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In this study, we evaluated the replacement of dietary protein sources like fishmeal
(FM) and plant proteins (PP) by Brewer’s spent dry yeast (SDY) on the transcriptomic
response (RNA-seq, NextSeq500 platform Illumina) in the liver, anterior-mid intestine,
and head kidney in juveniles of gilthead sea bream (Sparus aurata). The inclusion of
SDY at 30% in the experimental diet (40% crude protein, 16% crude lipid) resulted
in a reduction in FM (10%) and PP (31.4%) contents. Using RNA-seq, a total of 19.4
million raw reads per library were obtained, from whose 99.8% of the sequenced data
were retained. The alignment efficiency of uniquely mapped reads was 90.3, 89.5,
and 89.8% for head kidney, liver, and anterior-mid intestine, respectively. In total, 218
differentially expressed genes (DEGs) were identified among all tissues, out of which,
141 were up- and 77 down-regluated. The enrichment analysis of DEGs revealed that
SDY had a modulatory effect on several processes related to host’s immunity, oxygen’s
carrier capacity, steroidogenesis, metabolism, and digestion. It is of special relevance
the immunomodulatory effects of the tested ingredient as data from RNA-seq showed
from the three target tissues analyzed. These results indicated that this ingredient in
addition to being considered as a sustainable raw material for replacing conventional
protein sources in aquafeeds may also be considered as a functional ingredient due to
its content in β-glucans. The overall results of this study coupled with previous nutritional
studies on this ingredient indicated the suitability of brewery’s by-products like SDY
in aquafeeds for carnivorous species like gilthead seabream, as well as supporting a
circular bioeconomy model that reuses, recovers, and recycles resources instead of
producing wastes.

Keywords: gilthead sea bream, functional feed, alternative dietary protein, RNA-seq, immunity, circular feeds,
aquafeed

INTRODUCTION

Although it is generally accepted that aquaculture can relieve pressure on wild fisheries by
producing alternative fish for human consumption, the production of those fish often requires
inputs from wild fish stocks in the form of feed ingredients. The paradox stems from the diversity
of farmed species and husbandry systems (Stevens et al., 2018). Regardless of the remarkable
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advances in aquafeed formulation, most feeds used in aquaculture
still rely on fishmeal (FM) and fish oil derived from fisheries.
However, there is increasing pressure on these raw materials
and conventional alternative plant protein (PP) sources due to
growing demands from a variety of users. For instance, the use
of soy protein and other plant products in aquaculture reduces
their availability for direct human consumption (Ytrestøyl
et al., 2015). Under this scenario, the sustainability and
competitiveness of aquaculture may depend on their replacement
with alternative ingredients ranging from plant-based meal and
plant oil to terrestrial by-products and microbial ingredients
(Naylor et al., 2021). Thus, the mantra about the economic and
environmental sustainability of the aquaculture industry based
on the identification and use of alternative raw ingredients to the
classical ones is still valid.

Microbial products, particularly yeast, are potential
sustainable ingredients in aquafeeds due to the ability to convert
low-value non-food biomass from forestry, and agricultural and
food technology industries into high-value feed ingredients with
limited dependence on arable land, water, and changing climatic
conditions (Øverland and Skrede, 2017; Agboola et al., 2021).
Among them, Brewer’s spent yeast (SDY), a by-product of the
brewing industry, is a rich source of B vitamins, proteins (45–
60%) and other compounds like β-glucans and mannoproteins
(Jaeger et al., 2020; Agboola et al., 2021). Therefore, BSY is
mainly utilized in animal feed formulations as a low-cost source
of protein (Agboola et al., 2021; Estévez et al., 2021; Nazzaro
et al., 2021) even though it may be also used as an ingredient
in functional feeds due to its potential health benefits to the
host (Jaeger et al., 2020). Under this scenario, Estévez et al.
(2021) have shown that the replacement of FM and plant protein
sources by SDY in the feed of a carnivorous marine teleost fish
species, the gilthead sea bream (Sparus aurata), resulted in a
better growth, as well as a higher protein digestibility and feed
efficiency indexes than in their congeners fed a reference diet.
The above-mentioned results showed that this by-product from
the brewing industry is a promising feed ingredient in aquafeeds,
especially when considering its use in terms of an alternative
plant protein source, but also when considering its associated
sustainable and environmental benefits. Those benefits can be
achieved by means of a circular economy strategy, which helps in
providing added value to the brewing industry through wastes’
reuse and, consequently, reducing the industry carbon footprint
(Kerby and Vriesekoop, 2017; Jaeger et al., 2020).

Once validated the use of SDY as an alternative protein
source in aquafeeds (Estévez et al., 2021), the present study
aimed to evaluate at the transcriptomic level the impact of
SDY in the head kidney, intestine, and liver of S. aurata.
This marine species is the most important Mediterranean
aquaculture fish species in terms of volume and economic
value (FAO, 2020). Regarding the selected target tissues, the
head kidney was chosen as it is one of the most important
organs in fish due to its role in endocrine and hematopoietic
functions, as well as a major secondary lymphoid organ
(Tort, 2011). Furthermore, the liver was selected as the
central metabolic organ of the body with a predominant
role in the intermediary metabolism, with important functions

in lipid storage and digestive and detoxification functions
(Bruslé and González, 1996). Finally, the intestine was chosen
due to its involvement in important physiological digestive
functions, being the primary site of food digestion and nutrient
uptake, whereas it is also reputed for providing support to gut
microbiota and maintaining an effective barrier defense against
pathogens and tolerance toward dietary antigens (Salinas and
Parra, 2015; Wang et al., 2018). Thus, a proper understanding
of the effects of this new alternative ingredient at systemic and
local levels as well as its mode of action upon the selected
target tissues would support its proper use as an ingredient for
sustainable aquafeeds.

MATERIALS AND METHODS

Experimental Diets
Two experimental diets (Table 1) were designed in order to
evaluate the impact of brewer’s SDY on gilthead sea bream growth
and feed efficiency performance (Estévez et al., 2021), as well as
evaluate global transcriptome changes in selected tissues (head
kidney, anterior-mid intestine, and liver). A control diet was
formulated containing 15% of FM and 46.7% of a blend of PP
sources, whereas lipids were mainly provided by fish oil (7.9%),
soybean oil (6.7%), and lecithin (2.0%). The inclusion of Brewer’s
SDY in the experimental diet resulted in a reduction in FM
(10%) and PP (31.4%) contents (Table 1). This alternative protein
source and level of dietary inclusion were selected according to
previous results (Estévez et al., 2021).

Experimental diets (pellet size: 4 mm) were manufactured by
IRTA (Mas de Bover, El Morell, Spain). The main ingredients
were ground in a hammer mill (Rosal VRE-40, Barcelona, Spain).

TABLE 1 | List of ingredients and proximal composition of experimental diets used
for evaluating the inclusion of Brewer’s spent dry yeast (SDY) in compound diets
for gilthead sea bream (Sparus aurata).

Ingredient (%) Control diet SDY diet

Fishmeal (Super prime 70 LT) 15.00 10.00

Wheat gluten 25.00 17.84

Soybean meal (Soycomeal P) 16.70 8.54

Soybean meal low protein 5.00 5.00

Wheat starch 19.44 11.26

Fish oil 7.92 7.31

Soybean oil 6.72 6.40

Soybean lecithin 2.00 2.00

Phosphate 1.09 0.92

DL-methionine 0.07 0.07

Choline 0.23 0.26

Lysine HCl 0.43 -

Vitamin premix 0.10 0.10

Mineral mix 0.10 0.10

Brewer’s spent dry yeast (SDY) - 30.0

Proximate composition

Crude protein,% dry weight 43.0 40.4

Crude fat,% dry weight 16.9 16.4
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Powder ingredients and oils were then mixed according to
the target formulation in a 500 L Rosal Mixer, with a double
horizontal ribbon, for 6 min. Both diets were manufactured by
temperature-controlled extrusion (90◦C at the conditioner and
120◦C at the screw) by means of an extruder press (Rosal RS-50).
Upon extrusion, feed batches were dried and cooled by a hot air
aspiration system (MABRIK S.A., Barbera del Vallés, Spain).

Fish and Experimental Design
Samples of target tissues used for transcriptomic analyses were
taken from a previous trial in which we evaluated different by-
products from the brewer’s industry as potencial feed ingredients
in gilthead sea bream (Estévez et al., 2021). In brief, juveniles
(age1+) were obtained from a commercial fish farm (Albadalejo,
San Pedro del Pinatar, Murcia, Spain) and transported by road to
IRTA-Sant Carles de la Ràpita research facilities (REGA number:
ES431360036277; Sant Carles de la Ràpita, Tarragona, Spain).
Fish were kept under quarantine conditions and fed a commercial
diet for 2 weeks. Then, fish (N = 90) were gently anesthetized
(tricaine methanesulfonate, MS-222, 150 mg/L), individually
weighed for initial body weight (BWi) and distributed among 6
experimental 200 L tanks (3 replicate tanks per dietary group;
n = 15 fish per tank; initial stocking density = 13–14 kg m−3)
as described in Estévez et al. (2021). The mean BWi values
for fish from the control and SDY diets were 114.8 ± 16.7 g
and 112.7 ± 14.8 g (mean ± standard deviation), respectively.
Both diets were tested in triplicate for 60 days. Fish were fed
at an initial feeding ration of 1.8% of the stocked biomass
by means of two daily meals (08:00 and 14:00 h). During
the nutritional trial, water temperature (pH meter 507; Crison
Instruments, Barcelona, Spain), salinity (MASTER-20T; ATAGO
Co., Ltd., Tokyo, Japan), and dissolved oxygen (OXI330; Crison
Instruments) were 20.1± 3.0◦C, 35.1± 0.1 h, and 6.6± 0.6 mg
L−1 (mean ± SD), respectively. Water flow rate in experimental
tanks was maintained at approximately 9.0 L min−1 (open-flow
system), which guaranteed one full tank’s water renewal per hour.
Photoperiod followed natural changes according to the season of
the year (September –November; 40◦37′41′′ N).

At the end of the trial, all fish were netted, anaesthetized
with MS-222 (150 mg/L), and individually weighted for their
final body weight (BWf). In addition, three fish per tank (9
fish per dietary condition) were sacrificed with an overdose
of MS222, and their head kidney, liver, and mid-anterior-
mid dissected for further transcriptomic analyses. In particular,
sampled tissues (200 mg) were preserved in RNAlater R© (Sigma-
Aldrich, Spain) overnight, and then stored at −80◦C until
further RNA extraction.

RNA Sequencing and Data Analysis
Total RNA from each tissue was extracted from five randomly
chosen specimens using the TRIzol reagent (Invitrogen,
San Diego, CA, United States) following the manufacturer’s
instructions; the other samples from the remaining three
fish were kept as backup. Then, total RNA concentration
was quantified using a NanoDrop ND-2000 (Thermo Fisher
Scientific, Waltham, United States), and RNA integrity and
quality checked with Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, United States). Samples were shipped

in dry ice to Nord University (Bodø, Norway) for further RNA
sequencing. At their arrival, RNA integrity was checked again
on an Agilent 4150 TapeStation system (Agilent Technologies)
in order to confirm that the RNA quality of the samples did not
deteriorate during shipment.

For library preparation, RNA concentration was calculated
using the Qubit RNA high-sensitivity assay on a Qubit 3.0
fluorometer (Thermo Fisher Scientific, Waltman, United States).
RNA-Seq libraries were prepared using the NEBNext ultra
II directional RNA library preparation kit with a poly(A)
mRNA magnetic isolation module (NEB #E7490) in accordance
with the manufacturer’s protocol (New England BioLabs Inc.,
Ipswich, United Kingdom). Briefly, after poly(A) enrichment
of 1 µg total RNA, mRNA was fragmented to about 100–
200 nt in length and used for 1st and 2nd strand cDNA
synthesis. After A-tailing, end repair, and adaptor ligation,
the second strand was selectively removed using uracil-specific
excision reagent (USER R© II Enzyme; New England BioLabs
Inc.). The resulting directional RNA-seq libraries were amplified
with 8 PCR cycles and posteriorly purified using AMPure XP
beads (Beckman Coulter, Inc., Brea, United States). Quality
and quantity of the RNA-seq libraries were assessed using the
Agilent 2200 TapeStation. Unique indices were assigned to each
sample and libraries were pooled at equimolar concentrations.
Sequencing was performed at Nord University (Norway) using
two high output flowcells (75 cycles) on the NextSeq500
(Illumina, San Diego United States) with 4% PhiX. Library
sequencing yielded 764 million 75 bp single-end reads RNA-
Seq libraries.

Raw sequences were adapter-trimmed and quality
checked using Trim galore v0.4.4 (Babraham Bioinformatics,
United Kingdom) with the following trimming parameters:
-phred33, -fastqc, and -q20. Alignments were performed using
the hisat2 v2.1.0 platform with default parameters and the
latest S. aurata genome assembly (GCA_900880675.2; NCBI,
Bethesda, United States). Count-based matrices were created
for each sample using featureCounts v1.5.3 and they were then
combined in R using the plyr and dplyr packages. Differential
expression analysis was performed using DESeq2 (Anders and
Huber, 2010) and the final list of differentially expressed genes
(DEGs) was filtered accordingly (adjusted P-value < 0.05) and
absolute log2 fold change (FC) of 1.0. Gene set enrichment
analysis was performed for down- and up-regulated DEGs
separately, using g:GOSt functional profiling on gProfiler
(version e104_eg51_p15_3922dba) with default parameters
(Raudvere et al., 2019). The selected organism was gilthead sea
bream (Sparus aurata) and the tailor-made algorithm g:SCS was
used for multiple testing correction. Heatmaps were prepared
using the R package “pheatmap.” Transcriptomic raw data for
samples analyzed in the current study are available through
the public repository Gene Expression Omnibus (GEO) at the
US National Centre for Biotechnology Information (NCBI)
(accession number GSE194206).

Ethics Statement
All animal experimental procedures complied with the
Guiding Principles for Biomedical Research Involving Animals
(EU2010/63), the guidelines of the Spanish laws (law 32/2007
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and RD 1201/2015) and were authorized by the Ethical
Committee of the Institute for Research and Technology in
Food and Agriculture (IRTA, Spain) for the use of laboratory
animals (E-10/2020).

RESULTS

Results on growth performance, feed efficiency, and diet
digestibility are presented elsewhere (Estévez et al., 2021). In
brief, no differences in growth performance were found among
both experimental groups with BWf average values comprised
between 176.1 and 179.0 g. Regarding feed efficiency variables,
gilthead sea bream fed the SDY-supplemented diet showed better
feed conversion ratio (FCR = 2.0 ± 0.05) and protein efficiency
rate (PER = 1.1 ± 0.03) than their congeners fed the control diet
(FCR = 2.1± 0.29; PER = 1.0± 0.11) (P < 0.05).

RNA Sequencing
On average, we obtained 19.4 million raw reads per library. After
quality and adapter trimming, 99.8% of the sequenced data were
retained. The alignment efficiency of uniquely mapped reads
was 90.3, 89.5, and 89.8% for head kidney, liver, and intestine,
respectively. The rest of the reads (∼10%) were excluded from
further analysis, either as aligned reads with multiple matches or
reads that failed to align to the reference transcriptome (Figure 1
and Supplementary Table 1). In total, 218 DEGs were identified
among all tissues, out of which, 141 were up- and 77 down-
regulated (q < 0.05; −1 > log2 (FC) > 1; Supplementary
Table 2). These DEGs had a tissue-specific profile and, therefore,
we investigated their functionality for each tissue separately.

The Immunomodulatory and
Steroidogenic Effects of Spent Dry Yeast
on the Head Kidney
Head kidney was the tissue with the highest number of DEGs
(99; q < 0.05; −1 > log2 (FC) > 1) when compared to
the other target tissues analyzed (Supplementary Table 2). In
particular, 62 DEGs (62.6%) were up-regulated and 37 DEGs
(37.4%) were down-regulated in the head kidney of fish fed
the SDY diet compared to the control group (Figure 2A).
The principal component analysis (PCA) showed no distinction
between groups in the first component (PC1), which explained
90% of the variation, although a slight distinction was present
in the second component (PC2) that explained a rather small
fraction of the variation (4%) (Supplementary Figure 1).
Among the top 10 up-regulated genes in head kidney (log2
(FC) > 6.7), we identified 6 genes associated with steroidogenesis
(nr5a1a, bicc2, hsd3b1, cyp11b1, cyp21a2, cyp17a1), and others
related to chemokine activity (ccl17, cxc11, and cxc6). These
findings were also supported by the functional enrichment
analysis (Supplementary Table 3; q < 0.05). Furthermore, the
gene ontology annotation of all up-regulated genes showed an
enrichment of molecular functions related to chemokine activity
(GO:0008009) and chemokine receptor binding (GO:0042379),
as well as to biological processes linked to steroid metabolic
(GO:0008202) and biosynthetic (GO:0006694) processes, and

glucocorticoid metabolism (GO:0008211). Additionally, the
oxidoreductase (GO:0016705) and monooxygenase activity
(GO:0004497) processes were also identified.

Down-regulated genes showed an enrichment in oxygen
carrier activity and at the cellular component level an enrichment
in hemoglobin complex (Supplementary Table 3, q < 0.05).
Genes associated with these functions coded for hemoglobin
subunits alpha-A and beta (hbaa and hbb), which are involved
in oxygen transport, with the latter being a potential regulator of
inflammation. In addition, one of the most down-regulated genes
was the lipoxygenase homology PLAT domains 1b (loxhd1b),
which is also involved in heme binding and oxygen binding
affinity. Among the down-regulated genes (log2(FC) < −5.24),
we identified the carcinoembryonic antigen-related cell adhesion
molecule 6 (ceacam6) responsible for cell–cell adhesion and
neutrophil adhesion to cytokine-activated endothelial cells, as
well as the ceacam2 gene, which is involved in energy homeostasis
and negative regulation of feeding behavior.

Spent Dry Yeast Affects Genes Involved
in Liver Metabolism, Growth and
Immunity
In the liver, we identified 75 DEGs, of which 52 were up-
regulated (69.3%) and 23 down-regulated (30.7%) in fish fed
the SDY diet (Figure 2B; q < 0.05; −1 < log2 (FC) < 1).
The PCA revealed a distinction of the two diets within the
PC1, which explained 22% of the total variance (Supplementary
Figure 2). Up-regulated genes (psat1, phgdh, wars1, hars1;
Supplementary Table 2, q < 0.05) were primarily associated
with metabolic and biosynthetic processes of L-serine and cellular
amino acids, as well as organic carboxylic and oxoacids. Among
up-regulated genes, we also identified socs3 and cish that are
involved in the regulation of inflammatory responses and growth
via the regulation of the JAK-STAT receptor signaling pathway
(Supplementary Table 4, q < 0.05).

Down-regulated genes were enriched for metal ion, cation,
and zinc ion binding molecular functions (Supplementary
Table 4, q < 0.05). The E3 ubiquitin-protein ligase TRIM21-
like gene (trim21) was down-regulated in fish fed the SDY diet
compared to the control group [log2(FC) = −3.9]. Similarly,
among the most down-regulated genes, we identified the
NACHT, LRR, and PYD domains-containing protein 12-like
(nlrp12) and protein mono-ADP-ribosyltransferase PARP14-like
(parp14), which are also involved in immunity through the
regulation of NF-kappaβ signaling and tyrosine phosphorylation
of STAT proteins, respectively.

Intestinal Host Immunity and Digestion
Are Affected by the Spent Dry Yeast Diet
at a Molecular Level
The tissue with the least DEGs, among the studied ones, was
the anterior-mid intestine. Out of 44 DEGs, 27 were up- and 17
down-regulated in fish fed the SDY diet compared to the control
group, respectively (Figure 2C; q < 0.05; −1 > log2 (FC) > 1).
PCA did not reveal any distinct groupings between groups across
both components, which only explained 54% of the total variation
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FIGURE 1 | Number of reads obtained by RNA-seq (raw reads, trimmed reads, unique alignment reads, multiple alignment reads, and reads that failed to align) for
each of the targeted tissues (head kidney, liver, and anterior-mid intestine) of gilthead sea bream (Sparus aurata) in response to the control (Control) and the Brewer’s
SDY diets. The error bar represents the standard deviation of the mean values obtained for each tissue (n = 5 replicates). HK, head kidney; LIV, liver; INT, anterior-mid
intestine.

in the intestine (Supplementary Figure 3). Interestingly, up-
regulated genes were enriched for lysozyme (GO:0003796),
peptidoglycan muralytic (GO:0061783), and hydrolase activities
(GO:0004553; GO:0016798), all of them being highly relevant
to tissue-specific functions such as intestinal host defense
(Supplementary Table 5). Similarly, among the most down-
regulated DEGs, we identified a gene linked to fatty acid
oxidation (hao2) as well as the retinoic acid receptor beta
(rarb) and the major histocompatibility complex class I-related
gene protein (hla), which are involved in intestinal immunity
(Supplementary Table 5).

DISCUSSION

In this study, we decided to explore the dietary effects of
Brewer’s SDY at transcriptomic level by means of RNA-seq
on three different tissues selected by their relevant body
functions. Regarding the head kidney, RNA-seq results showed
that most of DEGs in this hematopoietic and lymphoid tissue
of gilthead sea bream fed the SDY were related to increased
transcription levels of genes related to chemokine activity
(GO:0008009) and chemokine receptor binding (GO:0042379).
This is of special relevance since chemokines are involved in
the initiation and regulation of the inflammatory response.
In particular, the production of pro-inflammatory chemokines
(i.e., CCL2, CCL3, CCL5, CXCL1, CXCL2, and CXCL8) is
generally induced to recruit immune cells to the infection site,

while chemokines considered as homeostatic (i.e., CCL19 and
CCL21) are involved in controlling the migration of cells during
normal processes of tissue maintenance or development; thus,
initiating and regulating the inflammatory response (Laing and
Secombes, 2004; Sakai et al., 2021). Under present experimental
conditions, we found a transcriptional regulation of ccl17, cxc6,
cxc11 in the head kidney of fish fed the SDY-supplemented
diet. The above-mentioned chemokines are reputed for being
involved in the activation (cxc6) and recruitment (ccl17, cxc11)
of T lymphocytes. These results are in agreement with the
lymphoid function of this tissue, which may be translated into
an enhanced host’s immune response as similar results have
been observed in fish fed functional diets supplemented with
zootechnical feed additives with immunomodulatory properties
(Martin and Król, 2017; Hoseinifar et al., 2019; Salomón et al.,
2021). The potential immunomodulatory function of the SDY
diet may be attributed to its content in β-glucan (81 g/kg
feed). In this sense, β-glucans are well-known in aquaculture
because they promote hematopoiesis and enhance immunity
(Meena et al., 2013).

Under the present experimental conditions, we also found
changes in expression of genes involved in steroid synthesis and
secretion (GO:0008202, GO:0006694). Among DEGs involved
in steroidogenesis, nr5a1a was found to be up-regulated in
the head kidney of fish fed the SDY-supplemented diet.
This gene is expressed in the interrenal gland, gonads, and
hypothalamus (Chai et al., 2003). In teleosts, the interrenal
gland is embedded in the head kidney and is the major site of
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FIGURE 2 | Hierarchical clustering of transcriptomic response from the head
kidney (A), liver (B), and anterior-mid intestine (C) of gilthead seabream
(Sparus aurata) fed the control and the Brewer’s SDY diets. This heat map is
based on similitude patterns of the differentially expressed genes from five
replicates per tissue both dietary groups with the only exception of the head
kidney where one replicate from the control group was excluded from the
analysis as shown in Supplementary Figure 1 (results from the Principal
Component Analysis).

steroid synthesis in response to signals from the pituitary and
hypothalamus (Milano et al., 1997). Similarly, cytochrome P450
11b (cyp11b), steroid 21-hydroxylase (cyp21a2), hydroxy-delta-
5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase
(hsd3b1), and steroid 17-alpha-hydroxylase/17,20 lyase-like
(LOC115589985) were also differentially expressed, which is
of special relevance since those genes are involved in the
biosynthesis of steroid hormones like cortisol through their
precursors (Mommsen et al., 1999; Li et al., 2003). These results
are of special importance, since glucocorticoids are synthesized
by interrenal cells of the head kidney and regulate osmolarity,
metabolism, and immune responses (Vazzana et al., 2010).
Furthermore, the up-regulation of bicaudal C homolog 2 (bicc2)
that is involved in renal gluconeogenesis might show that
gilthead sea bream fed the SDY-supplemented diet may have a
more effective stress response, as data from genes involved in
steroidogenesis also indicated.

Surprisingly, the head kidney of gilthead sea bream fed
the SDY-supplemented diet showed a down-regulation of
hemoglobin subunits alpha-A and beta genes (hbaa and hbb),
which encoded for α and β subunits of hemoglobin. In addition,
we also found a down-regulation of the lipoxygenase homology
PLAT domains 1b (loxhd1b—LOC115592348), which is also
involved in heme binding and oxygen binding affinity. Under
hypoxic conditions, changes in transcription levels of hbaa and
hbb in the head kidney of fish have been associated to changes
in erythropoiesis and hemoglobin synthesis (Xia et al., 2016).
Furthermore, changes in gene expression of hbaa and hbb are
responsible for hemoglobinopathies in humans (Sabath, 2017).
We found these results puzzling, since the nutritional trial was
conducted under normoxic conditions (> 85% O2 saturation)
and we did not find any sign of distress in gilthead sea bream fed
the SDY-supplemented diet caused by a putative anemia. Further
research is needed to clarify the physiological effect of SDY on
hemoglobin homeostasis and erythropoiesis in order to clarify
current results.

Among the three studied tissues, the liver was the second one
with a larger number of DEGs. In particular, DEGs were involved
metabolic and biosynthetic processes (psat1, phgdh, wars1, hars1).
These findings are in agreement with those found in the head
kidney, which indicated that fish fed the SDY diet had a more
biologically active organ, since the above-mentioned DEGs are
involved in protein transcription and biosynthesis (Nguyen et al.,
2020; Yu et al., 2021). In addition to the classical role of wars1
in protein synthesis, this gene has been recently described in
mammals to be activated upon infection, whereas its protein acts
as an endogenous ligand of toll-like receptors (TLR) 2 and TLR4
(Nguyen et al., 2020).

The potential immunomodulatory properties of the SDY
found in the head kidney seemed to be also supported by the
up-regulation of genes involved in modulating the inflammatory
responses in the liver via the regulation of the JAK-STAT
receptor signaling pathway as transcriptomic data suggested.
Specifically, by the up-regulation in the liver of cytokine-
inducible SH containing protein (cish) and the suppressor of
cytokine signaling-like (socs) in comparison to the control
group. These genes are members of the suppressor cytokine
signaling family whose proteins are involved in the control
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and attenuation of cytokine-induced responses through the
JAK/STAT signal transduction pathway, playing an important
role in the regulation of host’s immunity and the inflammatory
response, as well as in cell proliferation, migration and survival
(Yoshimura, 2009; Yoshimura et al., 2012; Maehr et al., 2014).
Furthermore, the down-regulation of the NACHT, LRR, and PYD
domains-containing protein 12-like (nlrp12) might suggest an
enhancement of the NF-κB pathway, since these proteins have a
modulatory role on the NF-κB pathway (Normand et al., 2018).
This is of special relevance since the NF-kB pathway plays an
important role in the regulation of several cytokines, chemokines,
antimicrobial peptides, and interferon-stimulated genes, as well
as being crucial in modulating the survival, activation, and
differentiation of innate and adaptive immune cells (Sun, 2017).
Although these results might be attributed to a potential
inflammatory response derived from the inclusion of SDY in
the diet, we did not find inflammatory signs in the intestinal
mucosa of fish fed the SDY diet (Supplementary Figure 4);
thus, the transcriptional regulation of the NF-kB pathway may
be attributed to the immunomodulatory properties of the SDY.
Furthermore, the E3 ubiquitin-protein ligase TRIM21-like gene
(trim21) was also down-regulated in the liver of fish fed the
SDY diet. This gene is generally over-expressed under prolonged
activation of the immune system, being also described as a
negative regulator of antioxidative stress (Lee, 2017). Similarly,
protein mono-ADP-ribosyltransferase PARP14-like (parp14) was
also among the most down-regulated genes. This gene modulates
the humoral immune response through the activation of the
JAK/STAT pathway (Schweiker et al., 2018), which suggests a
balanced immune response in gilthead sea bream fed the SDY diet
as other authors have reported when there is a sort of immune
homeostasis based on an equilibrium between pro- and anti-
inflammatory processes (Salomón et al., 2020, 2021; Firmino
et al., 2021).

The transcriptomic response evaluated in the anterior-mid
intestine was in agreement with results found in the two former
tissues from gilthead sea bream fed the SDY diet. In particular,
four g-type lysozyme genes were up-regulated (LOC115585860,
LOC115582400, LOC115582423, and LOC115585885), which
were related to the biological process linked to peptidoglycan
and aminoglycan metabolic, and catabolic processes in which g
lysozyme is involved (Jiménez-Cantizano et al., 2008). In this
sense, lysozyme cleaves peptidoglycans of the bacterial cell wall
and participates in the activation of the complement system and
phagocytes. In addition, lysozymes have also been reported to
have antiviral and anti-inflammatory functions, thus playing an
important function at both systemic and local immune responses
(Saurabh and Sahoo, 2008). Changes in the number of transcripts
of the retinoic acid receptor beta (rarb) were not attributed to
different dietary vitamin A contents between both experimental
diets, since yeast does not contain this lipophilic vitamin. Thus,
changes in rarb expression might be associated to the regulation
of the intestinal immune condition in fish fed the SDY diet (Gattu
et al., 2019). Similarly, we also found the major histocompatibility
complex class I-related gene protein (hla) to be down-regulated,
which may be associated with a reduction in the immunogenicity
of dietary SDY and modulation of the immune response in
the intestine (Groh et al., 1996). Although we did not find

inflammatory signs in the intestinal mucosa of fish fed the
SDY diet (Supplementary Figure 4), the expression profile of
immune-related genes in fish fed the SDY diet indicated that
further research may be focused on evaluating the effect of SDY
on the mucosal-associated lymphoid tissue in the intestine and its
immunocompetence under disease conditions.

Furthermore, the inclusion of SDY in the diet down-regulated
the expression of hydroxyacid oxidase 2 (hao2) in the anterior-
mid intestine of gilthead sea bream, which might be attributed
to a dietary regulation of this gene. Hydroxyacid oxidase 2
is a peroxisomal 2-hydroxy acid oxidase responsible for the
oxidation of 2-hydroxy fatty acids like 2-hydroxypalmitic acid,
which is an intermediate in phytosphingosine metabolic pathway,
an important component of sphingolipids found in yeasts and
plants (Pruett et al., 2008).

CONCLUSION

Under present experimental conditions, the partial replacement
of conventional dietary protein sources by spent dry yeast
(SDY) obtained as a by-product of the brewer’s industry had a
modulatory effect on several processes related to host’s immunity,
oxygen’s carrier capacity, steroidogenesis, metabolism, and
digestion. Results related to the enhancement of the immune
condition at systemic and local levels in fish fed the SDY diet
are of special relevance, since they indicated that this ingredient
in addition to being considered as a sustainable ingredient for
replacing conventional marine and terrestrial protein sources in
aquafeeds, it may also be considered as a functional one due
to its immunomodulatory properties derived from its content
in β-glucans. Although the results found in the present study
seemed really promising in terms of the functional properties of
the tested SDY, further research needs to be focused on clarifying
the effect of this ingredient on the biological processes involved
in oxygen transport in order to guarantee the safety of this
ingredient for fish. The overall results of this study coupled
with nutritional studies on this ingredient (Estévez et al., 2021;
Nazzaro et al., 2021) indicated that the use of brewery’s by-
products like SDY in aquafeeds supports a circular bioeconomy
model that reuses, recovers, and recycles resources instead of
producing wastes.
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