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RNA-Seq analysis of the pyloric caecum, liver, =
and muscle reveals molecular mechanisms
regulating fillet color in rainbow trout

Ridwan O. Ahmed', Ali Ali", Tim Leeds® and Mohamed Salem'”

Abstract

Background The characteristic pink-reddish color in the salmonids fillet is an important, appealing quality trait for
consumers and producers. The color results from diet supplementation with carotenoids, which accounts for up to
20-30% of the feed cost. Pigment retention in the muscle is a highly variable phenotype. In this study, we aimed to
understand the molecular basis for the variation in fillet color when rainbow trout (Oncorhynchus mykiss) fish families
were fed an Astaxanthin-supplemented diet. We used RNA-Seq to study the transcriptome profile in the pyloric
caecum, liver, and muscle from fish families with pink-reddish fillet coloration (red) versus those with lighter pale
coloration (white).

Results More DEGs were identified in the muscle (5,148) and liver (3,180) than in the pyloric caecum (272). Genes
involved in lipid/carotenoid metabolism and transport, ribosomal activities, mitochondrial functions, and stress
homeostasis were uniqguely enriched in the muscle and liver. For instance, the two beta carotene genes (BCO1 and
BCO2) were significantly under-represented in the muscle of the red fillet group favoring more carotenoid retention.
Enriched genes in the pyloric caecum were involved in intestinal absorption and transport of carotenoids and lipids.
In addition, the analysis revealed the modulation of several genes with immune functions in the pyloric caecum, liver,
and muscle.

Conclusion The results from this study deepen our understanding of carotenoid dynamics in rainbow trout and can
guide us on strategies to improve Astaxanthin retention in the rainbow trout fillet.
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Background

Carotenoids, also called tetraterpenoids, are organic
molecular pigments synthesized by plants, certain bac-
teria, algae, and fungi [1]. Their primary function is to
absorb light energy during photosynthesis and to provide
photoprotection [2]. Carotenoids are structurally clas-
sified as either carotene (those without oxygen) or xan-
thophyll (which contains oxygen). They absorb light of
wavelength between 400 and 550 nanometers, conferring
yellow, orange, or red coloration [1]. They give character-
istic color to plants like carrots, pumpkins, and tomatoes.
In animals, carotenoids are used for pigmentation, as a
precursor to vitamin A, as an antioxidant, and to enhance
immune response [3, 4].

In the natural marine habitat, salmonid fish, includ-
ing rainbow trout and Atlantic salmon, feed on sea
algae and small crustaceans, giving the muscle pink/
reddish coloration characteristics. In aquaculture, syn-
thetic carotenoids, especially Astaxanthin, are added as
feed additives to provide similar fillet coloration. This
characteristic reddish/pink fillet coloration is an impor-
tant quality criterion that can influence consumers pur-
chasing decisions [5]. It has been observed that only a
small proportion (2—22%) of the supplied Astaxanthin is
deposited and retained in the muscle of rainbow trout [6,
7]. The large disparity between the digestibility of Astax-
anthin in salmonids (approximately 30-50%) [8] and
muscle retention in rainbow trout (2-22%) [6] suggests
that several organs between the intestine, where carot-
enoids are absorbed, and muscle, where it is deposited,
are crucial to the understanding of carotenoid metabo-
lism. The diet, genetics, sexual maturity, and sex are fac-
tors that influence fillet color in salmonids [9, 10]. At a
younger age, Astaxanthin is preferentially deposited in
the muscle. Upon sexual maturation, carotenoids are
relocated from muscle to the eggs (in females) and skin
(in males) [11, 12].

Rainbow trout is the most cultivated, cold/cool fresh-
water fish in the United States [13], reared mainly to pro-
duce fillets. It supplies human protein with low saturated
fat, cholesterol content, and high omega-3 fatty acids.
Understanding the mechanism of carotenoid metabo-
lism in rainbow trout is crucial to devising strategies to
improve muscle retention of the supplied Astaxanthin.
Most of our understanding of carotenoid metabolism
comes from using beta-carotene in human studies and a
few studies from fish. Due to their hydrophobic nature,
carotenoids are closely associated with fatty acids and
transported with them in the intestine and blood [14,
15]. There is, therefore, a strong link between carotenoid
metabolism and fat metabolism through the uptake,
transport, and delivery of both compounds. Similarly,
essential features of carotenoid absorption, metabo-
lism, and transport are similar in both salmonids and
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mammals [16]. Increasing dietary lipid levels improved
Astaxanthin deposition and retention in rainbow trout
and Atlantic salmon fillet [17, 18]. Studies have shown
that the gastrointestinal tract of salmon and rainbow
trout consists of several regions, with the pyloric caecum,
rather than the stomach or hindgut, playing the most
prominent role in the digestion, absorption, and metabo-
lism of lipid and Astaxanthin [19-21]. Several enzymes
involved in Astaxanthin’s absorption, metabolism, and
transport are expressed in the pyloric caeca [22]. Sev-
eral genetic factors influence carotenoid digestion in the
intestine, including genes for digestive enzymes and bile
acid formation that assist in carotenoid micellization,
uptake of carotenoid, and transport [23, 24].

It was previously thought that the absorption of carot-
enoids in the intestine is passive [25]. Recent studies
have shown that several proteins, including scavenger
receptor class B (SCARBL1), cluster of differentiation 36
(CD36), NPC1L1 (Niemann-Pick C1-like 1), and ABCA1
(ATP-Binding Cassette A1) [25, 26] facilitate carotenoid
uptake in the intestine. Within the intestine, several pro-
teins, including beta-carotene oxygenase, retinol dehy-
drogenases, and retinol-binding proteins, are reported
to metabolize carotenoids [9, 27-29]. Genomic studies
including Genome-wide association studies (GWAS)
have identified genetic variants within beta-carotene oxy-
genase 1 (bcol) and beta-carotene oxygenase 1 like (bcoll)
that are associated with the variation of fillet color in
salmon [28, 30]. The unmetabolized carotenoids and reti-
nol from the intestine are transported to the liver for fur-
ther metabolism. The liver is the main metabolic organ
for carotenoids in salmonids [31-33]. The exact mecha-
nism of carotenoid transport in the blood, liver uptake,
and metabolism in rainbow trout remain a subject of
continuous research. Studies have shown that Astaxan-
thin not metabolized in the liver is repackaged into very
low-density lipoproteins (VLDL) and sent into the blood
again for transport and deposition in the muscle [16, 34].
Astaxanthin in the muscle boosts the fillet color and con-
fers the reddish-pink fillet coloration characteristics of
salmonids. During sexual maturation, carotenoids from
the muscle are transferred to the skin and gonads [10].

In this study, we used RNA-Seq analysis to elucidate on
the mechanisms involved in the absorption, metabolism,
and deposition of Astaxanthin in the muscle tissue of
rainbow trout with a view to select for rainbow trout fish
families with a better ability to retain Astaxanthin. As a
result of their role in carotenoid metabolism in the lit-
erature, the pyloric caecum, liver, and muscle tissue were
selected for this study. This will shed light on the molecu-
lar basis for the development of divergent intensity of fil-
let coloration in rainbow trout fish fed the same diet and
reared under the same experimental conditions. Unlike
most of the other studies in fish where one group is fed
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Astaxanthin and the other group is fed a diet devoid of
Astaxanthin, the white and red fillet group in this study
were both fed Astaxanthin in their diet to reflect the
actual inability/lesser ability of some fish to utilize carot-
enoid for fillet color and the DEGs modulating such.
Similarly, Astaxanthin is suggested to be better utilized
in rainbow trout than in Atlantic salmon because of a
greater digestibility of Astaxanthin (91-97% vs. 45-74%)
and greater deposition of Astaxanthin in the flesh [35].

Methods

Ethical statement

Husbandry practice and experimental procedures at the
facility were approved by the IACUC animal study proto-
col of the University of Maryland, College Park, protocol
number 1593175-6.

Rainbow trout population, experimental design,
treatments, and sampling

This study was carried out using rainbow trout from
a muscle yield genetic selection line developed at the
National Center for Cool and Cold water aquaculture
(NCCCWA). This line started as a growth-selected line
in 2002 and underwent five generations of selection for
improved growth performance as described by Leeds et
al. [36]. Subsequent generations were selected for muscle
yield as described in Cleveland et al.(2023) [37] and Gar-
cia et al. [38]. Fish from the 2020-year class (YC) were
included in this study and thus represent 3rd -generation
families from lines selected for high (ARS-FY-H) or low
(ARS-FY-L) fillet yield.

Breeding and hatching

Briefly, the fish used for this study were from 40 fami-
lies (20 full-sib families each from the ARS-FY-H and
-L lines) received from the NCCCWA at 322 days post-
hatch and reared at the Crane Aquaculture facility of the
University of Maryland, College Park. The study used all-
female immature fish to minimize the age and sex effects
of fillet color. The aquaculture facility uses a recirculating
aquaculture system (RAS) with all water quality param-
eters closely monitored. The fish were fed an Astaxan-
thin-supplemented diet (BioTrout 4.0 mm & 6.0 mm, ~
40ppm Astaxanthin) from Bio-Oregon at a feeding rate
for approximately six months before harvest. At the age
of between 450 and 485 days post-hatch, 442 fish were
harvested (average body weight=694.36 g; SD=173.76).
The fish were taken off feed a day before harvesting. Fish
were euthanized using physical stunning through a blow
to the skull with a blunt wooden instrument immedi-
ately followed by exsanguination. Liver, pyloric caecum,
and muscle tissue were collected on the harvest day, as
described below. The fish were allowed to undergo rigor
mortis on ice for 48 h and manually processed into
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trimmed, skinless fillets on the third day. The harvest
period was done for six consecutive weeks, and sampling
was done so that each week, we had a representative of
one to two fish per family. Sixty fish were harvested in the
first and second week, while 80 were harvested in each
subsequent week and 82 in the final week.

A section of the right fillet was collected from which
color measurements were obtained in the region
described below. A 7.5 cmx5 c¢m raw fillet sample was
taken from a position beginning at 1.5 cm before the
dorsal fin and over the lateral line in all fillets. To pre-
vent the influence of various thickness along the fillet on
the measurements taken, all samples were prepared at a
uniform thickness of 1 cm. The color was measured on
a skinless fillet with the Minolta Chroma Meter CR-200
device (Minolta, Model CR-300; Minolta Camera Co.,
Osaka, Japan), which gives readings for redness (a*), yel-
lowness (b*), and lightness (L*). Multiple measurements
were taken from the same location and the average value
was used.

The saturation index (SI) (a*?> +b*%)%° was calculated
for all fish, and the average SI value for each family was
used to sort the 40 families into “red fillet group” for fish
families of high saturation index and “white fillet group”
for fish families of low saturation index value. The satura-
tion index describes the brightness of the color [39]. The
fish from families with divergent color values (red ver-
sus white) were used for this study; five families for the
pyloric caecum (3 from the red fillet group versus 2 from
the white fillet group, five families for the muscle (3 from
the red fillet group versus 2 from the white fillet group)
and eight families for the liver (4 from the red fillet group
versus 4 from the white fillet group). The difference in SI
between the red and the white fillet group is shown in
Table 1.

The correlation between saturation index and body
weight is 0.438 in our data, but the effect of body weight
did not confound our result (analysis not shown). The
genetic line used for this study was selected for muscle
yield, but the correlation between muscle yield and satu-
ration index is low (0.021).

RNA extraction

The pyloric caecum, liver, and muscle tissues were col-
lected from selected fish samples from the red and white
fillet groups. The tissue samples were immediately flash-
frozen in liquid nitrogen before transferring to -80°c for
storage. Total RNA was extracted from the tissues using
the RNAzol reagent (Molecular Research Center Inc.,
USA) method following the manufacturer’s instructions.
The concentration of RNA was measured by Nano-
Drop spectrophotometer Gen 5 version 2.09.2 (BioTek
Instruments, Inc., USA), and the purity was estimated
by the A260:A280 ratio. Gel electrophoresis was used to
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Fillet group Average SI P value
Pyloric Red 28.37+£0.77 1.99E-10
White 23.24+0.89
Liver Red 28.62+0.75 7.33E-16
White 23.14+0.89
Muscle Red 27.37£1.04 3.45E-07
White 21.29+1.38
Table 1 Average saturation index in the red and white fillet group in the pyloric caecum, liver and muscle
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Fig. 1 a:Principal component analysis (PCA) performed on the gene expression data from pyloric caeca samples showing no apparent clustering. b: PCA
performed on the expression data of muscle samples showing the separation of the white (Low) and red (High) fillet groups. ¢: PCA performed on the
gene expression data of liver samples showing the separation of the white (Low) and red (High) fillet groups. d: PCA performed on the expression data of
pyloric caecum, liver, and muscle samples of rainbow trout. The PCA shows a clear separation of the three tissues

confirm the integrity of the extracted RNA. RNA samples
selected for library preparation had an A260:A280 ratio
of 1.8-2.1. RNA integrity was assessed with a Screen-
Tape® system (Agilent, Santa Clara, CA) and samples
with RIN (RNA Integrity Number) of 7 or above were
used. A total of ten (10), twenty-three (23), and sixteen
(16) individual fish RNA samples were extracted from the
pyloric caecum, liver, and muscle, respectively. The RNA
were individually sequenced and used for this study.

Library preparation and sequencing

Library preparation was done using the Integrated
DNA Technologies (IDT) xGen RNA library prepara-
tion kit with the NEB polyA selection module (https://
www.idtdna.com/pages/products/next-generation-
sequencing/workflow/xgen-ngs-library-preparation/rna-
library-preparation/rna-library-prep-kit#resources). The
preparation is performed according to the manufacturer’s
instructions. Briefly, it starts with RNA fragmentation,
followed by random priming and reverse transcription
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to generate first-strand cDNA. This follows by tailing and
adapter ligation to the 3’-end of the cDNA molecule. The
last step is the PCR to increase library yield. Sequencing
was performed at the Oklahoma Medical Research Foun-
dation NGS Core, USA using an Illumina NovaSeq -S4
Instrument and paired-end 150 cycle sequencing.

Differential gene expression analyses

The rainbow trout genome annotation was downloaded
from the NCBI (GCA_002163505.1 https://www.ncbi.
nlm.nih.gov/assembly/GCF_002163495.1/). Low-quality
reads trimming, adapter trimming, read mapping, and
differential expression analysis were performed using the
CLC genomics workbench (version 22). Raw counts were
used to identify differentially expressed genes (DEGs)
using in-built EdgeR in the CLC genomics workbench.
A gene was considered DEG when the P-adj-value<0.05
and fold change (FC) > |1.5]|. Principal component anal-
ysis (PCA) was conducted to observe the clustering
between samples belonging to the two phenotype groups
(white fillet VS red fillet). Parameters for each step of the
procedure can be accessed in supplementary file 4.

KEGG pathways and GO analysis

Functional enrichment analysis was performed to iden-
tify KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways [40] and GO (Gene Ontology) terms based on
the DEGs identified against the background (expressed)
genes in the pyloric caecum, liver, and muscle. The
analysis was performed using ShinyGO 0.77 [41] with
default setting. A cut-off of FDR-adjusted P-values of less
than 0.05 was used for significant GO terms and KEGG
pathways.

Canonical pathway analysis

To investigate the molecular mechanisms underly-
ing carotenoid absorption and utilization, the outcome
from the differential expression analysis (the DEGs, fold
change, and FDR-adjusted p-values) for the muscle tis-
sue was uploaded to the Qiagen Ingenuity Pathway
Analysis (IPA) software application [42]. The DEGs were
categorized into related canonical pathways based on
the Ingenuity pathway knowledge base (IPKB). IPA was
performed to identify canonical pathways, diseases and
functions, and gene networks that are most significantly
enriched from our DEGs data.

Results

Library preparation and RNA-sequencing

A total of 1,307,592,114 raw paired-end reads (151 bp
long) were sequenced for the muscle (16 samples),
1,189,353,744 raw paired-end reads, 148 bp for the
liver (23 samples), and 699,709,530 raw paired-end
reads, 151 bp for the pyloric caeca (10 samples). On
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average, 99.9% of reads per sample passed the qual-
ity control, producing 1,306,360,142 high-quality reads
for muscle, 1,181,426,360 high-quality reads for the
liver, and 699,314,138 high-quality reads for the pyloric
caeca. The reads were mapped against the rainbow
trout genome (https://www.ncbinlm.nih.gov/assembly/
GCF_002163495.1/), producing an average of 90% map-
ping rate.

Between-group clusters

Principal component analysis (PCA) showed a distinct
clustering pattern between samples from the white and
the red fillet groups in the liver and muscle. In addition,
there is a clear separation between samples from the
pyloric caecum, liver, and muscle.

Differentially expressed genes in the pyloric

The pyloric caecum had only 272 significant (FDR
P<0.05) DEGs between the white and the red fillet
groups. One hundred and twenty-six (126) of those genes
were upregulated (Fold change>2.0), while 166 were
downregulated (fold change < -1.5). The complete list of
DEGs and their fold change can be found in Supplemen-
tary Table 1.

The highest increase in mRNA expression in the DEGs
between the white fillet versus the red fillet group was
found in the gene encoding stonustoxin subunit beta-like
(1256.28 FC), which confers immune-related functions.
At the opposite end of the DEGs, the most downregu-
lated genes are the protein RD3 (retinal degeneration 3
(-439.07 FC) and uromodulin (-186.4 FC).

Genes encoding proteins involved in carotenoid/lipid
absorption and transport are enriched in the red fillet
group: CD36 antigen (-2.30 FC), phospholipid-transport-
ing ATPase ABCAI (-5.75 FC, FDR-adj=0.06). Several
DEGs are involved in lipid metabolism, such as apoli-
poprotein B-100 (-9.61 FC), ELOVL fatty acid elongase
6 (-37.51 FC), long-chain-fatty-acid—CoA ligase 3 (13.53
FC), phospholipase A and acyltransferase 4-like (4.79
FC), and phospholipid phosphatase-related protein type
4 (3.29 FC). Modulated genes involved in carotenoid
metabolism are retinoic acid receptor beta (4.37 FC), reti-
nol dehydrogenase 1 (2.43 FC), and retinoic acid receptor
beta (-3.92 EC).

Among the modulated genes in the pyloric caecum
encoding proteins that have functions related to immu-
nity include ferritin, middle subunit in the pyloric cae-
cum (-8.89 FC), GTPase IMAP family member 8-like
(34.94 EC), interferon-induced very large GTPase 1
(16.79, 6.94 EC), GTPase IMAP family member 7 (-6.4,
-6.68, -43.58 FC), B-cell receptor CD22-like (-22.32 EC).
Others are listed in Supplementary Table 1. There is no
enriched KEGG pathway and GO terms for DEGs in the
pyloric caecum.
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Differentially expressed genes in the liver

There were 3,180 significant (FDR P<0.05) DEGs in the
liver between the white and the red fillet groups. One
thousand four hundred and two (1402) of those genes are
upregulated, while 1778 are downregulated. The com-
plete list of DEGs and their fold change can be found in
Supplementary Table 1. The most downregulated genes
encode putative per-hexamer repeat protein 5 (-4489.25
FC), pygopus homolog 1 (-82.69 EC), and follistatin A
(-75.07 EC). At the opposite end, the most upregulated
genes encode pentraxin-related protein PTX3 (162.32
FC), ferritin H-3 (147.72 FC), and protein FAM163B-like
(93.16 FC).

Other DEGs identified in the liver involved in chylo-
micron uptake include those that encode for low-density
lipoprotein receptor-related protein 1 (LRP1) (-1.59 FC),
LRP10 (-2.18 FC), LRP6 (-1.51, -178 FC) and basement
membrane-specific heparan sulfate proteoglycan core
protein (-2.06, -3.56 FC). Other significant DEGs with
prominent functions in carotenoid metabolism are Apo-
lipoprotein B-100(-6.9, -1.74, -2.38 FC), Retinol binding
protein 7b cellular (3.27 FC), retinol-binding protein 2
(2.84 FC), BCOI (1.46 FC), BCO2 (-2.71 EC).

DEGs in the liver that encode for proteins with immune
function include ferritin H-3 (147.7 FC), Heme oxygenase
2-like (-1.67 FC), interferon-induced very large GTPase
1 (-1.76, -2.08, 2.27 FC), GTPase IMAP family member
9 (5.66 FC). Others are listed in Supplementary Table 1.
DEGs that encode proteins involved in stress homeo-
stasis identified in the liver are listed in Supplementary
Table 1.

aNnsmembrane U
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KEGG and GO terms in the liver

There are no significant KEGG and GO terms in the liver
for the down-regulated genes. For upregulated genes
between the white versus red fillet group in the liver, the
KEGG pathways enriched are ribosome (59 genes), oxi-
dative phosphorylation (19 genes), and protein export (5
genes).

Several GO terms are significantly enriched for this
group. The most significant terms involved in the bio-
logical process, as shown in Fig. 2 and Supplementary
Tables 2, include peptide biosynthetic process, transla-
tion, amide biosynthetic process, peptide metabolic pro-
cess, electron transport chain, oxidative phosphorylation,
ATP metabolic process, cellular respiration.

Some of this group’s most significant cellular function
terms are ribosome, ribosomal subunit, ribonucleopro-
tein complex, large ribosomal subunit, mitochondrial
inner membrane, mitochondrion, mitochondrial enve-
lope, and others, as presented in Supplementary Table 2.

The most significant molecular components GO terms
for this group include structural constituent of ribosome,
structural molecule activity, electron transfer activity,
proton transmembrane transporter activity, oxidoreduc-
tion-driven active transmembrane transporter activity,
RNA binding, and cyclin-dependent protein serine/thre-
onine kinase regulator activity as presented in Supple-
mentary Table 2.

Differentially expressed genes in the muscle

There were 5148 significant (FDR P<0.05) DEGs
between the white and the red fillet groups. Two thou-
sand six hundred and forty-three (2643) of those genes
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Fig. 2 Enriched GO biological function terms for the upregulated genes in the liver comparing the white versus red fillet groups
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are upregulated (Fold change>1.5), while 2505 are down-
regulated (fold change > -1.5). The complete list of DEGs
and their fold change can be found in Supplementary
Table 1. The most upregulated genes between the white
versus red fillet group in the muscle encode digestive
enzymes with immune functions: acidic mammalian chi-
tinase (728.07, 575.56 FC) and gastric chitinase (565.2
EC).

The downregulated genes with the most significant fold
change encode proteins with stress homeostasis function.
They include heat shock protein 30 (-297.82, -151.27,
-136.33, -135.52 FC), nucleotide triphosphate diphos-
phatase NUDT15 (-268.43 FC), and asporin (LRR class 1)
(-942.47 EC).

DEGs involved in carotenoid metabolism include albu-
min 1 (98.85, 86.42 FC, low-density lipoprotein recep-
tor-related protein 2b (LRP2B) (-3.27 FC), low-density
lipoprotein receptor-related protein 2a (LRP2A) (-3.37
EC), low-density lipoprotein receptor-related protein 1Ba
(LRPIBA) (-11.73 FC), low-density lipoprotein receptor-
related protein 4 (LRP4) (2.61 FC), low-density lipopro-
tein receptor adaptor protein la (ldirapla) (2.18 FC),
BCO2 (10.46), and BCO1 (3.04). Coronins (coronin-2B
(-1.61 FC) and Coronin-1 C (-18.77 FC)) are involved in
the transport of Astaxanthin within the muscle cells.

Several DEGs in the muscle encode proteins involved
in actomyosin structure organization. They are listed in
Supplementary Table 1.

DEGs that encode for proteins involved in stress
homeostasis in the muscle are tumor necrosis factor
receptor superfamily member 14 (4.26 FC), glutathione
peroxidase 1 (gpx1) (-1.75, -2.71 FC), probable glutathi-
one peroxidase 8 (-2.29 FC), superoxide dismutase (-1.9
EC), Hsp30 (-5.62, -11.59, -53.05, -55.93, -92.8, -135.53,
-136.63, -151.27, -92.8, -297.82 FC) and hsp70(-3.02 FC).
Others are listed in Supplementary Table 1.

DEGs involved in immune response are ferritin, mid-
dle subunit (-1.96, -2.01, -2.4, -2.85, -3.28,-3.5, -6.53 FC),
Cathepsin Bb (-1.68 FC), cathepsin K (-1.78, -5.88, 5.75
FC), GTPase IMAP family member 7 (3.78, 11.1, -5.06
FC), Ladderlectin (-8.15 FC), tripartite motif-containing
protein 35-like (5.77 FC). Others are listed in Supplemen-
tary Table 1.

Canonical pathways

To investigate the molecular mechanisms underlying
carotenoid absorption and utilization in the muscle, the
DEQG list in the muscle was submitted to Ingenuity Path-
way Analysis (IPA) core analysis from Qiagen software.
The DEGs were categorized into related canonical path-
ways based on the Ingenuity pathway knowledge base
(IPKB). IPA was performed to identify canonical path-
ways and ‘diseases and functions’ that are most signifi-
cantly enriched from our DEGs data.
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The top enriched canonical pathways in the muscle
with a p-value less than 0.05 are presented in Fig. 3. The
FXR/RXR and LXR/RXR activation pathways are the
most significantly enriched pathways. Others are oxida-
tive phosphorylation and mitochondria dysfunction.

Disease and function analysis

The IPA also categorizes DEGs into related diseases and
functions. Some diseases and functions with a p-value
less than 107° and the number of representative genes
involved are listed in Fig. 4; Table 2. The full list of all
diseases and functions categories and the genes involved
is included in Supplementary Table 3. Those functions
related to lipid metabolism include disorder of lipid
metabolism (P-value 1.40E-08) which is activated in the
white fillet group, and uptake of lipids (P-value 1.59E-05)
which is inhibited in the white fillet group. Others related
to immunity with a p-value less than 0.05 include infil-
tration by neutrophils and cellular infiltration by phago-
cytes, both inhibited in the white fillet group.

KEGG pathways and GO terms in the muscle

In the muscle, the KEGG pathways enriched for the
upregulated genes in the white versus red fillet group, as
shown in Fig. 5, include metabolic pathways (122 genes),
ascorbate and aldarate metabolism (6 genes), lysine deg-
radation (11 genes), glycerophospholipid metabolism
(15 genes), pentose and glucuronate interconversions (6
genes), FoxO signaling pathway (23 genes), glycerolipid
metabolism (10 genes) and insulin signaling pathway (18
genes).

Several GO terms are significantly enriched for this
group. The most significant terms involved in the bio-
logical process, as shown in Fig. 6 and Supplemen-
tary Tables 2, include complement activation, humoral
immune response, immune effector process, hemosta-
sis, activation of the immune response, regulation of
body fluid levels, blood coagulation, positive regulation
of immune response, coagulation, wound healing, posi-
tive regulation of immune system process, regulation of
response to stimulus, response to wounding, regulation
of blood coagulation, regulation of hemostasis, phos-
phorylation, lipid transport, lipid localization, regulation
of immune response, and regulation of stress response.

The most significant GO terms for cellular compo-
nents in this group, as shown in Supplementary Tables 2,
include extracellular space, MLL1/2 complex, MLL1
complex, histone methyltransferase complex, SWI/
SNF superfamily-type complex, ATPase complex, meth-
yltransferase complex, nucleoplasm, and transferase
complex.

Some of the most significant molecular function terms
for this group are endopeptidase inhibitor activity, pepti-
dase regulator activity, endopeptidase regulator activity,
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Fig. 3 The topmost significant canonical pathways for the muscle DEGs

peptidase inhibitor activity, enzyme regulator activity,
serine-type endopeptidase inhibitor activity, transition
metal ion binding, protein serine/threonine kinase activ-
ity, protein kinase activity, oxidoreductase activity, act-
ing on the CH-NH group of donors, NAD or NADP as
acceptor, histone-lysine N-methyltransferase activity, his-
tone methyltransferase activity, transferase activity, and
transferring phosphorus-containing groups as listed in
Supplementary Table 2.

For the downregulated genes between the white versus
red fillet group, the KEGG pathways enriched are ribo-
some (85 genes), oxidative phosphorylation (61 genes),
proteasome (21 genes), cardiac muscle contraction (20
genes), metabolic pathways (131 genes) and spliceosome
(21 genes) as shown in Fig. 7.

Several GO terms are significantly enriched for this
group. The most significant terms involved in the bio-
logical process, as shown in Fig. 8 and Supplementary
Tables 2, include peptide biosynthetic process, transla-
tion, peptide metabolic process, amide biosynthetic pro-
cess, electron transport chain, ATP metabolic process,
proton transmembrane transport, nucleoside triphos-
phate biosynthetic process, purine nucleoside triphos-
phate metabolic process, ATP biosynthetic process,
oxidative phosphorylation, respiratory electron trans-
port chain, mitochondrial respiratory chain complex

z-score = 0 M negative z-score
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assembly, and mitochondrial ATP synthesis coupled elec-
tron transport.

Most significant cellular components include ribosome,
non-membrane-bounded  organelle, mitochondrion,
mitochondrial inner membrane, ribosomal subunit,
ribonucleoprotein complex, mitochondrial envelope and
respirasome (Supplementary Table 2).

The most significant molecular function GO terms
are structural constituent of ribosome, oxidoreduction-
driven active transmembrane transporter activity, proton
transmembrane transporter activity, electron transfer
activity, cytochrome-c oxidase activity, oxidoreductase
activity, acting on a heme group of donors, primary active
transmembrane transporter activity, threonine-type
endopeptidase activity, RNA binding, NADH dehydroge-
nase activity, NAD(P)H dehydrogenase (quinone) activ-
ity, NADH dehydrogenase (ubiquinone) activity, calcium
ion binding, inorganic molecular entity transmembrane
transporter activity, ion transmembrane transporter
activity, phospholipase inhibitor activity, lipase inhibitor
activity, active transmembrane transporter activity and
transporter activity (Supplementary Table 2).

Discussion

This study investigated molecular mechanisms influenc-
ing fillet color and the utilization of carotenoids in rain-
bow trout. We compared the transcriptome profile in the
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Fig. 4 Modulated diseases and functions from the DEGs in the muscle (a) Genes related to lipid metabolism (b) Genes related to immunity

pyloric caecum, liver, and muscle of rainbow trout groups
with ‘white’ versus ‘red’ fillets. Fish in both groups were
fed Astaxanthin supplemented diet. Carotenoid absorp-
tion mainly occurs in the pyloric caecum, followed by
liver metabolism and muscle deposition. More DEGs
exist in the muscle and liver than in the pyloric caecum.
Metabolism of carotenoids is closely linked to lipid and
fatty acid metabolism [43], and in agreement with this,
several DEGs are involved in lipid metabolism and trans-
port. DEGs involved in carotenoid/lipid absorption and
transport were identified in the pyloric caecum. DEGs
involved in mitochondrial function, ribosomal activities,
and protein functions are identified in the liver and mus-
cle. In the muscle, lipid metabolism disorders and lipid
uptake inhibition were observed in the white fillet group,
which might inhibit the retention of Astaxanthin. Other
DEGs have immune-related functions and are involved in
stress homeostasis (Supplementary Table 1).

Pyloric caecum

The stonustoxin subunit beta-like (1256.28 FC) gene is
the most upregulated gene in the pyloric caecum of the
white fillet group in this study. LeBlanc et al. [44] iden-
tified stonustoxin as one of the innate immune response
genes upregulated in the head-kidney of Atlantic salmon
injected with salmon anemia virus (ISAV) relative to
the control Atlantic salmon. At the opposite end of the
DEGs, the most downregulated genes are the protein
RD3 (retinal degeneration 3 (-439.07 FC) and uromodulin
(-186.4 EC). Uromodulin protects against urinary tract
infections and is an antioxidant [45]. It is also known that
carotenoid pigments are found in the retina, acting as an
antioxidant and free radical scavenger to reduce oxidative
stress-induced damage [46].

Absorption of carotenoids

Carotenoids are insoluble in water and are thus absorbed
and transported through their incorporation into lipids
and fatty acids [43] by forming mixed micelle in the gut



Ahmed et al. BMC Genomics (2023) 24:579 Page 10 of 18

Categories Diseases or Functions Annotation p-value # Genes
Lipid Metabolism Metabolic Disease Organismal Injury and Abnormalities, Disorder of lipid metabolism 1.40E-08 17
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Uptake of lipid 1.59E-05 10
Molecular Transpc Small Molecule Biochemistry Accumulation of lipid 5.47E-07 17
Lipid Metabolism Small Molecule Biochemistry Vitamin and Mineral Metabolism Metabolism of retinoid 2.97E-04 5
Lipid Metabolism Small Molecule Biochemistry Vitamin and Mineral Metabolism Synthesis of cholesterol 6.31E-05 6
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Transport of phospholipid 2.62E-05 6
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Transport of steroid 2.71E-10 15
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Secretion of cholesterol 4.68E-10 7
Lipid Metabolism Small Molecule Biochemistry Homeostasis of lipid 1.29E-09 15
Lipid Metabolism Small Molecule Biochemistry Fatty acid metabolism 1.93E-09 27
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Transport of lipid 2.14E-09 17
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Flux of lipid 3.31E-09 13
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Cholesterol transport 3.49E-09 13
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Efflux of lipid 1.90E-08 12
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Concentration of lipid 2.63E-08 32
Lipid Metabolism Small Molecule Biochemistry Vitamin and Mineral Metabolism Homeostasis of cholesterol ~ 3.38E-08 10
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Excretion of lipid 4.04E-08 7
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Flux of cholesterol 7.53E-08 11
Lipid Metabolism Small Molecule Biochemistry Vitamin and Mineral Metabolism Steroid metabolism 1.09E-07 15
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Excretion of sterol 4.28E-07 5
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Accumulation of lipid 5.47E-07 17
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Efflux of cholesterol 6.26E-07 10
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Uptake of cholesterol 7.27E-07 7
Lipid Metabolism Small Molecule Biochemistry Synthesis of lipid 9.53E-07 27
Lipid Metabolism Molecular Transport Small Molecule Biochemistry Absorption of cholesterol 1.12E-06 6
Table 2 Top diseases and functions annotations identified by IPA
4 1 | -
N. of Genes
( - e 30
® 60
ation = ® 90
® 120
! ry -
i n - in:;[(‘*lH)R:\
- 1.5
) 1 y - W20
W25
. y ] = — | X
B s

Fig.5

after their release from the ingesta [47]. Differences in
the pigmentation between the white and red fillet groups
could result from the difference in their ability to absorb,
metabolize and utilize carotenoids inside the pyloric

Fold Enrichment

Enriched KEGG pathways for upregulated genes in the muscle comparing the white versus red fillet groups [40]

caecum. A higher content of lipase and bile fosters
micellization [48], as well as the presence of lipids in the
diet [49]. In this study, genes such as lipid droplet assem-
bly factor, apolipoprotein B-100 (-9.6 FC), and ELOVL



Ahmed et al. BMC Genomics (2023) 24:579

Page 11 of 18

Reg. of blood coagulation =

Reg. of wound healing =

Reg. of hemostasis =

Complement activation = N. of Genes
Humoral immune response = ® 25
Immune effector proc. = ® 50
Activation of immune response = ® 75
Pos. reg. of immune response = ® 100
Hemostasis = ®
Blood coagulation = ©
Reg. of body fluid levels = -
Coagulation = ° -log10(FDR)
Wound healing = W6
Response to wounding = B s
Small molecule catabolic proc. = B 10
Reqg. of response to stimulus = e————— o112
Organic substance catabolic proc, = =———g
Catabolic proc. = ———
Protein phosphorylation = =——
1 1 I
0 5 10

Fold Enrichment
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Fig. 7 Enriched KEGG pathways for the downregulated genes in the muscle comparing the white versus red fillet group [40]

fatty acid elongase 6 (-37.51 FC) are downregulated in
the pyloric caecum of the white fillet group, probably
conferring advantage to the red fillet group in their ability
to form mixed micelle with Astaxanthin. Genetic poly-
morphisms in the ELOVL fatty acid elongase 2 plays a
significant role in carotenoid absorption in human [50-
52]. Although long-chain-fatty-acid—CoA ligase 3 (13.54
FC) and fatty-acid amide hydrolase 1 (4.75 FC) are also
enriched in the white fillet group. The FXR (farnesoid X

receptor) and HNF4-alpha function in tandem to regu-
late bile acid synthesis [53]. Bile acids facilitate intestinal
absorption and transport of lipids and other nutrients.
The hepatocyte nuclear factor 1l-alpha (HNF4-alpha)
(2.29 EC) is upregulated in the pyloric caecum of the
red fillet group. This upregulation might be advanta-
geous to micellization and absorption of Astaxanthin
and lipids in the red fillet group. The PPAR«a (peroxisome
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Fig. 8 Enriched GO biological process for the downregulated genes in the muscle comparing white versus red fillet group

proliferator-activated receptor a) is also reported to reg-
ulate bile acid synthesis [53].

The mixed micelles then diffuse through the mucus
layer of the enterocyte, ready for absorption. Carotenoid
absorption in the intestine was previously considered
as a passive transport [54]. However, identifying several
membrane proteins/transporters, such as CD36 and
scavenger receptors, suggests otherwise [55, 56]. We
identified that the cd36 antigen (-2.3 FC) is expressed less
in the white fillet fish’s pyloric caecum than those in the
red fillet group. The ¢d36 antigen plays a role in carot-
enoid uptake by the intestinal cells [57]. They facilitate
the absorption of carotenoids across the brush border
membrane of the enterocyte. This suggests that the red
fillet group possesses a more remarkable ability to absorb
and transport Astaxanthin. CD36 was upregulated in
the pyloric caecum of Atlantic salmon fed supplemented
Astaxanthin compared to fish fed a control diet [22].

The white fillet group showed higher expression
in NPCIL1 Intracellular cholesterol transporter 1, as
observed in the white Chinook fish in Madaro et al. [27].
The NPCI1L protein specializes in cholesterol absorption
into the cell and plays a critical role in lipid metabolism
[58]. It has been identified as one of the proteins involved
in the absorption and transport of carotenoids in human
and fish studies [27, 47]. It might be that absorption of
carotenoids with NPCIL is not as efficient as with CD36
protein that is upregulated in the red fillet group.

Metabolism of Astaxanthin inside the enterocyte
After the uptake of the carotenoid across the apical
brush border membrane and inside the enterocyte, it

is reported to undergo intracellular metabolism before
traveling to the basolateral side of the cell [47]. Beta-car-
otene 15,15~ oxygenase 1 (BCOI) and beta, beta-caro-
tene 9,10’- oxygenase (BCO2) cleave beta-carotene inside
the enterocyte. BCOI cleaves beta-carotene at its central
double bond to yield retinal (a precursor of retinol and
retinoic acid), while beta-carotene undergoes eccentric
cleavage by BCO?2 to yield apocarotenoids [59]. Neither
enzyme are enriched in the pyloric caecum in this study.
Retinol dehydrogenases are a group of enzymes
involved in metabolizing vitamin A and carotenoids [60,
61]. After cleavage of carotenoids by BCOI and BCO2,
they are converted into all-trans-retinoic acid and retinol.
All trans-retinoic acid and retinol are further converted
into retinal by retinol dehydrogenases [60]. The short-
chain dehydrogenase gene family can also achieve this
oxidation to retinal in humans [62—64]. Retinol dehydro-
genase 1 (rdhl) (2.43 FC) and dehydrogenase/reductase
(SDR family) member 12 (3.60 FC) are upregulated in the
pyloric caecum of the white fillet group in this study. This
might suggest the availability of more retinoic acid and
its derivatives in the white fillet group due to the activi-
ties of beta-carotene 15,15~ oxygenase 1 (BCOI) and
beta, beta-carotene 9,10’- oxygenase (BCO2). Similarly,
retinoic acid receptor beta (4.37FC) is upregulated in the
white fillet group. Contrary to our findings, rdh3, rdhS8,
and retinal dehydrogenase 2 (aldhla2) were upregulated
in the pyloric caecum of the Atlantic salmon fed Astax-
anthin-supplemented diet compared to those on the non-
Astaxanthin diet [22]. This discrepancy might be due
to differences in the design of the two experiments, i.e.,
absence of supplemental Astaxanthin in one group of fish
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in Schmeisser et al. [22] compared to our study, where
both the white and red fillet groups were fed supplemen-
tal Astaxanthin. Retinol dehydrogenase-7 was identified
in a genome-wide association study as one of the genes
influencing fillet color in rainbow trout [5].

Carotenoids inside the enterocyte that BCOI and
BCO2 do not metabolize are transported into lipopro-
teins and translocated to the basolateral membrane of the
enterocyte [57]. This process is suggested to be carried
out by fatty acid transport proteins and fatty acid binding
proteins [57]. The fatty acid-binding proteins bind carot-
enoids and transport them within the enterocyte. Gas-
trotropin (Fatty acid binding protein 6) is upregulated in
the pyloric caecum (8.69 FC) of the red fillet group in this
study, possibly conferring an advantage to those fish in
their ability to transport Astaxanthin within the pyloric
caecum and muscle cells. Fatty acid transport binding
proteins were upregulated in the pylorus of red Chinook
fish compared to the white Chinook Salmon [27].

The uncleaved beta-carotene and retinyl esters are
then incorporated into chylomicrons and transported
into the liver [65]. Beta-carotene incorporation into chy-
lomicron has been suggested to be under the regulation
of enzymes microsomal TAG transfer protein (MTP),
apoA-1V, secretion associated Ras-related GTPase 1B
(SARI1B) and ATP binding cassette subfamily A member
1 (ABCAI) [47, 50]. Indeed, ABCA1(-5.71 FC) was down-
regulated in this study’s pyloric caecum of the white fillet
group. ABCAI catalyzes the efflux of intracellular choles-
terol to apolipoprotein forming high-density lipoprotein
and their translocation from the cytoplasm to the extra-
cellular membrane and into the portal blood [66]. This
suggests a better ability of the red fillet group to incorpo-
rate Astaxanthin into chylomicron for transport into the
liver. Apolipoprotein B-100 (9.61 FC) is also upregulated
in the pyloric caecum of the red fillet group. Apolipopro-
tein B-100 and apolipoprotein B-48 are components of
lipoproteins that transport fat and cholesterol in the form
of chylomicron and very low-density lipoproteins into
the blood to the liver [67]. Madaro et al. [27] also identi-
fied upregulation of ApoA-IV in the red Chinook salmon
compared to white Chinook salmon, suggesting more
stabilization and transport of Astaxanthin. Single nucleo-
tide polymorphisms close to the Apo genes are also asso-
ciated with flesh pigmentation in Chinook salmon [68].

Liver

On getting to the liver, chylomicrons containing carot-
enoids and retinyl esters are taken up by the hepato-
cytes through the action of cell surface several receptor
proteins, including the low-density lipoprotein receptor
(LDLR), low-density lipoprotein receptor-related pro-
tein 1 (LRPI), heparan sulfate proteoglycans (HSPGs)
in human [69]. The LRPI1 (-1.59 FC), LRP10 (-2.18 FC),
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LRP6 (-1.51, -178 EC), and basement membrane-specific
heparan sulfate proteoglycan core protein (-2.06, -3.56
FC) were downregulated in the white fillet group in this
study. LRP1b (3.07 FC) is upregulated in the white fil-
let group. This synchronized expression might suggest
a comparative advantage to the red fillet group in their
ability to take up chylomicrons inside the hepatocyte.

Following chylomicron uptake in the liver by cell sur-
face receptors, carotenoids and retinyl palmitate are
assumed to be released into the hepatocytes [47]. Ong
[70] suggested that retinyl palmitate is hydrolyzed by
retinyl ester hydrolase to retinol and bound to retinol-
binding protein, type 1 (RBPI). Retinol-binding protein
7b, cellular (3.27 FC), and retinol-binding protein 2 (2.84
FC) are upregulated in the white fillet group, suggesting
higher availability of retinol from carotenoid cleavage.
Retinol-binding proteins are involved in the intracellular
transport of retinol. The liver’s beta carotene enzymes
(BCO1 and BCO2) can cleave carotenoids into retinal
[71]. While BCO1 (1.46 EC) is upregulated in the white
fillet group, BCO2 (-2.71 FC) is downregulated, unlike in
the muscle, where both are differentially expressed in the
same direction. Similar findings were reported by Mad-
aro et al. [27], where they found BCO2 was upregulated
in Chinook salmon with white phenotype, while BCOI
was downregulated in the same phenotype group. The
uncleaved fraction of carotenoids is either stored in the
hepatic stellate cells or incorporated into very low-den-
sity lipoprotein (VLDL) and secreted into the blood for
transport to other tissues [71, 72].

There are no significant KEGG and GO terms in the
liver for the downregulated genes. The significant KEGG
pathways for the DEGs in the white versus red fillet
group are ribosome and oxidative phosphorylation. It
is known that oxidative phosphorylation occurs in the
mitochondria, and mitochondrial activities can influ-
ence fillet color. Similarly, ribosomal activities have also
been associated with fillet color in fish and skin pigmen-
tation in mice [73-75]. The most significant GO terms
for this group also relate to ribosome and mitochondrial
activities.

Muscle

It has been suggested that Astaxanthin is brought to
the muscle by circulating albumin [16]. A radioactive
study in Atlantic salmon suggested that Astaxanthin is
transported in the plasma via its association with serum
albumin [76]. Vo et al. [77] also found upregulation of
albumin 2 in the gut of the more intense red-fleshed
Atlantic salmon compared to the light-fleshed salmon.
They suggested that this upregulation might confer an
advantage to the red-fleshed salmon in their ability to
absorb and transport Astaxanthin from the gut into the
blood and deposit it in the liver and muscle. In the same
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vein, albumin 1 (1.89 FC) is upregulated in the liver of the
red fillet group, and this might aid in transporting carot-
enoids from the liver to the plasma and the muscle.

On getting to the muscle, Thomas & Harrison [78] pro-
posed that the extra-hepatic tissues take up the VLDL-
carotenoids in an LDL-receptor-dependent manner,
requiring the tissue to express LDL-receptors. In line
with that proposition, low-density lipoprotein receptor-
related protein 2b (LRP2B) (-3.27), low-density lipo-
protein receptor-related protein 2a (LRP2A) (-3.37 FC),
low-density lipoprotein receptor-related protein 1Ba
(LRPIBA) (-11.73 EC) are downregulated in the muscle
of the white fillet group in this study. Although, low-den-
sity lipoprotein receptor-related protein 4 (LRP4) (2.61
FC) and low-density lipoprotein receptor adaptor protein
la (ldlrapla) (2.18 FC) are upregulated in the white fillet
group muscle.

Within the muscle cell, Astaxanthin is deposited in the
myotome and binds with actomyosin to form a complex
in salmon [16]. Several genes involved in actomyosin
structure organization (GO: 0031032) and members of
their families are modulated in the muscle in this study,
as stated in the results.

Schmeisser et al. [27] suggested that Astaxanthin
recruits coronin for its transport inside muscle cells via
actin network polymerization. They found coronin to
be upregulated in the muscle of Atlantic salmon fed an
Astaxanthin-supplemented diet. Similarly, coronin-2B
(1.61 FC) and Coronin-1 C (18.77 FC) are upregulated in
this study’s red fillet group muscle.

Two of the most significantly enriched canonical path-
ways identified in the muscle are the FXR/RXR and
LXR/RXR activation pathways. Studies have shown that
carotenoids and their metabolites, like retinol and all-
trans-retinoic acid (ATRA), can alter gene expression
[79, 80] through their interaction with nuclear recep-
tors, including retinoic acid receptor (RAR) and retinoid
X receptor (RXR) in human [47, 81, 82]. The LXR/RXR
activation pathway is activated in the white versus red fil-
let group DEGs. This might suggest more availability of
retinoids in the white fillet group due to the breakdown
of Astaxanthin.

Other top canonical pathways are oxidative phos-
phorylation and mitochondria dysfunction. The result
shows that oxidative phosphorylation is inhibited in the
white fillet group, and mitochondrial dysfunction is acti-
vated in the same group. The disorder of mitochondrial
function in the white fillet group may contribute to the
lesser intensity of fillet color observed in the white fil-
let group. Mitochondrial dysfunction is a precursor to
increased oxidative stress caused by the release of ROS
(reactive oxygen species) and RNS (reactive nitrogen
species). Reactive oxygen species and oxidative stress
can deteriorate lipids, adversely affecting fillet color [83,
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84]. A GWAS study identified several genes involved in
myoglobin homeostasis and protection against lipid oxi-
dation influencing fillet color in rainbow trout [5]. Such
genes include cytochrome b5, ATP synthase subunit 5,
mitochondrial (ATPSFIB), calsequestrin, peroxiredoxin,
superoxide dismutase, sestrin, and ubiquitin carboxyl-
terminal hydrolase. The lysine degradation pathway, a
KEGG pathway identified in the muscle, is confined to
the mitochondria [85], and mitochondria function can
affect fillet color. It is also possible that the lack of carot-
enoid or reduced concentration of carotenoid in the
white fillet group causes mitochondrial dysfunction and
the resultant whiteness of the fillet.

Regarding oxidative stress, ascorbate metabolism and
FoxO signaling pathways are identified KEGG pathways
enriched in the muscle. Ascorbate metabolism can be a
free radical scavenger [86]. The FoxO signaling pathway
also confers resistance to oxidative stress [87, 88].

Oxidative phosphorylation is identified by both the
KEGG pathway and IPA analysis. IPA analysis showed
that oxidative phosphorylation is inhibited in the white
fillet group. From the identified KEGG and GO terms
enriched in the downregulated genes between the white
and red fillet group, it is evident that activities in ribo-
somes and mitochondria are prevalent. Ribosomal activi-
ties have been associated with fillet color in fish and skin
pigmentation in mice [73-75]. Ribosomal proteins in
the proteome were identified as proteins whose change
is associated with fillet color in grouper fish and tilapia
[74, 75]. The role of mitochondria activity in fillet color
change, especially during storage, via their actions on
increasing mitochondrial respiration, function oxygen
consumption, and metmyoglobin reduction has been
reported in various fish species and cattle [74, 89, 90].
Notably, ribosomal and mitochondrial activity pathways
are identified in both the liver and muscle DEGs.

The IPA result also shows that there is a disorder of
lipid metabolism in the white fillet group. Uptake and
accumulation of lipids are inhibited in the white fillet
group. As discussed above, carotenoid metabolism and
utilization are intricately linked with lipid metabolism;
therefore, pathways and functions that inhibit the uptake
and accumulation of lipids will likely inhibit the accumu-
lation and use of carotenoids.

Concerning immunity, cellular infiltration by neu-
trophils, phagocytes, and leukocytes is inhibited in
the white fillet group, as identified by the IPA analy-
sis. This suggests an advantage to the red fillet group
in having a better immune response. There has been
evidence in the literature about the potential benefit
of carotenoids in improving the immune system in fish
[91-93]. We also observed GO terms of certain biolog-
ical processes involved in the immune response in the
muscle. They include complement activation, humoral
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immune response, immune effector process, hemosta-
sis, activation of the immune response, blood coagula-
tion, positive regulation of immune response, wound
healing, positive regulation of immune system process,
and regulation of response to stimulus.

Important group/class of differentially expressed genes
We identified several DEGs groups that are relevant
for carotenoid metabolism. One group is the Apoli-
poproteins, fatty acid elongases and ABC transport-
ers. Another group is the immune and stress response
genes. DEGs within each group and how they aid
carotenoid metabolism and modulate stress and
immune response are included in supplementary file 4.

In summary, our results show that the ability to
absorb and utilize carotenoids confers an advantage in
terms of adaptation to stress. Likewise, we observed
that several immune genes are modulated in this study,
but more studies are needed to investigate whether it
confers an advantage to the red fillet group regarding
immunity. Some studies on wild salmons with diver-
gent color phenotypes have found no immune-related
benefit of carotenoids, while others identified that
divergence in color phenotype due to varied carot-
enoid assimilation resulted in genetic differences in
immune-related genes [94].

Conclusion

We identified significant differences among rainbow
trout families in the ability to utilize and retain Astax-
anthin. To investigate the genetic differences among
families, we applied a transcriptome approach to
investigate the molecular mechanisms influencing the
absorption and utilization of Astaxanthin in the pyloric
caecum, liver, and muscle. We identified several gene
pathways involved in lipid/carotenoid metabolism and
transport, ribosomal activities, mitochondrial func-
tions, and stress homeostasis. The higher expression of
BCO1 and BCO?2 in the liver and muscle of the white
fillet group agrees with previous studies in other sal-
monids and our previous GWAS in rainbow trout,
indicating that these enzymes metabolize Astaxanthin
and reduce its availability for enriching fillet color. In
addition to using carotenoid to boost fillet color, sev-
eral immune-relevant and stress response genes were
differentially expressed, suggesting Astaxanthin’s
potential to provoke an immune response and be ben-
eficial for managing stress. Also, this study, perhaps
for the first time, observed mitochondrial dysfunction,
oxidative phosphorylation, and lipid uptake inhibition
in the white fillet group, which could contribute to
reduced carotenoid absorption and retention-ability.
The results from this study deepen our understanding
of the carotenoid dynamics in rainbow trout and can
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lead to strategies to improve Astaxanthin retention
in breeding programs, for example, via marker- and
genomic selection and manipulation. Achieving this
will help meet the consumers’ need for improved fillet
quality and increase farmers’ profitability.

List of abbreviations

DEGs Differentially Expressed Genes

FC Fold change

GO Gene Ontology

IPA Ingenuity Pathway Analysis

IPKB Ingenuity pathway knowledge base

KEGG Kyoto Encyclopedia of Genes and Genomes

NCCCWA  USDA National Center of Cool and Cold Water Aquaculture
PCR Polymerase Chain Reaction

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09688-5.

Additional file 1: Table S1: Differentially expressed genes (DEGs) in the
pyloric caecum, liver, and muscle, and groups of DEGs

Additional file 2: Table S2: KEGG and GO terms for DEGs in the liver and
muscle

Additional file 3: Table S3: Ingenuity Pathway Analysis (IPA) Diseases and
Functions

Supplementary file 4: Important Group/Class of Differentially Expressed
Gene

Authors’ contributions

MS conceived and designed the experiments. RA, AA, TL, and MS
performed the experiments and analyzed the data. RA wrote the paper. All
authors reviewed and approved the publication.

Funding

This study was supported by competitive grants No. 2014-67015-21602,
2021-67015-33388, 2023-67015-39742 from the United States Department
of Agriculture, National Institute of Food and Agriculture (M.S) and by the
USDA, Agricultural Research Service CRIS Project 1930-31000-010 “Utilizing
Genetics and Physiology for Enhancing Cool- and Cold-Water Aquaculture
Production”(T.L.). The content is solely the authors’responsibility and does
not necessarily represent the official views of any funding agents.

Data Availability

All datasets generated for this study are included in the manuscript and/
or the Additional Files. All raw sequence data generated in this study has
been deposited in NCBI under BioProject accession number: PRINA974903,
https://www.ncbi.nim.nih.gov/bioproject/PRINA974903.

Declarations

Ethics approval and consent to participate

Husbandry practice and experimental procedures at the facility were
approved by the IACUC animal study protocol of the University of
Maryland, College Park, protocol number 1593175-6. All methods were
carried out in accordance with relevant guidelines and regulations. All
methods were carried out in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
Mohamed Salem is a member of the editorial board of BMC Genomics.
Otherwise, the authors declare that they have no competing interests.


https://doi.org/10.1186/s12864-023-09688-5
https://doi.org/10.1186/s12864-023-09688-5
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA974903

Ahmed et al. BMC Genomics

(2023) 24:579

Received: 18 May 2023 / Accepted: 20 September 2023
Published online: 28 September 2023

References

1.

20.

21,

22.

23.

Kumari S, Rajarani A, Bansal N, Dahuja A, Praveen S, Krishnan V, Kumar S.
Extraction and estimation of provitamin A carotenoids from carrot. Omics
meet Plant Biochemistry: Applications in Nutritional Enhancement with
One Health Perspective 2019, 221.

Armstrong GA, Hearst JE. Genetics and molecular biology of carotenoid
pigment biosynthesis. FASEB J. 1996;10(2):228-37.

Deming DM, Erdman JW. Mammalian carotenoid absorption and metabo-
lism. Pure Appl Chem. 1999;71(12):2213-23.

Goodwin T. Metabolism, nutrition, and function of carotenoids. Annu Rev
Nutr. 1986;6(1):273-97.

Ahmed RO, Ali A, Al-Tobasei R, Leeds T, Kenney B, Salem M. Weighted
single-step GWAS identifies genes influencing Fillet Color in Rainbow
Trout. Genes. 2022;13(8):1331.

Storebakken T, No HK. Pigmentation of rainbow trout. Aquaculture.
1992;100(1-3):209-29.

Torrissen OJ. Pigmentation of salmonids: interactions of astaxanthin and
canthaxanthin on pigment deposition in rainbow trout. Aquaculture.
1989;79(1-4):363-74.

No HK, Storebakken T. Pigmentation of rainbow trout with astaxanthin at
different water temperatures. Aquaculture. 1991;97(2-3):203-16.

Zoric N. Characterization of genes and gene products influencing carot-
enoid metabolism in Atlantic salmon. 2017.

Bjerkeng B, Storebakken T, Liaaen-Jensen S. Pigmentation of rain-

bow trout from start feeding to sexual maturation. Aquaculture.
1992;108(3-4):333-46.

March B, Hajen W, Deacon G, MacMillan C, Walsh M. Intestinal absorp-
tion of astaxanthin, plasma astaxanthin concentration, body weight, and
metabolic rate as determinants of flesh pigmentation in salmonid fish.
Aquaculture. 1990;90(3-4):313-22.

Steven D. Studies on animal carotenoids: Il. Carotenoids in the reproduc-
tive cycle of the brown trout. J Exp Biol. 1949;26(3):295-303.

Thorgaard GH, Bailey GS, Williams D, Buhler DR, Kaattari SL, Ristow SS,
Hansen JD, Winton JR, Bartholomew JL, Nagler JJ. Status and opportuni-
ties for genomics research with rainbow trout. Comp Biochem Physiol B:
Biochem Mol Biol. 2002;133(4):609-46.

Clevidence BA, Bieri JG. [4] Association of carotenoids with human plasma
lipoproteins. Methods in enzymology. Vol. 214: Elsevier; 1993: 33-46.
Parker RS. Absorption, metabolism, and transport of carotenoids. FASEB J.
1996;10(5):542-51.

Rajasingh H, @yehaug L, Vage DI, Omholt SW. Carotenoid dynamics in
Atlantic salmon. BMC Biol. 2006;4(1):1-15.

Nickell D, Bromage NR. The effect of dietary lipid level on variation of
flesh pigmentation in rainbow trout (Oncorhynchus mykiss). Aquaculture.
1998;161(1-4):237-51.

Bjerkeng B, Refstie S, Fjalestad K, Storebakken T, Redbotten M, Roem
A.Quality parameters of the flesh of Atlantic salmon (Salmo salar) as
affected by dietary fat content and full-fat soybean meal as a partial
substitute for fish meal in the diet. Aquaculture. 1997;157(3-4):297-309.
DenstadliV, Vegusdal A, Krogdahl A, Bakke-McKellep A, Berge G, Holm

H, Hillestad M, Ruyter B. Lipid absorption in different segments of the
gastrointestinal tract of Atlantic salmon (Salmo salar L). Aquaculture.
2004;240(1-4):385-98.

Rasje C, Nordrum S, Olli J, Krogdahl A, Ruyter B, Holm H. Lipid digestibil-
ity and metabolism in Atlantic salmon (Salmo salar) fed medium-chain
triglycerides. Aquaculture. 2000;190(1-2):65-76.

Choubert G, de la Note J, Blanc J-M. Apparent digestibility of canthaxan-
thin in rainbow trout: effect of dietary fat level, antibiotics and number of
pyloric caeca. Aquaculture. 1991,99(3-4):323-9.

Schmeisser J, Verlhac-Trichet V, Madaro A, Lall SP, Torrissen O, Olsen RE.
Molecular mechanism involved in Carotenoid Metabolism in Post-Smolt
Atlantic Salmon: Astaxanthin Metabolism during Flesh pigmentation and
its antioxidant Properties. Mar Biotechnol. 2021;23(4):653-70.
Desmarchelier C, Borel P. Overview of carotenoid bioavailability deter-
minants: from dietary factors to host genetic variations. Trends Food Sci
Technol. 2017,69:270-80.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Page 16 of 18

Harrison EH. Mechanisms involved in the intestinal absorption of dietary
vitamin A and provitamin a carotenoids. Biochim et Biophys Acta (BBA)-
Molecular Cell Biology Lipids. 2012;1821(1):70-7.

Reboul E, Borel P. Proteins involved in uptake, intracellular transport and
basolateral secretion of fat-soluble vitamins and carotenoids by mam-
malian enterocytes. Prog Lipid Res. 2011;50(4):388-402.

Borel P, Lietz G, Goncalves A, Szabo de Edelenyi F, Lecompte S, Curtis P,
Goumidi L, Caslake MJ, Miles EA, Packard C. CD36 and SR-BI are involved
in cellular uptake of provitamin A carotenoids by Caco-2 and HEK cells,
and some of their genetic variants are associated with plasma concentra-
tions of these micronutrients in humans. J Nutr. 2013;143(4):448-56.
Madaro A, Torrissen O, Whatmore P, Lall SP. Schmeisser J, Verlhac Trichet V,
Olsen RE. Red and White Chinook Salmon (Oncorhynchus tshawytscha):
differences in the transcriptome profile of muscle, liver, and pylorus. Mar
Biotechnol. 2020;22(4):581-93.

Helgeland H, Sodeland M, Zoric N, Torgersen JS, Grammes F, von Lintig J,
Moen T, Kjgglum S, Lien S, Vage DI. Genomic and functional gene studies
suggest a key role of beta-carotene oxygenase 1 like (bco1l) gene in
salmon flesh color. Sci Rep. 2019;9(1):1-12.

Lubzens E, Lissauer L, Levavi-Sivan B, Avarre J-C, Sammar M. Carotenoid
and retinoid transport to fish oocytes and eggs: what is the role of retinol
binding protein? Mol Aspects Med. 2003;24(6):441-57.

Lehnert S, Christensen K, Vandersteen W, Sakhrani D, Pitcher T, Heath J,
Koop B, Heath D, Devlin R. Carotenoid pigmentation in salmon: variation
in expression at BCO2-I locus controls a key fitness trait affecting red
coloration. Proc Royal Soc B. 2019;286(1913):20191588.

Hardy R, Torrissen O, Scott T. Absorption and distribution of 14 C-labeled
canthaxanthin in rainbow trout (Oncorhynchus mykiss). Aquaculture.
1990,87(3-4):331-40.

Torrissen OJ, Ingebrigtsen K. Tissue distribution of 14 C-astaxanthin in the
Atlantic salmon (Salmo salar). Aquaculture. 1992;108(3-4):381-5.

Page G, Davies S. Hepatic carotenoid uptake in rainbow trout (Oncorhyn-
chus mykiss) using an isolated organ perfusion model. Aquaculture.
2003;225(1-4):405-19.

Tigistu-Sahle F. Lipidomics for Human Bone Marrow Mesenchymal Stem
Cells. 2012.

Davies S. Physiological assessment of natural pigmenting carotenoid
sources for salmonid fish: current research and future perspectives. In:
Nutritional biotechnology in the feed and food industries Proceedings of
Alltech’s 21st Annual Symposium, Lexington, Kentucky, USA, 22-25 May 2005:
2005: Alltech UK; 2005: 295-306.

Leeds TD, Vallejo RL, Weber GM, Gonzalez-Pena D, Silverstein JT. Response
to five generations of selection for growth performance traits in rainbow
trout (Oncorhynchus mykiss). Aquaculture. 2016;465:341-51.

Cleveland BM, Radler LM, Leeds TD. Growth, fillet yield, and muscle qual-
ity traits are not affected by a genotype by diet interaction in rainbow
trout consuming diets that differ in lipid content. J World Aquaculture
Soc.

Garcia A, Tsuruta S, Gao G, Palti Y, Lourenco D, Leeds T. Genomic selection
models substantially improve the accuracy of genetic merit predic-

tions for fillet yield and body weight in rainbow trout using a multi-trait
model and multi-generation progeny testing. Genet Selection Evol.
2023;55(1):1-12.

Association AMS. Guidelines for meat color evaluation. In: proceedings:
The 44th annual reciprocal meat conference Kans, Chicago: 1991, 1991: 3-17.
Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M.
KEGG for taxonomy-based analysis of pathways and genomes. Nucleic
Acids Res. 2023;51(D1):D587-92.

Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinformatics. 2020;36(8):2628-9.

Krdmer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches
in ingenuity pathway analysis. Bioinformatics. 2014;30(4):523-30.

von Lintig J, Moon J, Lee J, Ramkumar S. Carotenoid metabolism at the
intestinal barrier. Biochim et Biophys Acta (BBA)-Molecular Cell Biology
Lipids. 2020;1865(11):158580.

LeBlanc F, Laflamme M, Gagne N. Genetic markers of the immune
response of Atlantic salmon (Salmo salar) to infectious salmon anemia
virus (ISAV). Fish Shellfish Immunol. 2010;29(2):217-32.

Schaeffer C, Devuyst O, Rampoldi L. Uromodulin: roles in health and
disease. Annu Rev Physiol. 2021;83:477-501.

Lima VC, Rosen RB, Farah M. Macular pigment in retinal health and dis-
ease. Int J Retina Vitreous. 2016;2(1):1-9.



Ahmed et al. BMC Genomics

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

(2023) 24:579

Bohn T, Desmarchelier C, EI SN, Keijer J, van Schothorst E, Ruhl R, Borel

P. B-carotene in the human body: metabolic bioactivation pathways—
from digestion to tissue distribution and excretion. Proc Nutr Soc.
2019;78(1):68-87.

Bohn T, Desmarchelier C, Dragsted LO, Nielsen CS, Stahl W, Ruhl R, Keijer
J, Borel P. Host-related factors explaining interindividual variability of
carotenoid bioavailability and tissue concentrations in humans. Mol Nutr
Food Res. 2017,61(6):1600685.

Borel P. Factors affecting intestinal absorption of highly lipophilic food
microconstituents (fat-soluble vitamins, carotenoids and phytosterols).
2003.

Borel P, Desmarchelier C, Nowicki M, Bott R. A combination of single-
nucleotide polymorphisms is associated with interindividual vari-
ability in dietary -carotene bioavailability in healthy men. J Nutr.
2015;145(8):1740-7.

Borel P, Desmarchelier C, Nowicki M, Bott R. Lycopene bioavailability is
associated with a combination of genetic variants. Free Radic Biol Med.
2015;83:238-44.

Borel P, Desmarchelier C, Nowicki M, Bott R, Morange S, Lesavre N. Inter-
individual variability of lutein bioavailability in healthy men: characteriza-
tion, genetic variants involved, and relation with fasting plasma lutein
concentration. Am J Clin Nutr. 2014;100(1):168-75.

Chiang JY. Bile acids: regulation of synthesis: thematic review series: bile
acids. J Lipid Res. 2009;50(10):1955-66.

Hollander D, Ruble PE Jr. beta-carotene intestinal absorption: bile, fatty
acid, pH, and flow rate effects on transport. Am J Physiology-Endocrinol-
ogy Metabolism. 1978;235(6):E686.

Sun H. Membrane receptors and transporters involved in the function
and transport of vitamin A and its derivatives. Biochim et Biophys Acta
(BBA)-Molecular Cell Biology Lipids. 2012;1821(1):99-112.

During A, Dawson HD, Harrison EH. Carotenoid transport is decreased
and expression of the lipid transporters SR-BI, NPC1L1, and ABCA1

is downregulated in Caco-2 cells treated with ezetimibe. J Nutr.
2005;135(10):2305-12.

Reboul E. Mechanisms of carotenoid intestinal absorption: where do we
stand? Nutrients 2019, 11(4):838.

Long T, LiuY, Qin Y, DeBose-Boyd RA, Li X. Structures of dimeric human
NPCIL1 provide insight into mechanisms for cholesterol absorption. Sci
Adv. 2021;7(34):eabh3997.

Amengual J, Widjaja-Adhi MAK, Rodriguez-Santiago S, Hessel S,

Golczak M, Palczewski K. Von Lintig J: two carotenoid oxygenases
contribute to mammalian provitamin a Metabolism*#. J Biol Chem.
2013;288(47):34081-96.

Ross AC, Harrison EH. Vitamin A: nutritional aspects of retinoids and carot-
enoids. Handbook of Vitamins, 4th Edition, USA: CRC PressTaylor & Francis
Group 2007.

Clugston RD, Blaner WS. Vitamin A (retinoid) metabolism and actions:
what we know and what we need to know about amphibians. Zoo Biol.
2014;33(6):527-35.

Napoli J. Enzymology and biogenesis of retinoic acid. Vitam Retinoids:
Update Biol Aspects Clin Appl 2000:17-27.

Napoli JL. Physiological insights into all-trans-retinoic acid biosyn-
thesis. Biochim et Biophys Acta (BBA)-Molecular Cell Biology Lipids.
2012;1821(1):152-67.

Kumar S, Sandell LL, Trainor PA, Koentgen F, Duester G. Alcohol and
aldehyde dehydrogenases: retinoid metabolic effects in mouse knockout
models. Biochim et Biophys Acta (BBA)-Molecular Cell Biology Lipids.
2012;1821(1):198-205.

Borel P, Grolier P, Mekki N, Boirie Y, Rochette Y, Le Roy B, Alexandre-
Gouabau MC, Lairon D, Azais-Braesco V. Low and high responders to
pharmacological doses of 3-carotene: proportion in the population,
mechanisms involved and consequences on 3-carotene metabolism. J
Lipid Res. 1998;39(11):2250-60.

Brunham LR, Kruit JK, Igbal J, Fievet C, Timmins JM, Pape TD, Coburn BA,
Bissada N, Staels B, Groen AK. Intestinal ABCA1 directly contributes to
HDL biogenesis in vivo. J Clin Investig. 2006;116(4):1052-62.

Olofsson SO, Boren J. Apolipoprotein B: a clinically important apolipo-
protein which assembles atherogenic lipoproteins and promotes the
development of atherosclerosis. J Intern Med. 2005;258(5):395-410.
Lehnert SJ. Why are salmon red? Proximate and ultimate causes of flesh
pigmentation in Chinook salmon. University of Windsor (Canada); 2016.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 17 of 18

Dallinga-Thie GM, Franssen R, Mooij HL, Visser ME, Hassing HC, Peelman
F, Kastelein JJ, Péterfy M, Nieuwdorp M. The metabolism of triglyceride-
rich lipoproteins revisited: new players, new insight. Atherosclerosis.
2010;211(1):1-8.

Ong DE. Purification and partial characterization of cellular retinol-bind-
ing protein from human liver. Cancer Res. 1982;42(3):1033-7.

Shmarakov |, Fleshman MK, D’Ambrosio DN, Piantedosi R, Ried| KM,
Schwartz SJ, Curley RW Jr, von Lintig J, Rubin LP, Harrison EH. Hepatic
stellate cells are an important cellular site for -carotene conversion to
retinoid. Arch Biochem Biophys. 2010;504(1):3-10.

Lakshman M, Asher K, Attlesey M, Satchithanandam S, Mychkovsky |,
Coutlakis P. Absorption, storage, and distribution of beta-carotene in nor-
mal and beta-carotene-fed rats: roles of parenchymal and stellate cells. J
Lipid Res. 1989;30(10):1545-50.

McGowan KA, Li JZ, Park CY, Beaudry V, Tabor HK, Sabnis AJ, Zhang

W, Fuchs H, de Angelis MH, Myers RM. Ribosomal mutations

cause p53-mediated dark skin and pleiotropic effects. Nat Genet.
2008;40(8):963-70.

Xiang H, Sun S, Huang H, Hao S, Li L, Yang X, Chen S, Wei Y, Cen J, Pan C.
Proteomics study of mitochondrial proteins in tilapia red meat and their
effect on color change during storage. Food Chem. 2023;400:134061.
Zhang X, Xie J. Analysis of proteins associated with quality deterioration
of grouper fillets based on TMT quantitative proteomics during refriger-
ated storage. Molecules. 2019;24(14):2641.

Aas G, Bjerkeng B, Storebakken T, Ruyter B. Blood appearance, metabolic
transformation and plasma transport proteins of 14 C-astaxanthin in
Atlantic salmon (Salmo salar L). Fish Physiol Biochem. 1999;21:325-34.
Vo TTM, Nguyen TV, Amoroso G, Ventura T, Elizur A. Deploying new
generation sequencing for the study of flesh color depletion in Atlantic
Salmon (Salmo salar). BMC Genomics. 2021;22(1):1-21.

Thomas SE, Harrison EH. Mechanisms of selective delivery of xanthophylls
to retinal pigment epithelial cells by human lipoproteins. J Lipid Res.
2016;57(10):1865-78.

Piga R, van Dartel D, Bunschoten A, van der Stelt |, Keijer J. Role of
Frizzled6 in the molecular mechanism of beta-carotene action in the
lung. Toxicology. 2014,320:67-73.

Kaulmann A, Bohn T. Carotenoids, inflammation, and oxidative stress—
implications of cellular signaling pathways and relation to chronic disease
prevention. Nutr Res. 2014;34(11):907-29.

Prakash P, Liu C, Hu K-Q, Krinsky NI, Russell RM, Wang X-D. B-Carotene and
(3-apo-14’-carotenoic acid prevent the reduction of retinoic acid receptor
B in benzo [a] pyrene-treated normal human bronchial epithelial cells. J
Nutr. 2004;134(3):667-73.

Ben-Dor A, Nahum A, Danilenko M, Giat Y, Stahl W, Martin H-D, Emmerich
T,Noy N, Levy J, Sharoni Y. Effects of acyclo-retinoic acid and lycopene
on activation of the retinoic acid receptor and proliferation of mammary
cancer cells. Arch Biochem Biophys. 2001;391(2):295-302.

Scaife J, Onibi G, Murray |, Fletcher T, Houlihan D. Influence of a-tocoph-
erol acetate on the short-and long-term storage properties of fillets
from Atlantic salmon Salmo salar fed a high lipid diet. Aquacult Nutr.
2000;6(1):65.

Sampels S. Oxidation and antioxidants in fish and meat from farm to fork.
Food Ind 2013:114-44.

Leandro J, Houten SM. The lysine degradation pathway: subcellular
compartmentalization and enzyme deficiencies. Mol Genet Metab.
2020;131(1-2):14-22.

Smirnoff N. Ascorbic acid metabolism and functions: a comparison of
plants and mammals. Free Radic Biol Med. 2018;122:116-29.

Essers MA, Weijzen S, de Vries-Smits AM, Saarloos |, de Ruiter ND, Bos JL,
Burgering BM. FOXO transcription factor activation by oxidative stress
mediated by the small GTPase ral and JNK. EMBO J. 2004,23(24):4802-12.
Akasaki'Y, Alvarez-Garcia O, Saito M, Caramés B, lIwamoto Y, Lotz MK. FoxO
transcription factors support oxidative stress resistance in human chon-
drocytes. Arthritis & Rheumatology. 2014;66(12):3349-58.

Singh A, Mittal A, Benjakul S. Undesirable discoloration in edible fish
muscle: impact of indigenous pigments, chemical reactions, processing,
and its prevention. Compr Rev Food Sci Food Saf. 2022;21(1):580-603.
Ramanathan R, Nair M, Hunt M, Suman S. Mitochondrial functional-

ity and beef colour: a review of recent research. South Afr J Anim Sci.
2019;49(1):9-19.

Nakano T, Wiegertjes G. Properties of carotenoids in fish fitness: a review.
Mar Drugs. 2020;18(11):568.



Ahmed et al. BMC Genomics (2023) 24:579

92.

93.

94.

Amar EC, Kiron'V, Satoh S, Watanabe T. Enhancement of innate immunity
in rainbow trout (Oncorhynchus mykiss Walbaum) associated with dietary
intake of carotenoids from natural products. Fish Shellfish Immunol.
2004;16(4):527-37.

Clotfelter ED, Ardia DR, McGraw KJ. Red fish, blue fish: trade-offs

between pigmentation and immunity in Betta splendens. Behav Ecol.
2007;18(6):1139-45.

Lehnert SJ, Pitcher TE, Devlin RH, Heath DD. Red and white Chi-

nook salmon: genetic divergence and mate choice. Mol Ecol.
2016;25(6):1259-74.

Page 18 of 18

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿RNA-Seq analysis of the pyloric caecum, liver, and muscle reveals molecular mechanisms regulating fillet color in rainbow trout
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Ethical statement
	﻿Rainbow trout population, experimental design, treatments, and sampling
	﻿Breeding and hatching
	﻿RNA extraction
	﻿Library preparation and sequencing
	﻿Differential gene expression analyses
	﻿KEGG pathways and GO analysis
	﻿Canonical pathway analysis

	﻿Results
	﻿Library preparation and RNA-sequencing
	﻿Between-group clusters
	﻿Differentially expressed genes in the pyloric
	﻿Differentially expressed genes in the liver
	﻿KEGG and GO terms in the liver
	﻿Differentially expressed genes in the muscle
	﻿Canonical pathways
	﻿Disease and function analysis
	﻿KEGG pathways and GO terms in the muscle

	﻿Discussion
	﻿Pyloric caecum
	﻿Absorption of carotenoids
	﻿Metabolism of Astaxanthin inside the enterocyte
	﻿Liver
	﻿Muscle
	﻿Important group/class of differentially expressed genes

	﻿Conclusion
	﻿References


