and T cell signals reflected by imaging analysis as
well as immune-stained CD4-1 signals, this may result from SN-
evoked 07nAChR-mediated anti-inflammatory macrophage and
Treg’s effects, as well as non-immune function, such as
promoting local tissue repair (60) and preserving the integrity
of the epithelial barrier (61). The tissue repair was also suggested
by the upregulated trend of TGF-P. The current study revealed a
large proportion of Foxp3a® cells are located in the basal part of
LP and even in the intestinal vasal. This was in line with the HE
results that in the SN group the lymphocytes infiltration mainly
at the villi top was reduced compared to the SBM group.

At a molecular level, the revealed DEGs in transcriptomic
analysis already provided signs for the involved mechanisms in
SN’s anti-inflammation effect. As for the upregulated genes, the
peptidoglycan recognition protein may play a role similar to the
pore-forming C-type lectin; thus, its higher expression was
associated with enhanced intestinal mucosal immunity (36). The
higher level of intelectin 3, which was reported to be involved in the
protective mycobacterial immune response, may be a beneficial
mucosa factor against dysbiosis. Enolase, a neuronal marker (62),
may indicate enhanced participation of enteritic neurons upon
sinomenine’s stimulation. Significant upregulation of both foxp3a
and foxp3b, which was responded to specifically in the fish intestine
(63), may indicate both the impute and local differentiation of Treg
in the hindgut. On the other hand, among the downregulated genes,
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FIGURE 5 | Imaging analysis of immune cells in the hindgut of the zebrafish SBMIE larva model. (A) Hindgut innate immune cells, including neutrophils (lyz-DsRed
labeled cells) and macrophages (mpeg-EGFP labeled cells); (B) the histogram of lyz or mpeg signals in the hindgut of larva. (C) Hindgut adaptive immune cells,
including immature lymphocytes (rag2-DsRed-labeled red cells) and mature T lymphocytes (Ick-EGFP-labeled green cells). (D) The histogram of rag2* or Ick * signals
in the hindgut of larva. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine (35 ppm) supplementary SBM diet. The significant differences were indicated by
p value, and *** represented p < 0.001. The scale bar in whole hindgut pictures was 100 um, while the scale bar in the enlarged view was 20 um.

there was a lower expression of TRIM9, which may suggest lower ~ lymphocyte-related terms. As to the enteritis-related cytokine,
rates of macrophage migration (64). Downregulated Thy-1 in the  the significantly suppressed tnf-c, which is at the upstream of
SN group potentially suggested fewer gut intramucosal  intestinal pro-inflammatory cytokines (66) (such as the currently
lymphocytes (65). revealed downregulated il-1f3 though not significantly), may play

The currently revealed SN’s immune effect was reflected at ~ an important role in SN’s ameliorating effect. Compared to the
both innate and adaptive levels. Imaging of neutrophils and ~ SBM group, the decreased number of both neutrophils and
macrophages echoed with leukocyte-related GO terms;  macrophages may result from the significantly restrained tnf-o
meanwhile, imaging of lymphocytes was coincident with  expression. For macrophages, fewer immune synapse-like
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FIGURE 6 | Analysis of intestinal microbiota OTU and taxa composition
influenced by sinomenine inclusion in zebrafish SBMIE adult model. (A) Venn
diagram of OTU in the FM, SBM, and SN groups; (B) hindgut bacteria
composition at phylum level; (C) hindgut bacteria composition at the genus
level. FM, fish meal diet; SBM, soybean meal diet; SN, sinomenine
supplementary SBM diet.

structures in the SN group may suggest the inhibition of innate
immune cells’ migration and phagocytic activity (67, 68), and the
inhibition of the M1 phase at the mucosa (60). These results of
fish macrophages were in line with the findings in mammals that
the interaction with a7nAChR expressed on macrophages leads
to a reduction of pro-inflammatory cytokines (13). In addition,
for intestinal mucosa immunity, the significantly upregulated il-

22 (qPCR result) together with upregulated muc2 in all DEGs
(highlighted in Table S2) may indicate the protective function to
maintain host epithelium integrity (69, 70).

From an adaptive view, hindgut lymphocytes were indicated
as the SN’s effective target, based on many lymphocytes
(especially T cell) related biological process GO terms and
imaging result of lymphocytes in comparison between SN and
SBM groups. In general, hindgut lymphocytes’ responses may be
limited by SN, as that the number of lymphocytes was reduced
and immune synapse like structure in Rag" cells in 27 dpflarvae’s
hindgut disappeared in the SN group. Yet, the increased
intestinal CD4 at a protein level, but not RNA level, maybe
due to the vesicular input caused by SN-induced systemic
immune’s response (71). The basal location of CD4 together
with upregulated immune-regulated factors (il-10, foxp3a, and
foxp3b) may be consistent with the location in the basal part of
LP or mucosal fold was a feature of only Treg among Th
populations (72). SN stimulated upregulated both TGF-f and
Foxp3 echoed with that grass carp TGF-B1 could upregulate
Foxp3 expression (73). Regarding the glucose metabolism and
insulin-related KEGG pathways, as both the lower glucose values
and insulin therapy seemed to be anti-inflammatory (74), these
pathways could be considered as the metabolic effects of
intestinal 07nAChR-mediated anti-inflammatory function
in fish.

Coincident with recent findings that SN’s effect could be
limited by antibiotic’s disturbing the intestinal microbiota (75),
the current study used the immunomodulator SN in the fish diet,
which caused an altered OTU and taxa composition in the
hindgut. This actinobacterium could produce active
metabolites against pathogenic microorganisms (76), increasing
Actinabacteria and, as a result, indicating a protective factor in
the SN group. Increased Acidobacteria in the SN group may
indicate better protein utilization since that Acidobacteria was
revealed as a major component of intestinal microbiota in
carnivorous fish (77). The decreased Bacteroidetes, which was
responsible for carbohydrate degrading in the intestine (78), may
indicate less importance for starch utilization in the SN group.
The decreased TM7 suggested less intestinal inflammation and
that intestinal TM7 bacterial phylogenies may be a promoter of
inflammation for IBD (enteritis in humans) (79). This finding
was echoed with the result at a genus level, as that decreased
Sphingomonas, which has been revealed as a disease biomarker in
zebrafish (80), as well as Shigella, which has been found
associated with CD (enteritis in humans) (81). Both of these
results have indicated relief of enteritis. Upregulated probiotic
Rhodobacter (82, 83) may be a protective factor. The increased
Cetobacterium, which suggested improvement of fish
carbohydrate utilization (84), was echoed with the KEGG
pathway “glycolysis/gluconeogenesis” in the SN group.

In summary, dietary supplementation of sinomenine
hydrochloride could enhance intestinal immune barrier
function via both inhibiting aggregation of immune cells and
changing immune cells’ status possibly through glucose
metabolism, whilst ameliorating microbiota dysbiosis to
prevent foodborne enteritis in fish. The hypothetical
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A At the immune level

regulatory T cell.

mechanism of SN’s a7nAchR-mediated anti-inflammatory effect
on the intestinal immune barrier during foodborne enteritis in
fish hindgut is shown in Figure 7. Since that in fish, the effective
concentration for diet inclusion is very low and sinomenine
hydrochloride is cheap, the commercial use of sinomenine
hydrochloride could be expected to treat foodborne enteritis in
cultured fish.
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