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A B S T R A C T

Diseases and environmental issues (e.g., increased seawater temperature and algal blooms) threaten Chilean
aquaculture by causing salmon mortality. Feed additives can help solve these problems by modulating fish physi-
ological responses, but field-level data is still limited. Our study assessed the potential immunomodulation of in-
nate and adaptive biomarkers (e.g., cytokines, effector molecules and cell-surface markers) in farmed post-smolts
Atlantic salmon (Salmo salar). Fish were fed either a commercial diet (CD) or experimental diets containing addi-
tives (PS: 0.25 % Pack Salud; FT: 0.1 % Futerpenol®) for 90 days. Results showed that ifng, il-10, inos, il-12,
cath2, hepcidin, igm and igt were mainly up-regulated in fish fed PS or FT for 34 days (t1). Furthermore, between
t2 (90 days of feeding) and t3 (42 days after finishing functional feeding), a natural algal bloom was reported at
the facilities. Hence, our study considered the challenge-induced modulation of fish health. Although the accu-
mulated fish mortality throughout the trial did not show significant differences between dietary groups, in the
period related to the algal bloom, PS and FT groups reduced dead fish by 10 % and 61 % (respectively, compared
to CD). Also, head kidney from FT group (and to a lesser extent in the spleen) had an enhanced innate immune re-
sponse at t3 with an up-regulation of inos, hepcidin and cath2, which were coordinated by cytokines (il-1b, ifng, il-
12 and il-10) and cell-surface markers (cd86, mhci and mhcii). Thus, since t3 was six weeks after the ending of the
functional feeding, FT could induce sustained immunomodulation in Atlantic salmon.

1. Introduction

Substantial economic losses occur in Chilean salmon farming due to
infectious diseases and environmental problems [1]. For example, the
increasing incidence of algal blooms is a threat to the aquaculture in-
dustry in southern Chile, as eutrophication of seawater has been linked
to the death of farmed salmonids [2]. Furthermore, Piscirickettsia salmo-
nis, an intracellular bacterium that causes Salmonid Rickettsial Sep-
ticemia (SRS) accounts for 52.8 % of total fish mortalities at seawater
phase [3]. To deal with bacterial pathogens, antibiotics are the most
used strategy by Chilean aquaculture [4]. However, their use has raised
concerns related to antimicrobial resistance in marine bacteria [5].

During the last decade, nutritional programming and immunomod-
ulatory strategies, which consider aspects like the source and dosage of
ingredients and/or additives with bioactive properties, specific feeding
periods or regimes, animal development, season or farming stage
(among others), have been gaining interest to strengthen overall fish
health and welfare [6,7]. For instance, feed additives such as paraprobi-
otics (e.g., heat-killed bacteria) may reduce the level of Annexin 1 in
distal intestine, while also strengthen the systemic humoral response in
Atlantic salmon (Salmo salar) [8]. Another example is the inclusion of
Spirulina spp extracts into rainbow trout (Oncorhynchus mykiss) feeds
during a 7-week trial, which demonstrated that the upregulation of im-
mune-related genes (e.g., lysozyme, c3, tnfa, igm) can reduce fish mortal-
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ity against Yersinia ruckeri [9]. Additionally, the oral administration of
antimicrobial peptides such as bovine lactoferrin also induces long-
term modulation of pro-inflammatory genes (il-1b, il-6 and il-8) and T
helper cells, improving the survival of rainbow trout against Aeromonas
salmonicida achromogenes [10]. On the other hand, Atlantic salmon fed
yeast products from Debaryomyces hansenii had an early increase (at
6 h) of pro-inflammatory cytokines in head kidney leukocytes, as well
as an improved production of specific immunoglobulins against
Moritella viscosa [11].

Although there is extensive data on the immunomodulatory proper-
ties of additives in functional feeds (FFs) for salmonids, the available in-
formation is generally based on lab-scale experiments. Therefore, our
main objective was to increase the knowledge about the impact of FFs
on biomarkers related to innate and adaptive immunity (e.g., cytokines,
effector molecules and cell surface markers) of post-smolts Atlantic
salmon under commercial field conditions. For this, fish were fed sup-
plemented diets (using Pack Salud or Futerpenol® additives) for 90
days in seawater phase. Pack Salud contains beta-1,3/1,6-glucans, nu-
cleotides and vitamin C, while Futerpenol® has seaweed's fucoidans
and labdane diterpenes from the Acanthaceae family [12]. In fish, these
compounds have already been reported with immunomodulating prop-
erties (e.g., antioxidant capacity, coordinating humoral and cellular im-
munity and disease resistance) [13–15].

Furthermore, after the feeding period using additives, an algal
bloom was reported on the fish farm. Thus, our study focus incorpo-
rated the challenge-inflicted modulation of the immune response. The
overall results showed that Pack Salud or Futerpenol® induced changes
in immune organs such as the head, kidney, gills, and spleen, mostly af-
ter 34 days of feeding, whereas after the algal bloom, fish fed FT had a
higher innate response, suggesting a potential to strengthen the im-
mune system of Atlantic salmon at long-term.

2. Materials and methods

2.1. Experiment

A fish trial at field scale with post-smolts Atlantic salmon in seawa-
ter phase was conducted under the approval of the Bioethics and

Biosafety Committee of Pontificia Universidad Católica de Valparaíso
(BIOEPUCV-BA-280-2019). All fish were handled by scientists and farm
staff certified in working with animals.

Fish (∼1.5 kg) in a marine farm (75,000 fish per sea pen) from
Salmones Camanchaca S.A. (Contao, Los Lagos region, Chile) were fed
in duplicate sea pens during 90 days with one of three diets: Control
diet: New Power® – commercial diet from BioMar Chile (CD), Pack
salud diet (PS): CD supplemented with 0.25 % Pack salud additive from
Salmones Camanchaca S.A. (containing beta-1,3/1,6-glucans, nu-
cleotides and vitamin C), or Futerpenol diet (FT): CD supplemented
with 0.1 % Futerpenol® additive from MNL Group that contains sea-
weed's fucoidans and labdane diterpenes of Acanthaceae family. After
this period, fish were fed CD for a further 42 days (Fig. 1). The basal
chemical composition of CD is shown in Table 1.

Regarding sampling, 15 fish per sea pen were randomly selected at
t0 (before starting with experimental diets), t1 (34 days of feeding with
PS or FT), t2 (90 days of feeding with PS or FT) and t3 (42 days after
ending use of FFs). In each sampling, fish were euthanized by benzo-
caine overdose, weighed and measured. Then, samples of gills (G), head
kidney (HK) and spleen (S) were removed, preserved in RNAlater®
(Merck) and stored at −80 °C until later molecular analysis.

During the experiment, between t2 and t3, an algal bloom was de-
clared in the fish farm. Moreover, throughout the experiment, fish mor-
tality and its cause (e.g., SRS, algal bloom) were recorded.

2.2. Total RNA extraction and cDNA synthesis

Each sample was homogenized using 3 mm metal beads and 1 mL of
TRIzol® (Thermo Fisher Scientific) in an automatic homogenizer (Fast-
Prep-24, MP-Bio) through 3 cycles of 35s (5.5 m s−1). The homogenates
were centrifuged (10,000×g for 10 min at 4 °C) and the supernatants
were transferred to new nuclease-free tubes. Total RNA extraction was
performed using the TRIzol® method according to manufacturer's in-
structions (Thermo Fisher Scientific) and adding a DNA digestion step
(DNAse 1-unit μL−1, Thermo Fisher Scientific). RNA quantification was
performed in a NanoDrop® Lite equipment (Thermo Fisher Scientific)
and the integrity of the samples were visualized in 2 % agarose gels
with TAE buffer (Tris-Acetate-EDTA 1 × ). Thereafter, 30 samples (per

Fig. 1. Experimental design using post-smolts Atlantic salmon at farming conditions. Control group (in green): fish fed New power® from BioMar Chile throughout
the experiment. PS group (in yellow): New power® + 0.25 % Pack salud additive from Salmones Camanchaca S.A. FT group (in purple): New power® + 0.1 %
Futerpenol® additive from MNL Group. Sampling times: t0 (before functional feeds), t1 (34 days feeding functional feeds), t2 (90 days feeding functional feeds) and
t3 (42 days after ending feeding functional feeds). A natural algal bloom was declared in the fish farm between t2 and t3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Chemical composition of control diet.
Nutritional composition (%)

Protein content 39.9
Lipids 34.9
Carbohydrates 15.5
Ash 4.7

Total Dry matter (%) 95.0

organ from each dietary group and sampling time) were pooled into 5
samples. This was done by mixing 1 μg of RNA from 6 randomly se-
lected fish. To synthesize cDNA, 1 μg of RNA per pool and the Rever-
tAid First Strand cDNA synthesis Kit (Thermo Fisher Scientific) was
used in 20 μL (as a total volume per reaction) according to the supplier.

2.3. Gene expression by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Immune-related genes (Table 2) were evaluated in head kidney,
gills and spleen samples from all experimental conditions. RT-qPCR re-
actions were performed in triplicate using an AriaMx Real-Time PCR
System (Agilent Technologies). Each reaction consisted in a total
amount of 15 μL containing Brilliant III Ultra-Fast SYBR® Green QPCR
Master Mix 2X (Agilent Technologies), 0.2 μM of each primer (Table 2)
and 1 μL of 1:5 diluted cDNA. The RT-qPCR conditions were a denatu-
ration step (3 min at 95 °C) followed by 40 cycles at 94 °C for 5 s and

annealing step (60 °C for 35 s). Also, a melting curve was carried out.
Primer pair efficiencies (E) were calculated from six serial dilutions of
pooled cDNA (for each primer pair) according to the equation:
E = 10[−1/slope]. Regarding relative expression of each gene, this was
calculated using the 2−ΔΔCt method [16] and ef-1a was chosen as a ref-
erence gene for normalization following Olsvik et al. [17].

2.4. Data analysis

GraphPad v8.0.2 was used to display the results by bar plots and cal-
culate means, SEM and normality test (Shapiro-Wilkins). After this, nat-
ural logarithm transformation was performed, and normality was re-
evaluated. Based on these results, it was decided to use either paramet-
ric statistics (one-way ANOVA and Dunnett's test for comparing PS or
FT with CD for each sampling time; or one-way ANOVA and Tukey's
test for multiple comparisons among sampling times) or non-
parametric statistics (by Krustal Wallis test with Dunn's multiple com-
parisons test between groups per time or diet). Differences were consid-
ered significant when p-value was <0.05. Also, results related to fish
mortality and physical parameters such as final weight gain and fish
length (as a t4:t0 ratio) were analyzed between CD and experimental di-
ets by Mann-Whitney test. Differences were considered significant
when p-value was <0.05.

To identify patterns between the dietary treatments, the corrplot
package [18] in R v.4.2.0 [19] was used to calculate correlations based
on the data from the immune-related genes (per organ or sampling

Table 2
Specific primers for RT-qPCR. E: primer pair efficiencies. F: forward primer. R: reverse primer. Gene reference: National Center for Biotechnology Information
(NCBI).
Gene Description Sequence E Gene reference

cath2 (Cathelicidin) Antimicrobial peptide F: AAGCCAGAAAATGCTCCAGA
R: CTCAGGCGACCAATTAAGGA

1.92 NM_001123586.1

cd4 (Cluster of differentiation 4) Cell-surface marker F: AGTGGACCTGTGTGGTGACA
R: AGGAGGAGGATTGGAAAGGA

1.91 NM_001171848.1

cd8 (Cluster of differentiation 8) Cell-surface marker F: CGTCTACAGCTGTGCATCAATCAA
R: GGCTGTGGTCATTGGTGTAGTC

1.93 NM_001123583.1

cd83 (Cluster of differentiation 83) Cell-surface marker F: AGGATTCGGTTCTGAGATGTAAAG
R: GTGACAGCCTCTTCATCAGTAG

1.99 ABC68619.1

cd86 (Cluster of differentiation 83) Cell-surface marker F: GATGTTGAGTGGAGCCTGAA
R: GACGACAGAGAACAGCATAGAG

2.07 CAQ51440.1

ef-1a (Elongation factor 1 alpha) housekeeping F: GCTTACAAAATCGGCGGTAT
R: CTTGACGGACACGTTCTTGA

2.02 NM_001141909.1

eomes (Eomesodermin) Transcriptional factor F: TATTGGTTCCATGGCTCTCC
R: ATCATCTCCGTCTGGAATCG

1.93 NM_001204100.1

hepcidin Antimicrobial peptide F: GAAGGCCTTTAGTGTTGCAGTGGT
R: GTTGATGTTCCCCAACTGGACTGT

1.93 XM_014170044.2

ifng (Interferon gamma) Pro-inflammatory cytokine F: GTGAGCGGAGGGTGTGGATG
R: CAGGAAGTAGTGTTTCTGGGTC

1.99 NM_001123558.1

ifng R1 (Interferon gamma receptor 1) Cytokine receptor F: TTGGACTGAAGGACCAGGAG
R: TTGTCCCCAGGACTCATCTC

2.20 NM_001360942.1

ifng R2 (Interferon gamma receptor 2) Cytokine receptor F: TCTTGGTAGTGGGCCTTACG
R: CACAGGGACTGGTTGTGATG

2.06 NM_001361122.1

il-1b (Interleukin 1 beta) Pro-inflammatory cytokine F: GTCACATTGCCAACCTCATCATCG
R: GTTGAGCAGGTCCTTGTCCTTGA

2.00 NM_001123582.1

il-10 (Interleukin 10) Anti-inflammatory cytokine F: ATGAGGCTAATGACGAGCTGGAGA
R: GGTGTAGAATGCCTTCGTCCAACA

1.94 XM_045705802.1

il-12 (Interleukin 12) Polarizing cytokine F: CTTCTCCTGCTCCATTCACAG
R: GTAGAACGGTGTAACGGTGTAG

2.06 XM_014198097.2

inos (Inducible nitric oxide synthase) Production of reactive nitrogen species F: CCAGCATAAGTGGTTCCAAGACCT
R: CCAATCTCAGTGCCCATGTACCAG

2.01 XM_014214975.2

igm (Immunoglobulin M) Effector molecule F: TAGAAACCGACAGGGACAGC
R: TTTCACCTTGATGGCAGTTG

1.93 S48658.1

igt (Immunoglobulin M) Effector molecule F: CAACACTGACTGGAACAACAAGGT
R: CGTCAGCGGTTCTGTTTTGGA

1.94 GQ907004.1

mhci (Major Histocompatibility Complex 1) Presentation of intracellular antigens F: CAACGCCACAGGCAGTCA
R: CGGTACTCATTCTGAGCTGTGTTAC

1.97 XM_045709561.1

mhcii (Major Histocompatibility Complex 2) Presentation of extracellular antigens F: AATCAGAGTGACCTGGTTGAG
R: GTGGGAGAGGATCTGGTAGTA

2.13 CAD27720.1

tnfa (Tumor Necrosis Factor alpha) Pro-inflammatory cytokine F: GCAGCCATCCATTTAGAGGGTGAA
R: CTAAACGAAGCCTGGCTGTAAACG

1.84 NM_001123589.1
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times). Significant correlations were determined when p-value was
<0.05 (degrees of freedom: n-2).

3. Results

3.1. Fish mortality and physical parameters

Accumulated fish mortality throughout the trial (by dietary group)
was 1.67 % (CD), 1.58 % (PS) and 1.02 % (FT). This parameter did not
show significant differences between groups. However, specifically dur-
ing the natural algal bloom (between t2 and t3), the mortality in num-
ber of dead fish was 1522 in CD, 1366 in PS and 589 in FT (Fig. 2).
Thus, PS and FT groups showed a decrease in mortality of 10 % and
61 %, respectively (compared to CD) during this period. In addition, no
significant differences in weight gain (CD = 2.82-fold, PS = 2.80-fold
and FT = 2.62-fold) or fish length (CD = 1.46-fold, PS = 1.45-fold
and FT = 1.44-fold) were detected between dietary groups.

3.2. Gene expression of immune related biomarkers

3.2.1. Comparison of experimental diets containing additives (PS or FT)
with CD per sampling time

The expression of ifng in PS group (Fig. 3A) was up-regulated at t2 in
HK and at t1 in spleen, while FT showed an upregulation of this gene at
t1 and t3 in HK and spleen, as well as in gills (t1). On the contrary, the
expression of il-1b (Fig. 3B) was down-regulated in PS at t3 in HK, but
up-regulated at the same time in FT (HK) and at t1 in spleen. Further-
more, il-10 (Fig. 3C) was down-regulated in PS (HK) at t3, while the up-
regulation of this cytokine was detected in spleen from FT at t1, along
with HK (FT) and gills at t3 (PS and FT). Regarding il-12 in HK (Fig.
3D), an upregulation was found in PS (t1) and FT (t1 and t3), as well as
a downregulation at t3 in PS. On the other hand, tnfa (Fig. 3E) showed
an upregulation at t3 in HK from FT, whereas in spleen an upregulation
was detected in FT at t1.

Cell surface markers such as cd4 and cd8 in HK (Fig. 4A and B)
showed an upregulation in FT at t2 or t3 (respectively). Moreover, cd83
(Fig. 4C) was up-regulated in HK and gills from PS at t2, while an up-
regulation of this gene was detected in gills from FT at t3. In contrast,
cd86 (Fig. 3D) was found down-regulated in HK at t1 (PS) and in gills at
t2 (FT), but with an upregulation in HK at t3 (both PS and FT). Regard-

Fig. 2. Accumulated fish mortality between t2 and t3 (during algal bloom). t2:
90 days feeding functional feeds); t3: 42 days after ending with functional
feeds. CD (in black): fish fed control diet. PS (in green): fish fed Pack salud ad-
ditive by 90 days until t2. FT (in red): fish fed Futerpenol® additive by 90 days
until t2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

ing ifng r1 in HK (Fig. 3E), data showed an upregulation at t3 in FT.
However, PS (in HK and gills) and FT (in gills and spleen) had a down-
regulation of ifng r1 at t3. A different expression pattern was detected
for ifng r2 (Fig. 4F). For instance, this gene showed an upregulation in
HK (at t3 from PS) and spleen (at t2 from FT), as well as a downregula-
tion in gills at t3 (PS and FT). Additionally, mhci (Fig. 4G) was up-
regulated in spleen at t1 (FT), and t3 (PS and FT), while mhcii was only
up-regulated at t3 in HK from FT (Fig. 4H).

Linked to effector molecules, cath2 in HK (Fig. 5A) was up-regulated
at t2 (PS) and t3 (FT), but also down-regulated at t3 (PS). In spleen, this
gene was up-regulated at t1 from PS and FT groups. On the other hand,
hepcidin (Fig. 5C) showed an upregulation at t1 (spleen from PS and
FT), t2 (gills from PS) and t3 (HK from FT). Immunoglobulins such as
igm (Fig. 5D) and igt (Fig. 5E) were up-regulated in HK (PS) and gills
(from PS and FT) at t1. Also, igm was found up-regulated in HK from FT
at t1, whereas igt had an upregulation in spleen at t1 (FT).

Regarding inos (Fig. 5F), its upregulation was detected at t1 (gills
from FT), t2 (HK from PS) and t3 (HK from FT and spleen from PS). Fur-
thermore, eomes (Fig. 5B) was up-regulated at t2 (spleen from FT) and
at t3 (HK and gills from FT).

3.2.2. Intra-dietary comparison across sampling times
In CD group, only il-1b (Fig. 3B), ifng r2 (Fig. 4F) and hepcidin (Fig.

5C) showed differences in their expression between sampling times.
Specifically, il-1b was up-regulated in t3 compared to t0, ifng r2 was
down-regulated in t3 compared to t2 and hepcidin was up-regulated in
t1 and t3 compared to t0.

In contrast, fish fed PS showed an upregulation of ifng (HK) at t3
compared to t0 and t1 (Fig. 3A), while in spleen, this dietary group had
a downregulation of ifng at t3 (compared to t1). For il-1b in HK (Fig.
3B), PS showed an upregulation at t0 (compared to t3), t1 (compared to
t0 and t3), and t2 (compared to t0, t1 and t3), whereas il-10 (Fig. 3C)
from PS group was up-regulated at t1 (compared to t3) in HK, up-
regulated at t3 (compared to t0) in gills, and up-regulated at t1 (com-
pared to t0) in spleen. Regarding il-12, cd8, ifng r1, cath2 and inos (Figs.
3D, 4B and . 3E, Fig. 5A and F, respectively), PS group showed a down-
regulation at t3 compared to t0, t1 and t2. Also, PS had an upregulation
of cd83 at t2 compared to t0 (in HK and gills, Fig. 4C), as well as an up-
regulation of cd86 (PS) at t3 compared to t1 (Fig. 4D). In gills from PS
group, ifng r1 and ifng r2 were down-regulated at t3 compared to t1 and
t0 (Fig. 4E) and compared t2 (Fig. 4F), respectively. In spleen from fish
fed PS, ifng r2 was down-regulated at t1 compared to t0, t2 and t3 (Fig.
4F). Other comparisons in the PS group showed an upregulation of
cath2 (t1 compared to t0 in spleen, Fig. 5A), eomes (t2 compared to t0 in
spleen, Fig. 5B), hepcidin (t2 compared to t0 and t3 in HK; t1 compared
to t3 in HK, Fig. 5C), igm (t1 compared to t0 and t3 in HK, Fig. 5D), igt
(HK: t1 compared t0 and t3 compared t0; gills: t1 compared t0 and t3;
spleen: t2 compared t0, Fig. 5E), and inos (t1 compared t0 in gills, Fig.
5F).

Regarding fish fed FT, ifng was up-regulated in HK at t1 and t3 com-
pared to t0 (Fig. 3A), as well as at t1 compared to t3 in gills. In spleen,
ifng was up-regulated at t1 (compared to t0, and t2) and t3 (compared
to t0, t1 and t2). In contrast, il-1b was only upregulated in HK at t3 com-
pared to t0 (Fig. 3B). In addition, both il-10 (Fig. 3C) and il-12 (Fig. 3D)
were up-regulated at t3 (compared to t0) in HK. Also, il-12 (HK) was up-
regulated at t1 compared to t0, whereas tnfa (Fig. 3E), cd86 (Fig. 4D),
ifng r1 (Fig. 4E), mhcii (Fig. 4H) and inos (Fig. 5F) from HK had an up-
regulation at t3 compared to the other sampling times. However, tnfa in
gills was down-regulated at t2 compared to t0 (Fig. 3E), similar to cd8
(down-regulated at t2 in gills compared to t0 and t1, Fig. 4B). In cd83
(Fig. 4C), t3 had a downregulation (compared to t0 and t1) in HK, while
in gills, t0, t1 and t3 were up-regulated (compared to t2). In the spleen
this pattern was reversed, with an upregulation of cd83 at t2 (compared
to t0 and t3). Related to cd86 in gills (Fig. 4D), t2 was down-regulated
compared to t0, but in spleen t3 was up-regulated compared to t0. In
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Fig. 3. Relative expression of cytokines (compared to CD at t0) in head kidney (HK), gills (G) and spleen (Sp). The results were displayed in natural logarithm (Ln).
Sampling times: t0 (before functional feeds), t1 (34 days feeding functional feeds), t2 (90 days feeding functional feeds) and t3 (42 days after feeding functional
feeds). In pink, red and dark red: head kidney, gills and spleen (respectively) from fish fed control diet (CD) throughout the experiment. In light yellow, yellow and
dark yellow: head kidney, gills and spleen (respectively) from fish fed Pack salud additive (PS). In light blue, blue and dark blue: head kidney, gills and spleen (re-
spectively) from fish fed Futerpenol® additive (FT). A: Interferon gamma (ifng). B: Interleukin 1 beta (il-1b). C: Interleukin 10 (il-10). D: Interleukin 12 (il-12). E:
Tumor necrosis factor alpha (tnfa). *: Significant difference (p < 0.05) among experimental groups (PS or FT) and CD. Also, the line between bars (within each di-
etary group) shows a significant difference (p < 0.05) in the expression of biomarkers between sampling times. From A to E: t0 per organ is an average using 15
pooled samples (baseline) before starting to use functional feeds, while the other bars (t1, t2 and t3) are n = 5. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

ifng r1 (Fig. 4E), a down-regulation was detected at t3 in gills and
spleen (for instance, compared to t2). This was similar to ifng r2 in gills
(compared to t0 and t1), but opposite to the upregulation of ifng r2 at t2
(compared to t0) in the spleen (Fig. 4F). In mhci, t3 and t1 had an upreg-
ulation compared to t2 (Fig. 4G).

Furthermore, FT group showed an upregulation of cath2 (Fig. 5A) in
HK (at t2 compared to t0; t3 compared to t0 and t1), as well as in spleen
(t1 compared to t0 and t2. In eomes (Fig. 5B), both HK and gills had an
upregulation at t3 compared to t1, and at t3 compared to t0, whereas in
spleen, t1 was up-regulated compared to t0. On the other hand, hepcidin
(Fig. 5C) showed an upregulation at t3 compared to t0 (HK). In spleen,

this gene was up-regulated at t1 and t2 compared to t3. The expression
of igm (both in HK and gills) was up-regulated at t1 compared to t0 (Fig.
5D), which was similar to igt expression in gills (Fig. 5E). However, igt
also showed upregulation at t1 and t2 (compared to t3) in HK, while
inos (Fig. 5F) had an upregulation at t1 compared to t0 and t3.

3.3. Correlations

Among dietary groups per organs (Fig. 6A), CD and FT were nega-
tively correlated in HK, which was opposite to the positive correlation
between these diets in the gills. Also, PS and FT were positively corre-
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Fig. 4. Relative expression of cell-surface markers (compared to CD at t0) in head kidney (HK), gills (G) and spleen (Sp). The results were displayed in natural loga-
rithm (Ln). Sampling times: t0 (before functional feeds), t1 (34 days feeding functional feeds), t2 (90 days feeding functional feeds) and t3 (42 days after feeding
functional feeds). In pink, red and dark red: head kidney, gills and spleen (respectively) from fish fed control diet (CD) throughout the experiment. In light yellow,
yellow and dark yellow: head kidney, gills and spleen (respectively) from fish fed Pack salud additive (PS). In light blue, blue and dark blue: head kidney, gills and
spleen (respectively) from fish fed Futerpenol® additive (FT). A: Cluster of differentiation 4 (cd4). B: Cluster of differentiation 8 (cd8). C: Cluster of differentiation
83 (cd83). D: Cluster of differentiation 86 (cd86). E: Interferon gamma receptor 1 (ifng r1). F: Interferon gamma receptor 2 (ifng r2). G: Major histocompatibility
complex I (mhci). H: Major histocompatibility complex II (mhcii). *: Significant difference (p < 0.05) among experimental groups (PS or FT) and CD. Also, the line
between bars (within each dietary group) shows a significant difference (p < 0.05) in the expression of biomarkers between sampling times. From A to H: t0 per or-
gan is an average using 15 pooled samples (baseline) before starting to use functional feeds, while the other bars (t1, t2 and t3) are n = 5. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

lated in gills, whereas in the spleen, PS showed positive correlations
with CD and FT.

Regarding comparisons between sampling times and dietary groups
(Fig. 6B), CD and PS had a positive correlation at t0, t2, while PS was
positive correlated with FT at t2 and negatively correlated to t3. Within
the diets, only CD was positively correlated between different sampling
times (t1 with t2 and t3, as well as t2 with t3).

4. Discussion

The gut is a key organ for nutrient absorption, but it can also orga-
nize local immunity and modulate systemic responses [20–24]. This
can be achieved by pro- or anti-inflammatory cytokines and humoral
components (e.g., antimicrobial peptides and immunoglobulins), as
well as through the coordination of cells such as macrophages, antigen-
presenting cells (APCs) and lymphocytes [20,21,25]. Furthermore, to
improve overall fish health throughout farming process, and consider-
ing salmon mortality due to infectious diseases and environmental
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Fig. 5. Relative expression of effector molecules and transcriptional factors (compared to CD at t0) in head kidney (HK), gills (G) and spleen (Sp). The results
were displayed in natural logarithm (Ln). Sampling times: t0 (before functional feeds), t1 (34 days feeding functional feeds), t2 (90 days feeding functional feeds)
and t3 (42 days after feeding functional feeds). In pink, red and dark red: head kidney, gills and spleen (respectively) from fish fed control diet (CD) throughout
the experiment. In light yellow, yellow and dark yellow: head kidney, gills and spleen (respectively) from fish fed Pack salud additive (PS). In light blue, blue and
dark blue: head kidney, gills and spleen (respectively) from fish fed Futerpenol® additive (FT). A: Cathelicidin 2 (cath2). B: Eomesodermin (eomes). C: Hepcidin
(hepcidin). D: Immunoglobulin M (igm). E: Immunoglobulin T (igt). F: Inducible nitric oxide synthase (inos). *: Significant difference (p < 0.05) among experimen-
tal group (PS or FT) and CD. Also, the line between bars (within each dietary group) shows a significant difference (p < 0.05) in the expression of biomarkers be-
tween sampling times. From A to F: t0 per organ is an average using 15 pooled samples (baseline) before starting to use functional feeds, while the other bars (t1,
t2 and t3) are n = 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

problems [1,26], the immune functions of the gut during specific feed-
ing regimens are a target for FFs containing bioactive additives (with a
focus that goes beyond nutritional aspects) [7,27]. However, the char-
acterization of functional properties on feed additives has been largely
performed in small-scale trials or controlled experiments. Therefore, re-
sults from fish under commercial aquaculture systems are still neces-
sary to validate the effects of these compounds on fish physiology [27].

In our study with farmed post-smolts Atlantic salmon, the inclusion
of PS or FT additives in FFs during seawater phase induced the modula-
tion of cytokines, effector molecules and cell-surface markers linked to
innate and adaptive immunity in head kidney, gills and spleen (com-

pared to fish fed a commercial diet). This proposes a potential interac-
tion from the intestine to other organs, which has already been sug-
gested in challenged fish [28]. For instance, in Atlantic salmon exposed
to a nutritional challenge (causing Soybean meal-induced enteritis, SB-
MIE), fish fed diets containing autolyzed Cyberlindnera jadinii yeasts
showed a regulatory capacity to control the inflammatory response
both in distal intestine [29] and spleen [30]. Specifically, in the spleen,
data showed that the immunomodulation was related to the antigen
presentation process (increase of MHCII and CD4; decrease of ZBTB46)
and cytokines (increase of IL-10 and decrease of TNFa). In addition, the
physiological response of salmon can also be coordinated by functional

7
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Fig. 6. Correlations. A: Comparison by organs. B: Comparison by sampling
times. HK: head kidney. G: Gills. Sp: Spleen. CD: fish fed control diet. PS: fish
fed Pack salud additive by 90 days until t2. FT: fish fed Futerpenol® additive by
90 days until t2. In blue: positive correlation. In red: negative correlation. *:
Significant difference among data groups (p < 0.05; degrees of freedom: n-2).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

feeds in gills since it has already been reported that fish fed D. hansenii-
based products and subjected to a short-term hypoxia can induce the
upregulation of genes related to oxygen transport, hemoglobin com-
plex, and glutathione transferase, as well as reducing plasma cortisol
and IL-10 levels [31].

Compared to fish fed CD and/or among sampling times within di-
etary groups, during the 90-day feeding period with additives (PS or
FT), the activation of immune-related genes was primarily at t1 (34
days of feeding). For example, both PS and FT groups had an upregula-
tion of igm (gills and HK) and igt (gills) at this sampling time, as well as
antimicrobial peptides such as cath2 (in HK and spleen) and hepcidin (in
spleen) were up-regulated in fish fed additives at t1. These results were
linked to the upregulation of eomes (transcriptional factor related to
NK-like cells) in spleen from FT group, and the increased expression of
pro/anti-inflammatory cytokines (e.g., ifng, il-10 and il-12, tnfa). Thus,
this implies a modulation of innate and adaptive responses [25,32–34]
likely by immune cells (e.g., macrophages, lymphocytes and NK-like
cells) from myeloid or lymphoid lineages [20] during the first month
using feed additives.

Nevertheless, throughout the trial, the main modulation of biomark-
ers was observed at t3, probably related to the algal bloom at the fish
farm (between t2 and t3). These events affect Chilean aquaculture
[2,35] by increasing fish mortality due to a lower oxygen content in the
water [36,37]. Also, algal blooms can make fish more susceptible to
bacterial pathogens (e.g., P. salmonis or Tenacibaculum dicentrarchi) [3].
Therefore, it is relevant to characterize the immune response of Atlantic
salmon during this type of environmental challenges. In our case, al-
though the accumulated mortality from t0 until the end of the experi-
ment did not show differences among groups, specifically during the al-
gal bloom period, fish previously fed with PS or FT additives showed a
10 % and 61 % mortality reduction (respectively, compared to CD). In
addition, the comparison of these findings with gene expression at t3
showed that CD group only modulated few innate immune-related bio-
markers in HK (upregulation of il-1b and hepcidin; downregulation of
ifng r2), whereas FT group had the highest upregulation of several
genes. For example, cytokines in HK (ifng, il-1b, il-10, il-12 and tnfa),
gills (il-10) or spleen (ifng), as well as cell-surface markers (cd8, cd86,
ifng r1, mhcii in HK; cd83 in gills; mhci in spleen), effector molecules in
HK (cath2, hepcidin and inos), and eomes (HK and gills) had increased
transcriptional levels at t3 in fish previously fed with FT. Particularly in
HK, these results imply a role for macrophages during the innate re-
sponse associated with the inflammatory process (via ifng, il-1b, tnfa, il-
10 and inos) and antigen presentation (by mhcii, cd86, il-12, ifng, il-10)
[32], as well as the potential involvement of NK-like cells (or non-
specific cytotoxic cells) by the modulation of genes such as eomes and
ifng [33,38–42]. However, further research focused on cellular features
and phenotypic mechanisms should deepen these findings.

The assessment of gene expression patterns by time showed that fish
fed CD had positive correlations among all samplings. In contrast, FT
did not show these patterns and even a negative correlation at t3 was
detected (FT and PS comparison). In addition, HK had a negatively cor-
related gene expression between PS and FT, while in the other organs
this comparison had positive correlations (as well as with CD group).
These results contribute to proposing that among additives and sam-
pling times, it was the gene expression of HK from FT at t3 which
showed the most important differences. It should be noted that t3 was
42 days after ending the feeding period with additives, thus, FT could
induce sustained immunomodulation in Atlantic salmon. Hence, FT is
an interesting feed additive for continuing research under field condi-
tions. In Chilean salmon farming, the use of FT could be to strengthen
the fish immune response for specific periods of time. For instance,
when the temperature of seawater increases during the transition from
winter to summer. This period has also been associated with natural
outbreaks of P. salmonis and a higher incidence of SRS, which is the ma-
jor cause of salmonid mortality in Chile due to infectious diseases
[43,44].

5. Conclusions

The inclusion of feed additives such as PS and FT in functional diets
did not compromise the growth of post-smolts Atlantic salmon at the
farm level in seawater. Also, during the 90-day feeding period with di-
ets containing PS or FT, fish modulated their immune response both
compared to CD, as well as within dietary groups over time. This was
linked to a differential gene expression of pro- and anti-inflammatory
cytokines, effector molecules and cell-surface markers in all three or-
gans tested (head kidney, gills and spleen). However, the effects of the
feed additives were mostly at t1 (34 days) in head kidney and spleen.
For instance, the upregulation of innate immunity (e.g., ifng, il-10, il-12,
hepcidin and cath2), and adaptive biomarkers (e.g., igm, igt) were ob-
served at this sampling time (Fig. 7).

Although no differences in accumulated fish mortality were de-
tected between dietary groups (from t0 to t3), in the specific time pe-
riod between t2 and t3 (related to the natural algal bloom at the fish
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Fig. 7. Conceptual diagram summarizing the potential immunological mechanisms modulated by functional feeds in farmed Atlantic salmon post-smolts. Sampling
times: t0 (before functional feeds), t1 (34 days feeding functional feeds), t2 (90 days feeding functional feeds) and t3 (42 days after feeding functional feeds). In
red: fish fed Futerpenol® additive (FT) until t2. In blue: fish fed Pack salud additive (PS) until t2. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the Web version of this article.)

farm), PS and FT groups showed a decrease of 10 % and 61 %, respec-
tively (compared to CD). FT group also showed an enhanced innate im-
mune response (both cellular and humoral) at t3. This was mainly in
the head kidney and to a lesser extent in the spleen (compared to fish
fed control diet throughout the trial). For instance, the data showed the
upregulation of effector molecules such as inos, hepcidin and cath2, and
the coordination of cytokines (e.g., il-1b, ifng, il-10 and il-12) and cell-
surface markers related to antigen presentation process (e.g., cd86, mhci
and mhcii) at t3 (Fig. 7).

The t3 sampling was 42 days after ending the use of the FFs. Thus,
FT could induce immunomodulatory effects that remain in the fish after
its use. This is relevant given the multi-stressor conditions that
salmonids face throughout the farming process (i.e., different infectious
pathogens and/or environmental issues), which threaten fish health
and welfare, with adverse economic repercussions for aquaculture.
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