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The transcriptomic response of the head kidney, the main lymphohematopoietic tissue
of the body, was evaluated in Atlantic salmon (Salmo salar) smolts fed a functional feed
containing a phytogenic rich in verbascoside and triterpenic compounds like ursolic acid.
Fish (initial body weight = 55.0 ± 0.1 g) were fed two experimental diets (40% crude
protein, 22% crude fat; 21.6 MJ/kg gross energy) that only differed in the phytogenic
content (0.1% inclusion). Each diet has six replicates and was tested over a period of
133 days. The tested zootechnical feed additive a medicinal plant leaf extract (MPLE)
obtained from sage (Salvia officinalis) and lemon verbena (Lippia citriodora). At the end
of the trial, smolts fed the MPLE diet were heavier than their congeners from the control
group (271.5 ± 7.9 g vs. 240.2 ± 19.3 g, respectively; P < 0.05). Feed conversion
ratio (FCR) values in fish fed the control diet were higher than those in fish fed the
MPLE diet (FCRcontroldiet = 1.27 ± 0.08 vs. FCR 0.1%MPLEdiet = 1.08 ± 0.05; P < 0.05).
The immunomodulatory properties of the functional diet were evaluated by means of
an in vivo challenge with Aeromonas salmonicida subsp. salmonicida (1 × 107 CFU
mL−1). The microarray analysis of head kidney samples from both dietary groups
revealed 1,178 differentially expressed genes (802 upregulated and 376 downregulated).
Among them, several biological processes related to immunity were identified in
fish fed the MPLE diet (i.e., interferon-gamma-mediated signaling pathway, antigen
processing and presentation of peptide antigen via MHC class II, autophagy, regulation
of i-kappaB kinase/NF-kappaB signaling, and leukocyte activation). Results from the
bacterial challenge showed that survival rates were higher in smolts from the MPLE
group (90.6 ± 6.4%) in comparison to the control group (60.7 ± 13.5%), confirming the
functional benefits of the phytogenic in terms of host’s immunity and disease resistance.
Biological processes such as cytoskeleton organization and regulation of cellular protein
metabolic process detected in fish fed the MPLE diet supported the metabolic changes
related to increased somatic growth promoted. The present findings showed that the

Frontiers in Marine Science | www.frontiersin.org 1 February 2022 | Volume 9 | Article 828497

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.828497
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2022.828497
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.828497&domain=pdf&date_stamp=2022-02-08
https://www.frontiersin.org/articles/10.3389/fmars.2022.828497/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-828497 February 2, 2022 Time: 16:3 # 2

Salomón et al. Phytogenics Promote Disease Resistance in Fish

inclusion at 0.1% of the tested MPLE obtained from sage and lemon verbena in diets
for Atlantic salmon smolts promoted somatic growth, and enhanced their systemic
immune response and reduced mortality when fish were challenged with A. salmonicida
cumulative, the causative agent of furunculosis in salmonids.

Keywords: feed additive, aquaculture, systemic immunity, Atlantic salmon, Aeromonas salmonicida, phytogenics

INTRODUCTION

Aquaculture is predicted to be the main source of aquatic
dietary protein sources by 2050, playing a relevant role in
food security and supply, as well as in poverty alleviation
(Stentiford et al., 2020). The Atlantic salmon (Salmo salar) is
the most important fish species consumed in the countries of
the first world, whose production has strongly increased due
to the development of this industry in the northern Europe
and in North and South America, with Norway and Chile as
the main world producers (FAO, 2021). Despite the sector’s
efforts focused on competitiveness and sustainable development
to build this thriving sector, this rapid and continuous growth
of the salmon farming has some side effects. In this sense,
under intensive farming, fish can be influenced by various
environment-related biotic and abiotic factors that can have
potentially harmful or stressful effects (Taranger et al., 2015). All
these factors have a negative impact on fish welfare and overall
rearing performance, increasing susceptibility to disease; thus,
negatively impacting the industry by causing health crises and
economic losses (Tort, 2011; Taranger et al., 2015). This makes
aquatic animal diseases one of the main factors limiting the
growth of aquaculture and its sustainability (Reverter et al., 2020;
Naylor et al., 2021).

Despite the fact that in 2022 several countries, including
the EU, will ban the regular administration of antimicrobial
agents in farming, including preventive group treatments (More,
2020), the general use of antibiotics for prophylactic purposes
linked to intensive aquaculture activities can still be detected
in some of the major aquaculture producing countries (Lulijwa
et al., 2020; Schar et al., 2020). Thus, the need to develop health
preventive treatments is becoming more of a necessity than an
option. Thus, among the repertoire of tested strategies related
to health management (Barrett et al., 2020; Miccoli et al., 2021),
functional feeds are reputed as one of the most affordable
solutions in terms of their prophylactic application. These diets
are formulated for supporting the nutritional and physiological
requirements of fish, as well as providing protection in front
of biotic and abiotic stressors that are intrinsic to aquaculture
rearing conditions (Waagbø and Remø, 2020). In this regard,
the development and application of functional feeds represent
a sound strategy for the aquaculture industry, as they provide
functional benefits for animal health beyond their nutritional
value, taking into account the purpose of their use either as
nutritional, sensory, or functional additives (Vallejos-Vidal et al.,
2016; Dawood et al., 2018). Thus, feed additives promoting
immunity and enhancing stress and disease resistance in farmed
fish have received notorious attention by the industry and
academia as environmentally-friendly health management

strategies. Therefore, phytogenics are among others, one of
the most widely evaluated and recognized zootechnical feed
additives with immunomodulatory properties (Encarnação,
2016). Phytogenics are defined as environmentally friendly
plant-derived bioactive compounds that show positive effects
on animal growth and health-promoting, antimicrobial,
antiparasitic, immunostimulant, antioxidant, and anti-
inflammatory properties (Firmino et al., 2020; Dawood,
2021; Reverter et al., 2021).

Functional feeds based on phytogenics have been the focus
of attention for the industry during the last decade due to
their antimicrobial, immunostimulant, antioxidant, anti-stress,
and growth-promoting functions (Awad and Awaad, 2017;
Sutili et al., 2018; Hernández-Contreras and Hernández, 2020).
Furthermore, phytogenics have shown to enhance both humoral
and cellular immune response in teleosts (Elumalai et al.,
2020; Firmino et al., 2021a,b), whereas other studies have
also demonstrated their antimicrobial activity against a wide
range of pathogenic organisms (Vaseeharan and Thaya, 2014;
Firmino et al., 2021a). These functional properties make them
very attractive for the industry as potential prophylactic dietary
treatments. In particular, the current investigation endeavors to
explore the dietary effects of phytogenics derived from a mixture
of medicinal plants, the sage (Salvia officinalis, Lamiaceae)
and the lemon verbena (Lippia citriodora, Verbenaceae), both
recognized for their health and growth-promoting properties
for aquatic species (Elumalai et al., 2020; Salomón et al., 2020,
2021a). In particular, in a previous study from our group,
we showed that a medicinal plant leaf extract (MPLE) from
sage and lemon verbena promoted an improvement in the
classical key performance indicators (KPIs) linked to somatic
growth and feed efficiency. These effects were coupled with
a tightly controlled systemic immune response in an ex vivo
assay using gilthead seabream (Sparus aurata) splenocytes
stimulated by lipopolysaccharide (LPS; Salomón et al., 2020). In
addition, we have recently reported that this MPLE obtained
from sage and lemon verbena promoted gut integrity and
immunity; particularly, T cell activation and differentiation
(Salomón et al., 2021a).

In traditional medicine, S. officinalis has long enjoyed
a reputation for its health benefits and for treating all
kinds of ailments. Sage is a common herbal plant widely
cultivated in various parts around the world, but it is native
to the Mediterranean region. In addition, is known to be
rich in phenolic compounds such as flavonoids, tannins,
coumarins, and triterpenes (Ghorbani and Esmaeilizadeh, 2017),
which are a highly diverse group of natural components
widely found in a variety of common European plants
and fruits (Vincken et al., 2007; Babalola and Shode, 2013).
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Thus, its content in functional compounds has attracted the
attention within livestock and aquaculture industry. For instance,
Simonová et al. (2010) reported that diets containing sage
increased the energy content and amino acid profile in rabbit
meat, in addition to promoting a good health condition of
the animals. Similarly, Placha et al. (2015) demonstrated that
sage promoted the integrity of the duodenal wall in laying
hens. Regarding aquatic species, Sönmez et al. (2015) reported
a positive effect of sage on growth performance and antioxidant
enzyme activities in juvenile rainbow trout (Oncorhynchus
mykiss). In this sense, several bioactive compounds have been
identified in plants from the genus Salvia, such as flavonoids
(Lu and Foo, 2000), phenolic acids (Wang et al., 1999), and
pentacyclic triterpenes (Mašterová et al., 1989), among others.
For instance, one of these triterpenic acids is ursolic acid,
which is a pentacyclic terpenoid that has shown many beneficial
properties effects on human health (Woźniak et al., 2015),
and even in teleosts (Ding et al., 2015; Li et al., 2019). In
zebrafish (Danio rerio), ursolic acid was reported to have anti-
inflammatory activity (Ding et al., 2015), whereas, in rainbow
trout, a strong antiviral activity was reported both in vitro and
in vivo (Li et al., 2019).

Lippia citriodora, colloquially known as lemon verbena, is a
plant species of the Verbenaceae family that mostly grows in
South America and is cultivated in northern Africa and southern
Europe. Lemon verbena leaf extract contains polyphenols,
including phenylpropanoids such as verbascoside, iridoids like
gardoside, and flavonoids such as luteolin-7-diglucoronide,
among which verbascoside acid is the most abundant compound
in lemon verbena leaves, so most of its beneficial effects
are attributed to this phytochemical (Sánchez-Marzo et al.,
2019). Several studies have indicated that verbascoside acid
is responsible for multiple beneficial properties of lemon
verbena like its antioxidant (Mosca et al., 2014; Martino
et al., 2016), anti-inflammatory, and antineoplastic properties
in addition to numerous wound-healing and neuroprotective
properties (Funes et al., 2009; Caturla et al., 2011; Alipieva
et al., 2014). The use of lemon verbena in juvenile sheep has
been reported to promote embryo development by protecting
the oocyte against oxidative stress (Martino et al., 2016). In
addition, another study showed that pigs fed with a diet
enriched with verbascoside rich showed an improvement in
their growth and feed efficiency performances (Corino et al.,
2007; Pastorelli et al., 2012). Despite the existing literature,
information on the function of these bioactive compounds of
plant origin, such as sage and lemon verbena, is still scarce
regarding their applications in animal production, especially their
immunomodulatory effects on the systemic immune response
and their potential use as a functional feed additive to promote
disease resistance in fish.

Under this context, the present study aimed to evaluate
the transcriptional responses of the head kidney in Atlantic
salmon smolts fed a functional feed containing a mixture of
MPLE obtained from sage and lemon verbena. At the end of
the nutritional trial, disease resistance in smolts was evaluated
by means of a bacterial challenge with the causative agent of
furunculosis (Aeromonas salmonicida subsp. salmonicida).

MATERIALS AND METHODS

This study was divided into two different stages. Firstly, a
nutritional trial during 133 days was conducted in order to
evaluate the effects of the phytogenic on growth performance and
transcriptomic analysis in head kidney of Atlantic salmon. The
nutritional trial encompassed different periods, the parr phase
(47 days; 19th December – 04th February); the smoltification
phase, which started on the 5th of February and lasted 10 days;
and the full seawater transfer stage that started on the 14th
February until the end of the nutritional assay. In the second
stage, fish from the nutritional trial were used in a bacterial
challenge in order to test whether the tested MPLE diet
provided protection to the host in front of a pathogenic bacteria
responsible for furunculosis in salmonid fish.

Diets
Table 1 describes the ingredient list and proximate composition
of the two experimental diets used in the current study. Diets
were named as control and MPLE, and only differed in the
level of inclusion of the MPLE obtained from S. officinalis and
L. citriodora, which was 0.1% in the MPLE diet. The tested
phytogenic was provided by NATAC Biotech SL and obtained as
described in Salomón et al. (2020). The proximate composition
of tested MPLE was: 73% carbohydrates, 2% crude lipids, <1%
crude proteins, 5% salts and 4% water. In terms of phytogenic
bioactive compounds, the MPLE contained: 10% ursolic acid

TABLE 1 | List of ingredients and proximal composition of experimental diets;
control and a basal diet supplemented with MPLE tested in Atlantic salmon
(Salmo salar).

Ingredients, % Control diet MPLE diet

Fishmeal LT70 17.5 17.5

Soy protein concentrate 20.0 20.0

Fish protein concentrate 2.5 2.5

Wheat gluten 9.0 9.0

Corn gluten 5.0 5.0

Faba beans 5.0 5.0

Wheat meal 16.23 16.13

Fish oil 12.0 12.0

Vitamin and mineral premix 1.0 1.0

Soy lecithin 0.5 0.5

Vitamin C35% 0.07 0.07

Monocalcium phosphate 3.0 3.0

Rapeseed oil 7.0 7.0

Betaine HCI 1.0 1.0

DL-Methionine 0.2 0.2

MPLE – 0.10

Proximate composition

Crude protein, % 40.03 40.02

Crude fat, % 22.15 22.15

Fiber, % 1.75 1.74

Starch, % 13.02 12.93

Ash, % 8.74 8.89

Gross energy, MJ/kg 21.60 21.58
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(100 ppm), 3% other triterpenic compounds (30 ppm), 2%
verbascoside (60 ppm) and <1% polyphenols (<10 ppm). Diets
were manufactured by Sparos Lda (Olhão, Portugal). All powder
ingredients were mixed accordingly to the target formulation
in a double-helix mixer (model 500L, TGC Extrusion, France)
and ground (below 400 µm) in a micropulverizer hammer
mill (model SH1, Hosokawa-Alpine, Germany). Diets (pellet
size: 2 and 3 mm) were manufactured with a twin-screw
extruder (model BC45, Clextral, France) with a screw diameter of
55.5 mm. Extrusion conditions: feeder rate (80–85 kg/h), screw
speed (247–266 rpm), water addition in barrel 1 (345 ml/min),
temperature barrel 1 (32–34◦C), temperature in barrel 2 (59–
62), and temperature barrel 3 (111–114◦C). Extruded pellets
were dried in a vibrating fluid bed dryer (model DR100, TGC
Extrusion, France). After cooling, oils were added by vacuum
coating (model PG-10VCLAB, Dinnissen, Netherlands). Coating
conditions were: pressure (700 mbar); spraying time under
vacuum (approximately 90 s), return to atmospheric pressure
(120 s). Feeds were stored at 4◦C during the experimental period
(133 days) in order to prevent their oxidation.

Fish and Experimental Design
Unvaccinated Atlantic salmon parrs (n = 1,550) were purchased
from SARL SALMO (Gonneville-Le Thiel, France) and
transported by road to IRTA-Sant Carles de la Ràpita research
facilities (Sant Carles de la Ràpita, Spain). Once there, parrs
were acclimated in two 2,000-L tanks connected to an open-flow
system (12.0 ± 1.5◦C) for 2 weeks under natural photoperiod
and fed ad libitum a commercial feed (T2-2 Royal Optime,
Skretting; proximate composition: 44% crude protein; 21% crude
fat; 6.9% crude ash; 2.9% crude fiber).

Before the onset of the nutritional trial, parrs (n = 696) were
gently anesthetized (50 mg L−1 tricaine methane sulfonate. MS-
222, Sigma-Aldrich, Madrid, Spain) and individually measured in
body weight (BW) and standard length (SL) to the nearest 0.1 g
and 1 mm, respectively. Fish (55.0 ± 0.1 g and 16.2 ± 0.2 mm
in BW and SL, respectively) were distributed among twelve
experimental tanks (n = 58 fish per tank; 6 replicate tanks
per experimental diet). Both experimental diets were offered to
parrs at a daily feeding rate of 3.0% of the stocked biomass as
described in Salomón et al. (2021b). In addition, feed utilization
was evaluated by the following formula: feed conversion ratio
(FCR) = feed intake (g)/increase of fish biomass (g).

During the parr phase that lasted 47 days, rearing conditions
were as follows: water temperature and pH (pH meter 507; Crison
Instruments, Barcelona, Spain), salinity (MASTER-20T; ATAGO
Co., Ltd., Tokyo, Japan), and dissolved oxygen (OXI330; Crison
Instruments) were 12.2 ± 1.0◦C, 7.4 ± 0.3 and 9.4 ± 0.8 mg L−1

(mean ± SD), respectively. The water flow rate in experimental
tanks was maintained at approximately 9.0 L min−1 (open-flow
system), which guaranteed two full tank’s water renewal per hour.
Photoperiod was 8 h light: 16 h darkness.

Smoltification started on the 5th of February and lasted
10 days. During this period, water salinity was increased
progressively at ca. 3 ppt per day until reaching 35 ppt using
filtered seawater according to SARL SALMO recommendations.
Water temperature, pH, and oxygen levels during this period

were 12 ± 0.1◦C, 7.4 ± 0.3 and 9.6 ± 0.2 mg L−1. The
photoperiod during the smoltification period was 24 h light,
0 h darkness. Once fish were transferred to seawater 14th
February, water quality and temperature were maintained by
means of a water recirculation system (IRTAmar R©; Spain) that
maintained adequate water quality through UV, biological, and
mechanical filtration. Water quality parameters during the rest
of the trial were 12.1 ± 0.2◦C, 7.4 ± 0.3 and 9.5 ± 0.2 mg
L−1. Ammonia and nitrite were ≤0.07 and 0.14 mg L−1,
respectively. Ammonia and nitrites were measured twice per
week by means of a portable spectrophotometer (LOVIBOND
MD600, Tintometer GmbH, Germany) using the Vario Ammonia
Salicyklate F 10 mL (Tintometer GmbH, Germany) and Nitriver R©

3 Nitrite reagent (Permachem R© Reagent, HACH Lange, GmbH)
assays. The photoperiod during the smolt stage was 24 h light:
0 h darkness. The illumination system for the smolt phase
consisted of a led illumination system (Celer, Spain) with a light
temperature of 4.000 K and light intensity of 1.540 lumens. At the
end of the trial, all fish were netted, anesthetized with MS-222 as
previously described and individually weighted.

Pathogenic Bacterial Challenge
At the end of the nutritional trial, smolts fed both diets were
exposed to a bacterial challenge with the causative agent of
furunculosis (A. salmonicida subsp. salmonicida). The internal
coding for this pathogenic bacterial strain is IRTA-17-44, a strain
available for courtesy of HIPRA (Amer, Spain). In brief, the
bacterial inoculum was grown on TSA at 23.0 ± 1.0◦C for 48 h.
The inoculum was prepared to an optical density (OD) = 1.2
measured at λ = 550 nm, which corresponded to 1 × 108 CFU
mL−1. The bacterial suspension was ten-fold serially diluted in
sterile PBS to prepare the desired inoculum density, which was
confirmed by CFU’s plate counting. Prior to the challenge trial,
the lethal dose of 50% (LD50) for A. salmonicida was determined
for the experimental conditions established. For this purpose,
thirty smolts (n = 10 per dose) were intraperitoneally injected
(0.2 mL) at three different concentrations of the pathogenic
bacteria (1 × 106, 1 × 107 and 1 × 108 CFU mL−1). Ten
additional fish were injected with PBS as methodological control.
The LD50 was established at 1 × 107 CFU mL−1 (data not
shown). For the challenge trial, 32 Atlantic salmon smolts
(BW = 194.0± 29.1 g) per each dietary treatment were randomly
distributed1 into quadruplicate tanks (4 tanks per dietary
treatment), with eight fish per tank (stocking density = 14–
16 kg m−3). During the acclimation period (5 days), fish were
fed ad libitum with the same experimental diets used in the
nutritional assay. After acclimation, fish were anesthetized and
IP injected with 0.2 mL of 107 CFU/mL of A. salmonicida (IRTA-
17-44).

Both the establishment of the A. salmonicida LD50 and the
challenge trial were performed at IRTA’s biosafety challenge
room, in 32 cylindrical tanks (100 L) connected to a RAS unit
(IRTAmar R©) equipped with real-time control of oxygen and
temperature, mechanical filtration, biofiltration, and ultraviolet
disinfection of the water. The outflow water was chlorinated,

1https://www.randomizer.org
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followed by ozone treatment before being discharged. Water
quality conditions in terms of temperature and salinity were
13.1± 1.1◦C and 32.3± 0.4 ppt, respectively. Mortality occurring
after the first 12 h post-injection (hpi) was considered to be
induced A. salmonicida rather than handling stress, since no
mortality was found in the control group injected with PBS.

During the duration of the challenge (12 days), smolts were
supervised every 2 h, six times per day, including weekends.
Following the ethical guidelines for the use of animals in research,
when fish became moribund, they were euthanized with an
overdose of MS-222 (>150 mg L−1). At the end of the challenge,
all fish were sacrificed following the same procedure. A species-
specific PCR (Beaz-Hidalgo et al., 2008) was performed from
DNA of bacterial colonies recovered from head kidney smears of
all moribund fish in order to confirm the cause of death. For this
purpose, animals were aseptically dissected and a sample from the
head kidney was taken and plated on TSA, incubated at 23◦C for
72 h. Confluent pure bacterial growth was found from all samples,
from which A. salmonicida was confirmed by means of PCR as
described in Salomón et al. (2021b).

Transcriptional Analysis
RNA Isolation and Quality Control
At the end of the nutritional assay, three fish from each tank
(n = 18 fish per diet) were sacrificed with an overdose of MS-
222 (>150 mg L−1). Then, head kidney was removed and fixed
in RNAlater R© (Sigma-Aldrich, Sant Louis, MO, United States),
incubated overnight (4◦C), and stored at−80◦C. Total RNA from
the head kidney of individual fish was extracted using TRI reagent
(Sigma-Aldrich, Sant Louis, MO, United States) following
the guidelines provided by the manufacturer. Total RNA
concentration and purity were quantified using a Nanodrop-
2000 R© spectrophotometer (Thermo ScientificTM, United States)
and stored at −80◦C for further analysis. To check RNA
integrity, samples were diluted (133.33 ng µL−1) and the RNA
Integrity Number (RIN) determined by means of an Agilent 2100
Bioanalyzer (Agilent Technologies, Spain). Only samples with a
RIN value higher than 8.5 were selected for further microarray
analysis. For each dietary group, we used for microarray analysis
three head kidney pooled samples. Each pool consisted of one fish
from each tank replicate (n = 18 fish per dietary group); thus, data
regarding individual variability was lost with this analysis.

Microarray Design and Analysis
Gene expression analysis from head kidney samples was
performed using the custom-commercial Salmo salar
oligonucleotide microarray platform (AMADID 084881;
Gene Expression Omnibus (GEO) access number: GPL28080;
Agilent Technologies, United States). Data from this study are
available in the GEO accession number GSE184485.

RNA handling and the microarray analysis of samples
were conducted as described by Salomón et al. (2021b).
Total RNA (200 ng) was reverse transcribed (Agilent One-
Color RNA spike-in kit; Agilent Technologies) and used as
a template for Cyanine-3 (Cy3) labeled cRNA synthesis and
amplification (Quick Amp Labeling kit, Agilent Technologies).
The RNeasy micro kit (Qiagen) was used for cRNA purification.

Dye incorporation and cRNA yield were checked with the
NanoDrop ND-2000 R© spectrophotometer. Then, Cy3-labeled
cRNA (1.5 mg) with specific activity >6.0 pmol Cy3/mg cRNA
was fragmented (60◦C, 30 min), and then mixed with the
hybridization buffer and hybridized to the array (ID 084881,
Agilent Technologies) at 65◦C for 17 h (Gene expression
hybridization kit; Agilent Technologies). The microarray was
washed as indicated by the manufacturer (Gene expression
wash buffers; Agilent Technologies), followed by the application
of stabilizing and drying solutions (Agilent Technologies).
Microarray slides were scanned (Agilent Technologies Scanner,
model G2505B) and spot intensities and other quality control
features were extracted with Agilent’s Feature Extraction software
version 10.4.0.0 (Agilent Technologies). Quality reports were
checked for each array. The identification of differentially
expressed genes was done as described by Reyes-López et al.
(2015). Data processing and mining were performed by means
of the package STARS (NOFIMA, Norway) (Krasnov et al.,
2011). Lowess normalization of log2-expression ratios (ER)
was performed after removing the low-quality spots formerly
identified. The selection of differentially expressed genes (DEGs)
was done considering the difference between both diets following
an unpaired t-test (P < 0.05).

Functional Network Analyses: Transcripteractomes
The transcripteractome analysis was conducted according to
Reyes-López et al. (2021) using the Search Tool for the Retrieval
of Interacting Genes (STRING) public repository version 10.02

(Szklarczyk et al., 2019). A protein-protein interaction (PPI)
network for DEGs was done with a high-confidence interaction
score (value = 0.4). The mechanisms of response in which DEGs
are involved were obtained from a comparative analysis using
Homo sapiens as a reference organism. Thus, an H. sapiens
acronym was assigned based on S. salar transcript annotation
using Uniprot (2019) and Genecards (Stelzer et al., 2016)
databases. When genes with no annotation match were found
for Atlantic salmon, we assigned an orthologue H. sapiens Entrez
Gene based on the homology between sequences using the best
tBlastX (NCBI) hit. Matches with at least E value ≤ 1e−10 were
only considered, whereas the Uniprot and Genecards databases
were used to confirm the match of the gene acronym tag
between both species. Gene ontology (GO) pathway enrichment
analysis for biological processes (GO_BiologicalProcess-EBI-
UniProt-GOA-ACAP-ARAP_10.11.2020_00h00) was obtained
using ClueGO v2.5.7 (Bindea et al., 2009) through Citoscape
3.8.2 (Shannon et al., 2003). The enrichment and depletion
of GO categories (two-sided hypergeometric test; P < 0.05)
using the Benjamini-Hochberg correction. Furthermore, a GO
Fusion was run in order to avoid redundant terms with a Kappa
Score Threshold of 0.4 in order to propose more stringent
GO terms associated to the mechanism of response for the
MPLE diet. GO terms grouping was performed when the sharing
group’s percentage was above 50 (P < 0.05). The statistically
significant GOs obtained from the enrichment analysis were
assigned to each one of the nodes represented in the functional

2https://string-db.org
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network. The ClueGo v2.5.7 a Cytoscape plug-in was used for
visualizing nodes classified in different clusters based on their
functionality. Hub genes of PPI networks were calculated by
Cytoscape plug-in, cytoHubba (version 0.1), predicted the top
10 nodes using analysis algorithms including Maximum Clique
Centrality (MCC; Chin et al., 2014).

Ethics Statement
Experimental procedures were conducted following the
Guiding Principles for Biomedical Research Involving Animals
(EU2010/63) and the guidelines of the Spanish laws (law 32/2007
and RD 1201/2015) and authorized by the Ethical Committee of
IRTA (FUE-2020-01314717).

Statistics
Data in terms of somatic growth performance was compared
between the control and the MPLE diets by means of a t-test
(P < 0.05). Regarding the bacterial challenge, mortality rates
were registered in both groups and data were depicted using
Kaplan–Meier survival curves (Kaplan and Meier, 1958). Survival
rates were calculated using the Mantel–Cox log-rank test. All
the statistical analyses were conducted using SPSS for Windows R©

(version 15.0, SPSS Inc., Chicago, IL, United States). The
Heatmapper server was used for constructing the hierarchical
heatmap of DEGs (Babicki et al., 2016).

RESULTS

Survival and Growth Performance
At the end of the study, no significant differences in survival
were found between Atlantic salmon smolts fed the control
(98.9 ± 1.9%) and MPLE (99.4 ± 1.3%) diets (P > 0.05). Smolts
fed the MPLE diet (271.5 ± 7.9 g) were 11.5% heavier than those
fed the control diet (240.2 ± 19.3 g) (P < 0.05). Values of FCR
were lower in fish fed the 0.1% MPLE diet (1.08 ± 0.05) than in
those fed the control diet (1.27± 0.08) (P < 0.05).

Head Kidney Transcriptomic Results
A total of 1,178 DEGs were found in the head kidney of smolts
fed the MPLE diet compared to the control group (Figure 1). The
complete list of DEGs may be found in Supplementary Table 1.
Most of the upregulated genes (n = 523) were found within
the 0.8 < log2 absolute fold-change (| log2 FC|) < 1.4 interval.
In addition, 243 genes were identified in the 1.4 < | log2 FC|
< 2.5 interval, 35 transcripts in the 2.5 < | log2 FC| < 5.0,
and only one single gene in the | log2 FC| > 5.0. Regarding
downregulated genes, 289 transcripts were found in the 0.8 < |
log2 FC| < 1.4 interval; other 76 transcripts were grouped in
the 1.4 < | log2 FC| < 2.5 interval, whereas only 11 DEGs
were included in the 2.5 < | log2 FC| < 5.0 expression interval.
The detailed analysis of gene absolute log2 fold-change (| log2
FC|) revealed that genes were mostly upregulated in fish fed
the MPLE diet (68.1% of DEGs), while its gene modulation was
moderate in terms of FC intensity (Figure 1A). Results from
the PCA are shown in Figure 1B, whereas those related to the

hierarchical clustering heatmap of DGEs from both diets are
depicted in Figure 1C.

Enrichment Analyses and
Transcripteractome Results
The analysis of the transcripteractome showed the presence
of thirty-four clusters (Table 2). The complete list of them is
detailed in Supplementary Table 2. Among them, eleven clusters
were identified with only one-single node, four clusters were
constituted by two nodes, four clusters by three nodes, and
four clusters by four nodes (Figure 2). Only one cluster was
identified composed by five (GO:0042770: “signal transduction
in response to DNA damage”), six (GO:0007492: “endoderm
development”), seven (GO:0071901: “negative regulation of
protein serine/threonine kinase activity”), and nine nodes
(GO:0043122: “regulation of I-kappaB kinase/NF-kappaB
signaling”). Other seven clusters contained more than ten nodes,
including the “activation of cysteine-type endopeptidase activity
involved in apoptotic process” (GO:0006919; eleven nodes),
“response to organonitrogen compound” (GO:0010243; eleven
nodes), “leukocyte activation involved in immune response”
(GO:0002366; thirteen nodes), “intracellular signal transduction”
(GO:0035556; thirteen nodes), “Autophagy” (GO:0006914;
sixteen nodes). Importantly, two clusters registered more
than thirty nodes including the “regulation of DNA-binding
transcription factor activity” (GO:0051090; thirty-seven nodes),
and the “actin filament organization” (GO:0007015; forty-one
nodes) (Figure 2).

Through plugin cytoHubba in Cytoscape software, we
evaluated the degree and betweenness centrality in the PPI
network and screening the hub genes. Thus, the top ten hub
genes with a high level of correlation for the selected clusters
related to immunity and obtained from the enriched biological
functions were selected for further consideration. From the
“Antigen processing and presentation of peptide antigen via
MHC class II”, we identified six upregulated transcripts (hla-
dqa1, cd74, ctsl, ctsd, kif23, dync1li2) and four downregulated
hub genes (klc1, hla-dmb, kif2a, sptbn2) (Figure 3A). Considering
the cluster “Interferon-gamma-mediated signaling pathway”,
among the top 10 hub genes, six transcripts were upregulated
(camk2α, hla-dqa1, trim21, trim22, med1, trim68), and four of
them downregulated (jak1, jak2, tp53bp1, ncam1) (Figure 3B).
For the cluster “Regulation of I-kappaB kinase/NF-kappaB
signaling”, we identified five upregulated transcripts (notch1,
cebpb, smad3, sirt1, cd40), and five others were downregulated
(gapdh, jak2, spi1, smad4, brd4) (Figure 3C). Considering the
cluster “Leucocyte activation involved in immune response”,
most of the hub genes were upregulated (fn1, notch1, grb2,
rac2, rdx, ezr, smad3, abl1) compared to the two downregulated
hub genes (actb, jak2) (Figure 3D). Regarding the cluster
“Cytoskeleton organization”, seven hub genes were upregulated
(fn1, notch1, itgb4, itgb5, itga11, col2a1, col4a5), and three
downregulated (actb, gapdh, itga10) (Figure 3E). Considering
the cluster “Regulation of cellular protein metabolic process”,
just three genes were upregulated (fn1, irs1, sirt1), whereas
seven genes showed a downregulation (actb, gapdh, jak2, ptpn1,
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FIGURE 1 | Differential expression analysis of the Atlantic salmon (S. salar) head kidney transcriptomic response to MPLE diet. (A) Distribution (pie-chart) of the
differential expressed genes (DEGs) obtained from the microarray-based transcriptomic analysis response fed a diet supplemented with phytochemicals from sage
and lemon verbena. Absolute log2 fold-change (log2 FC) indicates the magnitude interval of response. (B) Principal component analysis (PCA) of the DEGs for the
Atlantic salmon head kidney in response to the control (purple node) and phytogenic-supplemented diet (green node). (C) Hierarchical clustering of the Atlantic
salmon head kidney transcriptomic response for the control and MPLE diet, based on similitude patterns of the DEGs detected from three sample pools per dietary
group. Data of the six microarrays are depicted. The normalized intensity values (log2) obtained for each microarray analyzed for control (replicate 1, 2, and 3) and
MPLE group (replicate 1, 2, and 3) are shown.

jak1, smad4, insr) (Figure 3F). The “Cellular biosynthetic
process” cluster showed also ten hub genes. From them, seven
genes were upregulated (rps6, rpl19, rpl26, rpl12, rps7, rps17,
dock4), and three of them were downregulated (rps10, rpl3l,
eef1d) (Figure 3G). For the GO “Autophagy,” five genes were
upregulated (sirt1, prkaa2, slc38a9, trim21, abl1), and other
five genes were downregulated (gapdh, ube2v1, ube2n, tp53bp1,
gba) (Figure 3H).

Bacterial Challenge Test
Results regarding the Kaplan-Meier survival rates curves of
Atlantic salmon smolts injected intraperitoneally with A.

salmonicida (1 × 107 UFC mL−1) showed significant differences
between the control and MPLE diets (Figure 4; P < 0.05). Smolts
fed the MPLE diet showed higher survival rates (90.6 ± 6.4%,
mean ± standard deviation) compared to those smolts fed the
control diet (60.7± 13.5%).

DISCUSSION

Nowadays, transcriptome-based functional network analyses
on teleost fish fed functional feeds have gained attention,
since they provide further insight into the mode of action
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TABLE 2 | List of the 34 total clusters related to representative biological processes identified by the transcripteractome in Atlantic salmon smolts fed the MPLE diet.

Cluster term % Terms per group No. GO No. Genes

Actin cytoskeleton organization 18.98 41 300

Cellular biosynthetic process 17.13 37 556

Autophagy 7.41 16 230

Regulation of cellular metabolic process 6.02 13 407

Leukocyte activation involved in immune response 6.02 13 171

Response to organic substance 5.09 11 184

Activation of cysteine-type endopeptidase activity involved in apoptotic process 5.09 11 155

Regulation of I-kappaB kinase/NF-kappaB signaling 4.17 9 130

Negative regulation of protein serine/threonine kinase activity 3.24 7 178

Endoderm development 2.78 6 49

Signal transduction in response to DNA damage 2.31 5 38

Intracellular signal transduction 1.85 4 215

Regulation of histone methylation 1.85 4 32

Cytoskeleton organization 1.85 4 307

Regulation of intracellular steroid hormone receptor signaling pathway 1.85 4 79

Regulation of viral life cycle 1.39 3 24

Positive regulation of cell death 1.39 3 93

Regulation of cellular protein metabolic process 1.39 3 373

Positive regulation of neuron death 1.39 3 26

Sphingolipid metabolic process 0.93 2 18

Regulation of cellular protein localization 0.93 2 40

Carbohydrate derivative metabolic process 0.93 2 50

Chondrocyte differentiation 0.93 2 21

Protein localization to nucleus 0.46 1 22

Maintenance of protein location 0.46 1 11

Actin cytoskeleton reorganization 0.46 1 11

Regulation of cell shape 0.46 1 14

Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 0.46 1 12

Antigen processing and presentation of peptide antigen via MHC class II 0.46 1 11

Cell-cell adhesion 0.46 1 56

Hepaticobiliary system development 0.46 1 15

Stem cell differentiation 0.46 1 21

Interferon-gamma-mediated signaling pathway 0.46 1 10

Negative regulation of transcription by RNA polymerase II 0.46 1 52

of zootechnical additives with immunomodulatory properties
on the host (Firmino et al., 2021a; Reyes-López et al., 2021;
Salomón et al., 2021a,b). In this sense, this study was performed
to gain insight into the potential immunomodulatory, disease
resistance, and other biological effects of a phytogenic feed
additive obtained from sage and lemon verbena in Atlantic
salmon smolts. These bioactive compounds were chosen due to
their health and growth-promoting properties in aquatic species
(Elumalai et al., 2020; Salomón et al., 2020, 2021a) and screened
as a potential additive for a functional feed in order to promote
host’s immunity and enhance disease resistance. In this context,
we found that the inclusion of MPLE at 0.1% in Atlantic salmon
smolts exerted a positive effect on somatic growth, being fish fed
the diet containing the MPLE 11.5% heavier than the control
group. Similar results have been observed in higher vertebrates
(Corino et al., 2007; Pastorelli et al., 2012; Casamassima et al.,
2013) and in fish species like gilthead sea bream fed the same
feed additive (Salomón et al., 2020) and other species like

rainbow trout or beluga fed functional diets containing sage
and/or lemon verbena phytogenics (Sönmez et al., 2015; Dadras
et al., 2020). These findings might be partially attributed to the
potential effects of triterpenoid compounds, such the ursolic acid,
which has been reported to promote muscular growth by the
hypertrophy of muscular fibers in mice (Kunkel et al., 2012) and
rainbow trout (Fernández-Navarro et al., 2006). Furthermore,
the growth-promoting effects of polyphenolic compounds like
verbascoside present in L. citriodora have also been observed
in several studies (Corino et al., 2007; Pastorelli et al., 2012;
Casamassima et al., 2013).

Regulation of Cellular Protein Metabolic
and Cytoskeleton Organization
The transcripteractome results showed the enrichment of
the biological processes related to “Regulation of cellular
protein metabolic process (GO:0031323)”, “Positive regulation
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FIGURE 2 | Functional enrichment network analysis for biological processes based on the total number of differential expressed genes (DEGs) in head kidney of
Atlantic salmon smolts fed the MPLE-supplemented diet. Each node represents a specific enriched biological process from the total number of DEGs. Each color
indicates a cluster of closely related biological processes. The lines into the cluster indicated a closed relationship between biological processes. The details of each
node are shown in Supplementary Table 2.

of metabolic process (GO:0009893)”, and “Regulation of
catabolic process (GO:0009894)”. The identification of the above-
mentioned biological processes in the head kidney of smolts fed
the functional diet may be attributed to their higher somatic
growth performance, which in turn may increase the metabolism
of the body, and in particular, that of this lymphoid tissue (Shved
et al., 2011; Khansari et al., 2017), as different gene expression
patterns between both dietary groups indicated. For instance,
among several hub genes identified by the cytoHubba analysis
tool (Chin et al., 2014), sirt1 was one of the hub genes that showed
upregulation in the cluster named “Regulation of cellular protein
metabolic”. In mammals, its protein product (Sirtuin 1) play a
vital role in metabolism as a mediator of endocrine function of
several hormones modulating energy balance (Quiñones et al.,
2014). Thus, our results are also in accordance with those of
Lagouge et al. (2006) and Milne et al. (2007), who reported
an upregulation of sirt1 due to the dietary administration of
resveratrol, a natural polyphenol found in several plants; results
that confirmed the role of sirtuin 1 as key regulator of energy and
metabolic homeostasis. Other hub genes related to “Regulation
of cellular protein metabolic” process were the insulin receptor

substrate 1 (irs1) and insulin receptor (insr), both transcripts were
upregulated in the head kidney of smolts fed the MPLE diet. Their
protein products are known as insulin receptor substrates, which
are mediators of insulin signaling, and have a significant role in
maintaining growth and metabolic cell functions (Caruso and
Sheridan, 2011; Shved et al., 2011). This is relevant since insulin
plays a fundamental role in the regulation of somatic growth and
metabolism of all vertebrates (Hernández-Sánchez et al., 2006).
Thus, the upregulation of genes associated to insulin receptors
reinforces the hypothesis of a growth-promoting effect of the
tested MPLE in Atlantic salmon smolts.

The cytoskeleton is the cellular structure that helps cells
maintain their shape and internal organization; in particular,
it spatially organizes the contents of the cell; it connects the
cell physically and biochemically to the external environment;
and it generates coordinated forces that enable the cell to move
and change shape while providing cellular homeostasis and
survival (Fletcher and Mullins, 2010). In this sense, we found
the modulation of transcripts associated to the biological process
“Cytoskeleton organization (GO:0007010)”. Interestingly, several
genes related to cell structure and morphogenesis (extracellular
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FIGURE 3 | Hub genes in each of the cluster terms identified from the enriched biological functions in the head kidney of Atlantic salmon smolts fed the MPLE
supplemented diet. The principal cluster shows the ten-hub genes and the closest neighbor’s genes for each network. The color intensity from yellow to red (i.e.,
yellow, orange, red) represents the degree of the hub gene (i.e., the relevance degree) in each network, being red those most relevant hub genes. (A) Antigen
processing and presentation of peptide antigen via MHC class II. (B) Interferon-gamma-mediated signaling pathway. (C) Regulation of I-kappaB kinase/NF-kappaB
signaling. (D) Leucocyte activation involved in immune response. (E) Cytoskeleton organization. (F) Regulation of cellular protein metabolic process. (G) Cellular
biosynthetic process. (H) Autophagy.

matrix and cytoskeleton) presented a higher expression level
in fish fed the MPLE-supplemented diet. Among the structural
genes, several components of the extracellular matrix and
cytoskeleton organization were upregulated in fish fed the
MPLE diet, including genes of the integrin family (itgb4,
itgb5, itga10, itga11) and fibronectin (fn1). In this context,
itgb4, itgb5, itga10 and itga11 were identified as hub genes.
Integrins link the extracellular matrix to the cytoskeleton,
regulating signal transduction pathways intracellularly (Hynes,
2002). Furthermore, integrins also participate in the immune
response (Han et al., 2016). Particularly, the upregulation of fn1,

FIGURE 4 | Results of the bacterial challenge conducted in Atlantic salmon
smolts intraperitoneally injected with 107 CFU mL−1 of A. salmonicida.
Kaplan-Meier (KM) survival curves (%) for Atlantic salmon smolts
intraperitoneally injected with A. salmonicida subsp. salmonicida (107 CFU
mL−1) during the 12 days challenge trial period. Data correspond to the
mean ± standard error (4 replicates tanks per experimental diet; n = 8 fish per
tank).

whose protein product (Fibronectin 1) is an important acute
phase protein required for the protection and repair of the
extracellular matrix (Jessen, 2015). Even more interesting, it has
been shown that there is an interaction between fibronectin and
integrins, which may induce cytoskeleton reorganization, focal
adhesion formation, and importantly, cell-generated tension to
unfold cryptic fibronectin, which is critical for fibronectin matrix
assembly (Xu and Mosher, 2011).

Immunomodulatory Effects of the
Dietary Medicinal Plant Leaf Extract
The GO enrichment analysis of all DEGs indicated that
the biological processes related to immunity in smolts were
significantly modulated by the tested phytogenics in the head
kidney, which were consistent with previous results on this
additive at systemic and local levels (Salomón et al., 2020,
2021a). This organ undertakes immune functions similarly
to the mammalian bone marrow, i.e., hematopoiesis (Tort,
2011). In addition, the head kidney in fish is a basic organ
forming blood elements; thus, it is potentially useful for
identifying new immune-related genes (Gerdol et al., 2015). The
immunomodulatory action at cellular and humoral levels of the
tested phytogenic in the head kidney of Atlantic salmon smolts is
further discussed as follows.

Antigen Processing and Presentation of Peptide
Antigen via MHC Class II
Diet supplemented with MPLE modulated several biological
processes related to immune effector cells in Atlantic salmon
smolts. One of them was the cluster “Antigen processing and
presentation of peptide antigen via MHC class II (GO:0002495)”.
Antigen processing and presentation are essential for triggering
cellular and humoral immune responses, which are mediated
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by T and B lymphocytes (Vyas et al., 2008). Thus, one of the
major functions of MHC Class II molecules is presenting antigens
derived from extracellular proteins for their recognition by CD4+
T cells, being critical for the initiation of the antigen-specific
immune response (Yagamuchi and Dijkstra, 2019). Furthermore,
the α-and β-chain of MHC class II molecules are synthesized
in the endoplasmic reticulum and associated with the class
II invariant chain (also known as CD74) for proper folding,
trafficking, and providing protection of the antigen-binding
groove (Bryant and Ploegh, 2004). In our study, cd74 was
upregulated in fish fed the MPLE-supplemented diet. This gene
is a cell-surface receptor for the cytokine known as macrophage
migration inhibitory factor (MIF), which plays a specific role
as an important component in the functional presentation of
MHC class II restricted antigens (Gil-Yarom et al., 2017; Wang
et al., 2017). Similar results regarding cd74 expression were
observed in virus-challenged Atlantic salmon, results that were
correlated to an increased resistance to pancreas disease caused
by salmonid alphavirus (Hillestad et al., 2020). In addition,
several other genes like hla-dqa1, ctsl, ctsd, kif23, and dync1li2
were upregulated in the cluster associated to this biological
process. The major histocompatibility complex, class II, DQ
alpha 1 (hla-dqa1), which is one of the MHC Class II family
members was one of the upregulated hub genes involved in the
above-mentioned cluster. This gene plays a central role helping
the immune system to distinguish the host’s own proteins from
proteins made by viruses and bacteria (Lipton et al., 2011).
This is of special relevance since proteins produced by the
MHC class II are presented to the immune system, and if the
immune system recognizes these peptides as foreign, it triggers
a response to attack the invading viruses or bacteria (Mack et al.,
1999). Furthermore, other hub genes like those belonging to the
cathepsin family were also differentially transcribed between both
experimental groups. This family of proteins are known to play
important roles in antigen processing and presentation through
the MHC II complex, being involved in adaptive immune
responses (Conus and Simon, 2010). Under present experimental
conditions, two cathepsins (ctsd, ctsl) were upregulated in smolts
fed the phytogenic-supplemented diet. Cathepsin D (ctsd) is a
lysosomal endoproteolytic aspartic proteinase that is involved in
the presentation of antigenic peptides (Deussing et al., 1998),
among other functions (Benes et al., 2008). It has also been
shown that deficiency in cathepsin D may cause a delay in
the innate immune response during both bacterial infection
and septic shock (Cha et al., 2012). Similar to cathepsin D,
cathepsin L is also described to be important in the innate
response of teleost, playing key roles in host immune defense via
the antigen processing and presentation, through the MHC II-
associated presentation and regulation of CD4+ T lymphocyte
(Chen et al., 2020). Therefore, our data indicated that the
regulation of several genes related to the antigen processing
and presentation of peptide antigen via MHC class II pathway
suggested that the tested phytogenics might be involved in
the regulation of lymphocytes activity trough above-mentioned
hub genes; thus, suggesting the stimulation of both innate and
adaptive immune responses.

Interferon Gamma Mediated Signaling Pathway and
Autophagy
As it was previously discussed, the dietary administration of
MPLE modulated the biological process linked to “Antigen
processing and presentation of peptide antigen via MHC class
II”. Interestingly, interferon gamma (IFN-γ) signaling has been
shown to influence the entire process of antigen processing
and presentation by inducing MHC class II; thus, contributing
to immunity through the enhancement of pathogen-specific T
cell responses (Decker et al., 2005). IFN-γ is mainly produced
by activated T cells, natural killer cells, and antigen-presenting
cells and it acts on many types of immune cells, regulating
both innate and cell-mediated immune responses (Araki et al.,
2013). Thus, IFN-γ plays critical roles not only in orchestrating
both innate and adaptive immune responses against viruses
and bacteria, but also in promoting inflammation (Zou and
Secombes, 2011). Although, the activities mediated by this
molecule are well known in mammals, several aspects of the
IFN-γ system in teleosts remain a riddle to scientists (Pereiro
et al., 2019). Recently, Hu et al. (2021) have demonstrated that
the number of IFN-γ producing cells increased in rainbow trout
challenged with A. salmonicida, results that were associated to an
enhanced immune protection. These results may be of particular
relevance under the present experimental condition, since
Atlantic salmon smolts fed the MPLE diet showed higher survival
rates (90.6 ± 6.4%) in comparison to those fed the control diet
(60.7 ± 13.5%). Furthermore, another hub gene of relevance
found in this biological process is the calcium/calmodulin-
dependent protein kinase II alpha (camk2α). This gene is
involved in the production of cytokines such interleukin-6,
tumor necrosis factor-α and interferons in macrophages (Liu
et al., 2008). In addition, the interaction between two other
hub genes such janus kinase 1 (jak1) and janus kinase 2 (jak2)
are required for association with the IFN-γ receptor chains
and downstream signaling. Jak kinase function encompassed
components of diverse signal transduction pathways that govern
cellular survival, proliferation, differentiation, and apoptosis
(Rane and Reddy, 2000; Yamaoka et al., 2004), being involved
from disease resistance to maintaining immune tolerance
(Villarino et al., 2015).

Another biological process that was modulated by the
tested feed additive is “Autophagy” (GO:0006914), which is
also modulated by IFN-γ (Pereiro et al., 2019). Autophagy
is a highly conserved pathway that plays an important role
in cellular physiology, adaptive responses to stress, and the
immune response (Kuballa et al., 2012). Autophagy as a defense
mechanism in teleost in front of intracellular bacterial and viral
infections has been well documented (Meijer and van der Vaart,
2014; Pereiro et al., 2017, Yin et al., 2021). In this way, our
results showed that “Autophagy (GO:0006914)” was regulated in
the head kidney of the Atlantic salmon fed with the functional
diet. According to the existing literature, studies have reported
that autophagy as well as IFN-γ play a specific role against
opportunistic pathogens such as Aeromonas spp. in farmed fish
(Pereiro et al., 2016; Yin et al., 2021); thus, opening the possibility
to understanding and relating our results to the increase in
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disease resistance obtained from the bacterial challenge. For
instance, Pereiro et al. (2016) reported a reduction in mortality
in turbot (Scophthalmus maximus) when they were challenged
with A. salmonicida. These results were attributed to the effect
of IFN-γ in bacterial infections, and the participation of this
protein in the inflammatory response (Pereiro et al., 2016).
On the other hand, Yin et al. (2021) was able to demonstrate
the role of autophagy in grass carp (Ctenopharyngodon idella)
monocytes/macrophages, which lead to a promote innate defense
against Aeromonas hydrophila.

Regulation of I-kappaB Kinase/NF-kappaB Signaling
NF-κB is an important factor for the maintenance of the
immune homeostasis, by modulating the transcription of a
diverse group of genes involved in many biological processes such
as development, immunity, apoptosis, and cell differentiation
in different cell types such as B and T cells, monocytes,
chemokines, cytokines, among others (Dorrington and Fraser,
2019). In our study, we observed a modulation of the biological
process “Regulation of I-kappaB kinase/NF-kappaB signaling
(GO:0043122)”. This modulation is in line with a recent study
from our group, in which we demonstrated that a phytogenic feed
additive from the olive fruit (Olea europaea), with biochemical
and functional properties similar to MPLE, was also able to
modulate biological process such as “Regulation of I-kappaB
kinase/NF-kappaB signaling” (Salomón et al., 2021b).

Among the DEGs participating in this GO, the hub gene
notch receptor 1 (notch1) is of special relevance. NOTCH
proteins are transmembrane receptors of critical importance for
several biological functions (Shin et al., 2014). In particular,
notch1 upregulates the expression of the cytokine IFN-γ in
T cells through activation of NF-κB (Shin et al., 2014),
which highlights the connection between NF-κB and IFN-γ
biological processes. Moreover, we found another hub gene
which is involved in the regulation of the NF-κB pathway;
in particular, CCAAT enhancer-binding protein beta (cebpb)
was upregulated in the head kidney of Atlantic salmon smolts
fed the MPLE-supplemented diet. This gene has been well
documented in direct association with NF-κB, whose function
has been associated to the activation of pro-inflammatory
mediators, such as chemokines, being also involved in migration,
maturation, and activation of immune cells (Rebl et al., 2014).
Last but not least, it has been demonstrated that the hub gene
named cd40 and its protein product (TNF receptor superfamily
member 5), which is upregulated in our study, has been
shown to be capable of stimulating the NF-κB pathway, as
well as playing an essential role for the cooperation of T and
B cells in responses to protein antigens (Gong et al., 2009;
Hayden and Ghosh, 2014).

Leukocyte Activation Involved in Immune and B Cells
Signaling Response
A successful immune response involves the tight control of a
wide repertoire of processes such the leukocyte-mediated cells,
among others (Rieger and Barreda, 2011). Leukocyte activation is
mediated by several signaling pathways that interact to produce
changes in binding protein affinity on the surface of neutrophils

that mobilize the cytoskeleton for chemotaxis and phagocytosis,
ultimately triggering a respiratory burst and degranulation
(Rieger and Barreda, 2011). In our study, the “Leukocyte
activation involved in immune response (GO:0002366)” was
enriched. In this context, eight of the ten hub genes related to
leukocyte activation (fn1, notch1, grb2, rac2, rdx, ezr, smad3,
abl1) were upregulated. Similarly, a modulation of immune-
related GOs such as “Leukocyte activation involved in immune
response” were enriched in Atlantic salmon smolts fed a feed
additive AQUOLIVE R© as we mentioned above from a phytogenic
derived from olive (O. europaea) fruit with similar biochemical
and functional properties to the MPLE phytogenic tested in the
current study (Salomón et al., 2021b). For instance, notch1 a
gene we have previously discussed highlighting its connection
between NF-κB and IFN-γ as biological processes that have a
key role in the differentiation of granulocytes, macrophages, and
dendritic cells (Schroeder et al., 2003; Monsalve et al., 2009).
This is relevant since, granulocytes, macrophages, dendritic
cells, and B cells are recognized as a critical component of
the innate and adaptive immunity against pathogens (Secombes
and Wang, 2012). These results are in agreement with our
transcriptomic data, since biological processes like “Neutrophil
mediated immunity (GO:0002446)” and “Lymphocyte activation
involved in immune response (GO:0002285)” were also enriched.
In addition, we also found the upregulation of rac2 among hub
genes. In teleosts, RAC2 (Rac family small GTPase 2) is a member
of the Rho family that plays an important role in the host defense-
mediated neutrophil response, which is a critical first step in
innate immunity (Deng et al., 2011; Tell et al., 2012). Moreover,
loss of RAC2 activity has been shown to cause severe bacterial
infections and deficits in neutrophil function in humans and mice
(Tell et al., 2012).

Furthermore, some of these genes involved in the GO
“Leukocyte activation involved in immune response” were also
associated with the innate and adaptive immunity modulated
by the MPLE-supplemented. For instance, fish fed with the
MPLE diet showed an increase of the expression in the growth
factor receptor bound protein 2 (grb2), which is an essential
signal integrator that can interact with multiple genes to regulate
signal transduction; thus, playing an important role in regulating
B cells activation (Neumann et al., 2009). This is relevant, as
B cell activation is essential the development of an effective
antigen-specific humoral immune response (Scapigliati et al.,
2018). Moreover, two hub genes (rdx, ezr), which are part of
the family of proteins called ezrin-radixin-moesin (ERM), were
also upregulated in our study. Several studies have demonstrated
that ERM proteins are involved in the regulation of B cell
function under healthy and disease conditions (Pore and Gupta,
2015). Therefore, the upregulation of these two genes, rdx and
ezr, might confirm the immunomodulatory properties of the
MPLE in Atlantic salmon. Therefore, the regulation of genes
involved in leukocyte activation and B cells might suggest
an increased systemic specific immune capacity promoted by
the tested phytogenic feed additive. Thus, our transcriptional
analysis seemed to indicate that the tested phytogenic activated
leukocytes, which would promote host’s disease resistance as the
in vivo challenge with a pathogenic bacteria confirmed.
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CONCLUSION

Phytogenics obtained from sage and lemon verbena included at
0.1% in diets promoted somatic growth and improved FCR in
Atlantic salmon smolts. In addition, data from the microarray
analysis of the head kidney samples indicated this feed additive
enhanced the host’s systemic immune response through the
transcriptional regulation of innate immunity processes like
leukocytes’ activation. We showed that other pathways related
to immunity were also enhanced by the tested functional feed
additive, such as interferon-gamma-mediated signaling pathway,
antigen processing and presentation of peptide antigen via
MHC class II, autophagy, and regulation of i-kappaB kinase/NF-
kappaB, promoting disease resistance when challenged with A.
salmonicida. Altogether, this study indicated that the tested
feed additive promotes systemic immunity and protects Atlantic
salmon smolts against bacterial infections like A. salmonicida.
According to these findings, we suggest that the combination of
current vaccination practices coupled with the administration of
MPLE may be a good strategy against furunculosis in salmonids.
Furthermore, this phytogenic may be also of interest for other
marine species like European sea bass (Dicentrarchus labrax)
also suffering from emerging A. salmonicida infections in the
Mediterranean basin.
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