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Abstract
We used transcriptome sequencing to investigate the hepatic postprandial responses of Rachycentron canadum (cobia), an 
important commercial fish species. In total, 150 cobia juveniles (50 per tank, triplicate) were fed ad libitum with a com-
mercial diet for 7 days, fasted for 24 h, and fed for 10 min. The liver was sampled 10 min prior to feeding and 30 min, 1, 2, 
4, 8, 12, and 24 h after the feeding event. Each sample was evaluated in terms of liver fatty acid profile and gene expression. 
Differential gene expressions were evaluated, focusing on fatty acid synthesis and oxidation pathways. In general, the liver 
fatty acid profile reflected diet composition. Docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and n-3 long-chain 
polyunsaturated fatty acids (n-3 LC-PUFA) levels increased at 8 to 12 h but decreased at 24 h after the feeding event. A 
high number of differentially expressed genes (DEGs) were observed comparing fish that fasted for 8 h with those fasted for 
30 min and 24 h, while a reduced number of DEGs was observed comparing individuals who fasted for 30 min compared 
with those who fasted for 24 h. Similarly, the main differences in the expression of genes related to the fatty acid biosynthe-
sis and oxidation pathways were noticed in individuals who fasted for 8 h compared with those who fasted for 30 min and 
24 h. The results suggested that the adequate time to sample the individuals ranged between 8 and 12 h after the meal since, 
apparently, after 24 h, differential gene expression was not necessarily influenced by food intake.
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Introduction

The main aim of performing nutritional trials with commer-
cial finfish species is to define adequate levels of nutrients 
(primarily lipids and proteins) to promote optimum per-
formance and health (Glencross 2009; Wade et al. 2014). 
Essential to animals, lipids and proteins are related to sev-
eral functions, mainly energy production, cellular structur-
ing, fat-soluble vitamin transport, and eicosanoid synthesis 
(Higgs and Dong 2000; Turchini et al. 2009). Thus, knowl-
edge about the metabolic pathways that modulate lipid syn-
thesis and oxidation processes is crucial in defining specific 
nutritional strategies based on the physiological characteris-
tics of the target species (Glencross 2009; Tocher et al. 2003; 
Wade et al. 2014; Araújo et al. 2016). For most fish species, 
the liver is the primary lipogenic and lipolytic tissue, and 
it is related to the modulation of lipid metabolism, includ-
ing fatty acid synthesis and oxidation processes (Tocher   
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2003). Thus, to understand the dynamics of the lipid  
metabolism pathways influenced by diet composition in fish, 
firstly, it is necessary to investigate the hepatic molecular 
responses after a single meal (Leaver et al. 2008; Wade et al. 
2014; Araújo et al. 2016).

Molecular tools like transcriptome sequencing have 
been practical in different applications, such as identify-
ing molecular markers and discovering and describing 
new genes and pathways, and differential analyses of gene 
expression. Such tools have been applied to several com-
mercial aquaculture fish species, such as rainbow trout 
(Oncorhynchus mykiss, Rivas-Aravera et al. 2019), Atlan-
tic salmon (Salmo salar, Glencross et al. 2015), barra-
mundi (Lates calcarifer, Wade et al. 2014), dusky grouper 
(Epinephelus marginatus, Araújo et al. 2018), sea bass 
(Dicentrarchus labrax, Magnanou et al. 2014), sea bream 
(Sparus aurata, Mininni et al. 2014), and tilapia (Oreo-
chromis niloticus, Zhao et  al. 2020). Additionally, the 
development of transcriptome sequence technology and the 
advance of bioinformatics tools help in providing a broad 
overview of the post-feeding effects on the expression of 
genes related to the growth, immunological system, and 
energetic metabolism (e.g., synthesis, oxidation, and depo-
sition of specific fatty acids) in finfish species (Leaver et al. 
2008;Calduch-Giner et al. 2013; Qian et al. 2014; Glencross 
et al. 2015). Using information generated by barramundi 
liver transcriptome sequencing, Wade et al. (2014) mapped 
out, identified, and quantified the expression of several 
metabolic-relevant genes (mainly those related to carbo-
hydrates, lipids, and proteins metabolism), improving the 
knowledge about the physiology of this species and, conse-
quently, contributing to the development of further research 
with that species.

The knowledge regarding the postprandial effects on the 
expression of metabolic-relevant genes is essential to pre-
cisely investigate the physiological effects of the nutrients in 
diets. However, such understanding is only achievable if the 
adequate moment to sample the animals is known. Aiming 
to avoid stress by handling and poor water quality, several 
previous nutritional studies investigate the influence of diet 
composition on gene transcription, fasted the animals for 
24 h before sampling. However, previous studies performed 
with finfish species such as Atlantic salmon (Valente et al. 
2012), barramundi (Wade et al. 2014; Araújo et al. 2016; 
Poppi et al. 2019), and rainbow trout (Mente et al. 2017) 
showed that metabolic-relevant genes, especially those 
related to the modulation of fatty acid syntheses and oxida-
tion pathways, such as fatty acid synthase (fas), stearoyl-
CoA desaturase (scd), ATP citrate lyase (acyl), carnitine 
palmitoyltransferase (cpt), and 3-hydroxybutyrate dehydro-
genase (bdh2), were drastically down-regulated between 8 
and 12 h after the last meal, presenting consistent expres-
sion compared to the moment when these animals were fed. 

Therefore, based on that, it is assumed that in 24 h of fasting, 
the expression of protein- and lipid-relevant genes reached 
basal levels, probably not integrally reflecting the influence 
of the diet on their expression. However, it is worth mention-
ing that these responses will be modulated by fasting and 
interact with several other parameters, such as health condi-
tion, life stage, diet composition, and temperature (Leaver 
et al. 2008; Wade et al. 2014). Thus, the characteristics of 
every single nutritional trial are unique, and the time to sam-
ple the individuals/tissues after the last meal needs to be 
always considered to understand the animal’s physiological 
response properly.

Rachycentron canadum, popularly known as cobia, is 
an important worldwide commercial species and a targeted 
species for research to inform the aquaculture industry. 
However, no studies have been performed on the modula-
tion of energetic metabolism during the postprandial period. 
Against this background, this study aimed to assess the 
molecular responses on the hepatic tissue of cobia juveniles 
after a single feed event. Additionally, this study is part 
of a project that aimed to investigate and understand the 
lipid metabolism of this important commercial species. The 
results provide insights into the physiological mechanisms 
modulated by the influence of the postprandial period, gen-
erating essential knowledge about hepatic lipid metabolism 
during fasting, which is essential to adequately design fur-
ther trials focusing on lipid nutrition aiming to improve the 
performance and composition of this important commercial 
marine fish species.

Material and Methods 

Experimental Design

All procedures performed in this study followed the Mogi 
das Cruzes University Institutional Animal Care and Use 
Ethics Committee (approval number: #008/2017). In total, 
150 cobia juveniles (90.85 ± 11.75 g, mean ± SD) were 
acquired by Redemar Alevinos (Ilhabela, SP, Brazil), accli-
mated during 15 days in a 10,000 L tank (temperature aver-
age of 28 ± 0.4 ℃; dissolved oxygen 6.57 ± 0.7 mg  L−1; and 
total ammonia nitrogen (TAN) ˂0.05 mg  L−1, mean ± SD), 
and fed twice a day until apparent satiation with a commer-
cial fish diet (Guabipirá, Guabi Nutrição e Saúde Animal 
S.A., S.P., Brazil). After acclimatization, the animals were 
transferred to three 1,000 L tanks (50 animals per tank, trip-
licate) and fed twice a day for 7 days with the same com-
mercial diet. At the end of the seventh day, the animals were 
fasted for 24 h. After the fasting period, an uninterrupted 
single feed event (ad libitum) was carried out for 10 min. 
Ten minutes before and after 30 min, 1, 2, 4, 8, 12, and 
24 h of the feed event, three fish from each tank (a total of 9 
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individuals) were carefully removed at the same time using 
a small net (aiming to avoid stress in the remained stock), 
immediately anesthetized and euthanized, and aliquots of 
the liver were frozen in liquid nitrogen and then transferred 
to the ultra-freezer (− 80 ℃) until the analysis.

Diet and Liver Fatty Acid Profile

The total lipids of the diet and liver were extracted using 
a chloroform/methanol/water mix (2:1:0.5) (modified from 
Folch et al. 1957). The lipid extracts were methylated using 
5% HCl methanol prepared by dissolving 10% vol acetyl 
chloride in methanol, according to Christie (2003). The fatty 
acid analysis was performed using a gas chromatograph 
(GC, model 3900, CA, USA), a flame ionization detector 
(FID), and a CP-8410 autosampler. The FAME analysis used 
a capillary column (CP-Wax 52 CB, 0.25 μm thick, 0.25 
mm inner diameter, and 30 m length). Hydrogen was used 
as a carrier gas at a linear velocity of 22 cm/s. The column 
was programmed to start at 170 °C for 1 min, followed by a 
2.5 °C/min ramp to 240 °C and a final hold time of 5 min. 
The injector and FID temperature were kept at 250 and 260 
°C, respectively. The FAMEs were identified by compar-
ing their retention times to those obtained with commercial 
standards (Supelco, 37 components; Sigma-Aldrich; mixture 
Me93, Larodan, and Qualimix; PUFA fish M, menhaden 
Oil, Larodan).

RNA Isolation, Library Preparation, and Sequencing

Total RNA from the liver was extracted using an RNeasy 
Lipid Tissue kit (Qiagen, Germantown, MD, USA) fol-
lowing the manufacturer’s instructions. The quantity of 
extracted RNA was assessed by NanoDrop™ Spectropho-
tometer (Thermo Fisher Scientific, USA), and the quality 
was assessed by Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Germany). The RIN values of the RNA used were 
all above 7.5.

RNA from the liver of the three animals of each tank 
was used in the library construction using the TruSeq RNA 
Sample Preparation kit (Illumina Inc., USA) according to 
the manufacturer’s specifications. Transcriptome sequenc-
ing was performed with the Illumina  NextSeq® platform 
(Illumina Inc., San Diego, CA, USA) using a paired-end 
sequencing strategy (2 × 75 bp). 

De Novo Assembly, Functional Annotation, 
and Differential Expression

The detailed methodology, statistics, and summary of the de 
novo transcriptome assembled of cobia liver tissue were pre-
viously described by Aciole Barbosa et al. (2021). Due to the 
massive dataset generated by the transcriptome sequencing, 

the differential expression and quantitative real-time PCR 
(qRT-PCR) validation were restricted to three comparisons 
(30 min vs. 8 h, 30 min vs. 24 h, and 8 h vs. 24 h) based on 
the main differences observed in the liver fatty acid profile. 
In a UseGalaxy environment (Galaxy Community 2022), raw 
libraries were submitted to quality control checking using 
FastQC (Andrews 2010), and Fastp was used to remove 
low-quality (Q < 30) reads, adapters, and other contaminant 
sequences. To remove rRNA reads, the high-quality reads 
were aligned to sequences in the SILVA ribosomal RNA 
(rRNA) gene database (http:// www. arbsi lva. de/) using Sort-
MeRNA (Kopylova et al. 2012). The National Center for 
Biotechnology Information (NCBI) UniVec database (https:// 
www. ncbi. nlm. nih. gov/ tools/ vecsc reen/ univec/) was used to 
remove contaminants from libraries. Quality-filtered reads 
were then mapped to the R. canadum transcriptome available 
and described by Aciole Barbosa et al. (2021) using HISAT2 
(Kim et al. 2015) with default parameters. StringTie (Pertea 
et al. 2015) was then used to assemble the mapped reads into 
transcripts, using the de novo transcriptome reconstruction 
method, allowing the identification of all transcripts pre-
sent in each sample (including currently annotated genes, as 
well as newly identified elements and isomorphs). StringTie 
Merge combined redundant transcription structures, provid-
ing a non-redundant reference transcriptome with unique 
identifiers. Cufflinks (Trapnell et al. 2012) were next used 
to estimate expression values (FPKM) for each element in 
the StringTie-generated reference transcriptome. Transcrip-
tome completeness was assessed using the Benchmarking 
Universal Single-Copy Orthologs (BUSCO) software, ver-
sion 3.0 (Simão et al. 2015). Finally, the reads and the merged 
assembly were used to calculate expression levels and the 
effect size and statistical significance of observed differ-
ences using Cuffdiff with its default options (false discov-
ery rate = 0.05) to obtain significant differentially expressed 
genes (DEGs) (Trapnell et al. 2010). Heatmaps based on 
expression patterns were built with a Complex Heatmap 
package (Gu et al. 2016) in a custom R script. We applied 
Eukaryotic Non-Model Transcriptome Annotation Pipeline 
(EnTAP) (Hart et al. 2020) on the query transcripts (blastx, 
e-value ≤ e−5) for homology against the National Center for 
Biotechnology Information non-redundant protein database 
(NCBI nr), NCBI proteins reference database (RefSeq), the 
curated Swiss-Prot database from UniProt Knowledgebase 
(UniProtKB) (UniProt Consortium 2023), and the EggNOG 
(Hernández-Plaza et al. 2023) protein database. The Egg-
NOG hits also helped to assign the biological function to 
the genes, identifying GO (Gene Ontology) (Gene Ontol-
ogy Consortium 2023) and KEGG (Kyoto Encyclopedia of 
Genes and Genomes) (Kanehisa et al. 2023) terms. EnTAP 
functional annotation process was carried out using a Dugong 
container environment (Menegidio et al. 2018) in BioPor-
tainer Workbench (Menegidio et al. 2019).

http://www.arbsilva.de/
https://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/
https://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/
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KEGG terms were annotated and organized in Pathway 
Level 2 classes from KEGG Pathway Maps (https:// www. 
genome. jp/ brite/ htext= br089 01. keg). KEGG Automatic 
Annotation Server (KAAS) (Moriya et al. 2007) was used 
to annotate the transcript sequences in KEGG Orthology 
(KO) terms with the bi-directional best hit (BBH) method. 
KOs were utilized as input in the KEGG Mapper Color tool 
(Kanehisa et al. 2022) to map the differentially expressed 
transcripts based on their modulation; up-regulated elements 
were assigned as green, while down-regulated ones received 
the color red. Barramundi (Lates calcarifer) was set as the 
background because it is a species closely related to cobia 
and contained in KEGG.

Validation of DEGs

According to the manufacturer’s instructions, total RNA 
from liver samples was purified using PureLink™ RNA 
Mini Kit (12183018A Invitrogen™). To eliminate the poten-
tial contamination by genomic DNA, samples were treated 
with DNase using TURBO DNA-free™ Kit (AM1907 Invit-
rogen™); for this, previously, the RNA samples were diluted 
to 100 ng/µL and, after treatment, were stored at − 80 ℃. A 

total of 500 ng of total RNA was used as a template to syn-
thesize cDNA using SuperScript™ III Reverse Transcriptase 
(18,080,093 Invitrogen™), and random primers were used 
according to the manufacturer’s instructions. Negative con-
trols were also performed without reverse transcriptase, and 
the cDNA was stored at − 20 ℃.

A total of 10 differentially expressed unigenes (DEGs) 
from the liver were selected to verify the RNA-seq data’s 
reliability. The primers were designed using the Primer-
Quest tools from IDT (https:// www. idtdna. com/ pages/ tools/  
prime rquest). The elongation factor 1 alpha (ef1a) and β-actn 
were used as endogenous reference genes. The oligonucleo-
tides used as primers are described in Table 1. The sequences 
used in this procedure were obtained from the transcriptome 
sequencing of the liver from fish used in this same trial (Aci-
ole Barbosa et al. 2021, BioProject PRJNA675281). They 
presented minimum efficiency of 95% and R2 of 0.96. All 
primers were synthesized by Thermo Fisher (Invitrogen™).

Statistical Analysis

The liver fatty acid profile data is presented as mean ± SD 
(Table 3). For the comparisons between the hepatic fatty 

Table 1  Nucleotide sequence 
of primers used for quantitative 
real-time PCR (qRT-PCR)

fw forward, rv reverse

Gene Primer sequence 5′-3′ Amplicon 
size (bp)

Transcripts names/accession number

acads_fw GAT GAG GTG ATG GCG ACT TATC 94 TRINITY_DN5060_c0_g1_i1
acads_rv GTA CCA GTC ATA GGC ACA CTTT 
acsl_fw CTC AAT CTT CTC TGG TGC TATGT 146 TRINITY_DN3567_c0_g1_i2
acsl_rv CTG CAG AGG CCT TGG ATA AA
cpt1_fw GTC TCA CCG CAC GAG TAT TT 101 TRINITY_DN14_c22_g1_i1
cpt1_rv TTC GGT CCT GTT GCT GAT G
fas_fw TGT GGA GCC AAC CAT CTT TATC 97 TRINITY_DN264_c2_g1_i6
fas_rv GGA GGT CTG TAT CAA GGG TAGA 
pdk_fw GGC TGT TCA CCT ACA CAT ACTC 123 TRINITY_DN1727_c0_g1_i6
pdk_rv CTT GAA AGT AGC GGG CAT AGA 
scd_fw CAG TCA GTG TAG TCA GTG GTTAG 99 TRINITY_DN2586_c0_g1_i2
scd_rv TAG GGA ACA GGA AGC AGA GA
elovl6-like_fw GGT CTG ACT CCA CTT TGA GAAG 96 TRINITY_DN1455_c1_g1_i2
elovl6-like_rv AAG ACA CAG AAG GAG CCA ATAG 
elovl6_fw TGA GTG ACC ACA GCA CTA AC 105 TRINITY_DN516_c0_g2_i1
elovl6_rv TCA TGT TCT GTG GCC TGT ATG 
mcm3_fw GAC GAT GAG TCG GGC TTT ATT 102 TRINITY_DN4827_c0_g1_i1
mcm3_rv CAG AGG GAC TAC CTG GAC TT
hspa1S_fw TCT TGC TAA CCC ACT CCA ATTA 75 TRINITY_DN54813_c0_g1_i1
hspa1S_rv GAG GGT GGG AGG TAA GAA TAAG 
β-act_fw AGC CAT GGA AGA TGA AAT CG 190 HM754627.1
β-act_rv TCT CTT GCT CTG GGC TTC AT
ef1α_fw AGT GCG GAG GAA TCG ACA AG 188 FJ653664.1
ef1α_rv TGC TGG TCT CGA ACT TCC AC

https://www.genome.jp/brite/htext=br08901.keg
https://www.genome.jp/brite/htext=br08901.keg
https://www.idtdna.com/pages/tools/primerquest
https://www.idtdna.com/pages/tools/primerquest
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acid composition of different sample times, normality and 
homogeneity of variance were tested using Levene’s test, 
and when the data allowed a parametric analysis, it was 
performed using one-way analysis of variance (ANOVA), 
followed by Tukey’s HSD test, using the software SIG-
MASTAT for Windows version 3.5 (SigmaStat Software, 
CA, USA). A significance level of P < 0.05 was used for all 
statistical tests.

Results 

Liver Fatty Acid Profile

The fatty acid profile of the diet used in the trial is presented 
in Table 2. Several significant differences were observed in 
the hepatic fatty acid profile of the experimental animals 
sampled at different postprandial periods (Table 3). The most 
relevant was observed in the n-3 and n-6 PUFAs. Lower lev-
els of DHA, EPA, 22:5n-3, 20:4n-6, 22:4n-6, and 22:5n-6 
were observed in animals before the feed event and 30 min 
after feeding, especially compared with animals sampled at 

8 and 12 h, and the percentage of these same fatty acids was 
significantly reduced in 24 h after the meal. These changes 
resulted in the same profile of total n-3 polyunsaturated fatty 
acids (n-3 PUFA) and, consequently, total long-chain poly-
unsaturated fatty acids (LC-PUFA).

DEG Analysis

Figure 1A presents the DEGs in three comparison pairs 
for the different postprandial periods. The results showed 
2,507 DEGs between animals sampled at 30 min vs. 8 h, 
with 1,591 transcripts up- and 916 down-regulated in fishes 
sampled at 30 min, compared with those sampled at 8 h after 
feeding. Comparing individuals sampled at 30 min vs. 24 h, 
a reduced number of 448 DEGs was observed, with 220 up- 
and 228 down-regulated in fish sampled at 30 min compared 
to those sampled at 24 h after a meal. Finally, 2,401 DEGs 
were observed comparing fish sampled at 8 h vs. 24 h, with 
1,071 up- and 1,330 down-regulated in individuals sampled 
at 8 h compared to those sampled at 24 h after a meal. The 
heatmap based on the DEGs generated by the transcrip-
tome sequencing corroborated the same expression profile 
observed in Fig. 1A, with a higher number of DEGs and an 
opposite profile between 30 min vs. 8 h and 8 h vs. 24 h, 
and a reduced number of DEGs at 30 min vs. 24 h (Fig. 1B).

Enrichment Analysis of Gene Ontology (GO) 
and KEGG Pathways of the DEGs

The GO annotation was used to classify the DEGs of each 
comparison by three categories, biological process (BP), 
cellular component (CC), and molecular function (MF) 
(Fig. 2). In general, the top 10 GO annotations were simi-
lar between different comparisons (with a few exceptions 
mainly in 30 min vs. 24 h). A higher number of transcripts 
were observed in all three categories for 30 min vs. 24 h 
and 8 h vs. 24 h, while fewer transcripts were observed at 
30 min vs. 24 h.

The top 30 KEGG pathways of the Tier 2 classification 
were utilized to detect the main pathways for the DEGs 
(Fig. 3). The profile of KEGG pathway classification was 
consistent between different comparisons. The “signal 
transduction,” “cell growth and death,” and “carbohydrate 
metabolism” were the most prominent pathways observed 
in 30 min vs. 8 h, 30 min vs. 24 h, and 8 h vs. 24 h, respec-
tively. The “lipid metabolism,” which is the primary meta-
bolic pathway explored in this study, was also represented by 
a high number of transcripts in the three comparisons, with a 
higher number of DEGs noticed in 30 min vs. 8 h, followed 
by 8 h vs. 24 h and 30 min vs. 24 h (Fig. 3).

To further explore the physiological response profiles 
induced by fasting at specific pathways (fatty acid synthe-
sis and oxidation), KEGG mapper analysis was performed 

Table 2  Fatty acid composition 
(% of total fatty acids) of the 
experimental diet

ΣSFA, ΣMUFA, ΣPUFA, n-3 
ΣPUFA, n-6 ΣPUFA are the sum 
of saturated, monounsaturated, 
n-3 polyunsaturated, polyunsatu-
rated, and n-6 polyunsaturated 
fatty acids, respectively

Fatty acids

14:0 2.23 ± 0.08
16:0 22.46 ± 0.24
18:0 7.30 ± 0.13
ΣSFA 31.99 ± 0.40
16:1n-7 6.16 ± 0.21
18:1n-9 26.95 ± 0.52
18:1n-7 3.46 ± 0.48
ΣMUFA 37.88 ± 0.61
18:3n-3 1.40 ± 0.05
20:5n-3 3.45 ± 0.32
22:5n-3 1.22 ± 0.11
22:6n-3 6.66 ± 0.29
Σn-3 PUFA 12.74 ± 0.34
18:2n-6 14.45 ± 0.41
20:4n-6 1.49 ± 0.15
22:4n-6 0.58 ± 0.03
22:5n-6 0.43 ± 0.16
Σn-6 PUFA 16.96 ± 0.45
ΣPUFA 30.13 ± 0.33
ΣLC-PUFA 13.84 ± 0.50
Σn-3/Σ n-6 0.75 ± 0.04
Others 0.43 ± 0.03
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to identify the DEGs (Fig.  4). Several differences were 
observed in the expression of genes related to the fatty 
acid biosynthesis and degradation pathways (Fig. 4A and 
B, respectively). The expression of fatty acid synthase 
(fasn – 2.3.1.85), acetyl CoA-carboxylase (acc—6.4.1.2.), 
and medium-chain acyl dehydrolase (mch—3.1.2.21) was up-
regulated in animals sampled at 30 min compared to those 
sampled at 8 h after the meal. On the other hand, animals 
fasted by 8 h showed lower expression of these genes com-
pared with those fasted by 24 h. The long-chain acyl-CoA 
synthetase (acsl – 6.2.1.3) expression was up-regulated in 
animals fasted by 30 min compared to those fasted by 8 h, 
while 3-oxoacyl-synthase II (fabf – 2.3.1.179) was down-
regulated in fish fasted by 8 h compared with those fasted by 
24 h (Fig. 4A). Regarding the fatty acid catabolism pathway, 
fish fasted by 30 min showed higher expression of long-chain 
acyl-CoA synthetase (acsl – 6.2.1.3) and butyryl-CoA dehy-
drogenase (acads – 1.3.8.1) compared to individuals sampled 
at 8 h. The acyl-CoA oxidase (acox – 1.3.3.6) expression 
was down-regulated, and carnitine palmitoyltransferase 1 

(cpt1 – 2.3.1.21) was up-regulated in fish sampled at 30 min 
and 24 h compared to those sampled at 8 h after last meal, 
while acyl-CoA dehydrogenase (acadm – 1.3.8.7) was up-
regulated in fish sampled at 30 min compared to those sam-
pled at 8 and 24 h. Finally, the expression of alcohol dehydro-
genase 1/7 (adh1_7 – 1.1.1.1) and aldehyde dehydrogenase 
(aldh – 1.2.1.3) was up-regulated in animals fasted by 30 min 
and 24 h compared to those fasted by 8 h (Fig. 4B).

Verification and Validation of DEGs by qRT‑PCR

To verify the accuracy of the RNA-seq data, we screened ten 
DEGs, analyzed them with qRT-PCR, and compared the dif-
ferences. The expression profile of these genes (comparing 
different sample periods) was consistent with those observed 
in the RNA-seq analysis (Fig. 5). Therefore, the qRT-PCR 
results confirmed the reliability and accuracy of the RNA-
seq data. The Pearson correlation between DEGs and qRT-
PCR results is presented in the supplementary material.

Table 3  Liver fatty acid composition (% of total fatty acids) of cobia juveniles sampled before the feeding event and at different postprandial 
periods

Pre-feeding is related with individuals sampled 10 min before the feeding event, and 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h are related with the 
time of sampled post feed event. ΣSFA, ΣMUFA, ΣPUFA, n-3 ΣPUFA, and n-6 ΣPUFA are the sum of saturated, monounsaturated, polyunsatu-
rated, n-3 polyunsaturated, and n-6 polyunsaturated fatty acids, respectively. “Others” are the sum of the no. of representative fatty acids (lower 
than 0.3% of total fatty acids)
a,b,c Different letters represent significant differences between fish sampled at different times, by Tukey’s test and ANOVA (P > 0.05, n = 3)

Fatty acids Pre-feeding 30 min 1 h 2 h 4 h 8 h 12 h 24 h P-value

14:0 1.33 ± 0.15a 1.29 ± 0.14ab 1.21 ± 0.14abc 1.22 ± 0.08abc 1.11 ± 0.06bc 1.08 ± 0.13c 1.12 ± 0.09bc 1.19 ± 0.11ab  < 0.001
16:0 22.02 ± 1.20 21.50 ± 0.63 22.14 ± 1.25 21.43 ± 0.67 20.90 ± 1.00 21.12 ± 0.81 21.13 ± 1.13 22.30 ± 1.67 0.099
18:0 6.42 ± 0.49 6.23 ± 0.047 6.56 ± 0.50 6.42 ± 0.37 6.53 ± 0.41 6.75 ± 0.53 6.70 ± 0.51 6.21 ± 0.67 0.259
ΣSFA 29.77 ± 1.32 29.02 ± 1.53 29.91 ± 1.23 29.06 ± 1.11 28.54 ± 1.27 28.95 ± 1.05 28.96 ± 1.50 29.70 ± 1.39 0.285
16:1n-7 7.02 ± 0.38ab 6.97 ± 0.25ab 6.66 ± 0.55abc 6.71 ± 0.29abc 6.38 ± 0.41bc 6.17 ± 0.46c 6.25 ± 0.28c 6.84 ± 0.59b  < 0.001
18:1n-9 33.09 ± 1.10 33.26 ± 0.84 33.27 ± 0.67 32.71 ± 0.70 33.36 ± 0.72 33.04 ± 0.59 32.87 ± 0.75 33.21 ± 0.59 0.614
18:1n-7 4.38 ± 0.15 4.38 ± 0.11 4.36 ± 0.10 4.30 ± 0.10 4.41 ± 0.16 4.32 ± 0.11 4.27 ± 0.17 4.33 ± 0.11 0.388
ΣMUFA 44.49 ± 1.08 44.62 ± 0.91 44.29 ± 0.96 43.72 ± 0.71 44.16 ± 1.11 43.52 ± 0.72 43.39 ± 0.96 44.37 ± 1.04 0.056
18:3n-3 1.00 ± 0.08 1.00 ± 0.06 0.95 ± 0.06 1.00 ± 0.07 0.98 ± 0.09 0.95 ± 0.04 0.96 ± 0.08 0.94 ± 0.09 0.628
20:5n-3 

(EPA)
1.86 ± 0.27a 1.89 ± 0.14a 1.96 ± 0.27ab 2.11 ± 0.09ab 1.99 ± 0.26ab 2.12 ± 0.07b 2.18 ± 0.17b 1.81 ± 0.57a 0.048

22:5n-3 0.88 ± 0.20a 0.96 ± 0.13ab 0.98 ± 0.24ab 1.07 ± 0.06ab 1.08 ± 0.21ab 1.19 ± 0.10b 1.20 ± 0.10b 0.96 ± 0.35ab 0.005
22:6n-3 

(DHA)
3.92 ± 0.89a 4.22 ± 0.59a 4.48 ± 1.13ab 4.85 ± 0.43ab 4.99 ± 1.10ab 5.55 ± 0.35b 5.56 ± 0.65b 4.33 ± 1.30a  < 0.001

Σn-3 PUFA 7.66 ± 1.30a 8.07 ± 0.80a 8.36 ± 1.65ab 9.03 ± 0.46ab 9.05 ± 1.43ab 9.81 ± 0.54b 9.90 ± 0.86b 8.04 ± 2.23a 0.002
18:2n-6 13.69 ± 0.85 13.69 ± 0.78 12.89 ± 0.99 13.51 ± 0.74 13.43 ± 1.33 12.81 ± 0.63 12.86 ± 1.05 13.45 ± 0.81 0.344
20:4n-6 1.64 ± 0.12a 1.65 ± 0.08a 1.66 ± 0.11ab 1.69 ± 0.05ab 1.73 ± 0.12b 1.76 ± 0.04b 1.73 ± 0.11b 1.57 ± 0.24a 0.041
22:4n-6 0.44 ± 0.08a 0.44 ± 0.06a 0.47 ± 0.09ab 0.52 ± 0.02ab 0.55 ± 0.09ab 0.59 ± 0.04b 0.58 ± 0.04b 0.48 ± 0.11a  < 0.001
22:5n-6 0.38 ± 0.07a 0.40 ± 0.05a 0.43 ± 0.09ab 0.46 ± 0.03ab 0.46 ± 0.09ab 0.51 ± 0.03b 0.51 ± 0.05b 0.41 ± 0.13a 0.001
Σn-6 PUFA 16.15 ± 1.00 16.25 ± 1.36 15.45 ± 1.00 16.19 ± 0.96 16.18 ± 1.36 15.67 ± 0.69 15.69 ± 1.05 15.91 ± 0.65 0.630
ΣPUFA 23.81 ± 1.93 24.32 ± 1.78 23.81 ± 1.50 25.21 ± 0.84 25.23 ± 1.50 25.48 ± 0.59 25.59 ± 1.22 23.95 ± 1.99 0.422
ΣLC-

PUFA
9.12 ± 1.48a 9.63 ± 0.91ab 9.97 ± 1.91ab 10.70 ± 0.55ab 10.81 ± 1.66ab 11.72 ± 0.62b 11.77 ± 1.00b 9.56 ± 2.61a 0.001

Σn-3/Σ n-6 0.47 ± 0.08a 0.50 ± 0.06ab 0.55 ± 0.12ab 0.56 ± 0.05ab 0.57 ± 0.11ab 0.63 ± 0.06b 0.63 ± 0.08b 0.51 ± 0.15a 0.028
Others 1.94 ± 0.12 2.04 ± 0.06 1.98 ± 0.10 2.00 ± 0.05 2.08 ± 0.07 1.99 ± 0.18 2.06 ± 0.10 1.97 ± 0.12 0.120
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Fig. 1  A Histogram for differentially expressed genes (DEGs). The blue bar indicated up-regulated genes, and the red bar indicates down-regu-
lated genes. B Heatmap of transcripts with expression change. DEGs refer to significant differentially expressed transcripts (Cuffdiff FDR = 0.05)
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Discussion 

In order to understand the nutritional requirements of finfish 
species, it is crucial to investigate the molecular responses 
that occur each time the animals receive food since several 
metabolic pathways are differentially modulated during the 
postprandial period (Valente et al. 2012; Wade et al. 2014). 
However, studies focusing on the lipid metabolism of finfish 
species after feeding are limited/scarce. Despite the com-
mercial relevance, cobia have not ever been used cobia as a 
model. Thus, the data generated in this study are essential 
in providing bases for further physiological and nutritional 
studies using this important marine commercial species.

As observed in previous studies performed with finfish 
species (Rombenso et al. 2016; Araújo et al. 2018; Gou et al. 
2020; Fisher et al. 2022) and specifically with cobia (Araújo 
et al. 2021; Marques et al. 2021), with a few exceptions, 
the liver fatty acid profile reflected the composition of the 
diet. However, a lower percentage of important LC-PUFA, 
such as DHA and EPA, was observed in the liver compared 
to the diet, reflecting in the same profile as the total n-3 
PUFA. The LC-PUFAs, mainly DHA and EPA, play several 
essential physiological functions in marine fish, such as cell 
membrane structuring and eicosanoid synthesis. The animals 
commonly retain it in the same proportion as those in the 
diet (Bell and Sargent 2003;Tocher 2003; Glencross 2009). 
Therefore, this paradigm can be changed by the influence 
of several other variables, especially tissue specificity, diet 
composition, and temperature (Tocher 2003). Based on the 

profile observed in the liver fatty acid composition, there are 
several statistical differences in the n-3 and n-6 PUFA lev-
els, especially between 8 and 12 h compared to 30 min and 
24 h after the feed event. These corroborate previous results 
from studies that also investigated the molecular responses 
of finfish species during the postprandial period (Valente 
et al. 2012; Wade et al. 2014; Araújo et al. 2016; Mente et al. 
2017). Thus, as previously mentioned, the molecular results 
were focused on three main comparisons: (1) 30 min vs. 8 h, 
(2) 30 min vs. 24 h, and (3) 8 h vs. 24 h after feeding.

A reduced number of DEGs comparing individuals sam-
pled at 30 min with those sampled at 24 h (448 transcripts in 
total, 220 up-regulated and 228 down-regulated at 30 min) 
after feeding were observed, while animals sampled at 8 h 
showed many DEGs compared to those sampled at 30 min 
(2,507 transcripts in total, 1,591 up-regulated and 916 down-
regulated at 8 h) and 24 h (2,401 transcripts in total, 1,071 
up-regulated and 1,330 down-regulated at 8 h) after feeding 
(see Fig. 1A). These results (DEGs and qRT-PCR) indicate 
an opposite profile in the expression of metabolic-relevant 
genes at 8 h compared with 30 min and 24 h (which showed 
consistent expression) after the feed event (Fig. 1B). Pre-
vious studies performed with barramundi juveniles (Wade 
et al. 2014; Araújo et al. 2016; Poppi et al. 2019) showed a 
differential expression of several metabolic-relevant genes 
after 8 h and 12 h compared with 1 h and 24 h after feed-
ing. Additionally, Mente et al. (2017) observed significant 
changes in the expression of several protein-relevant genes 
in the liver of rainbow trout 6 to 12 h after the last meal, 

Fig. 2  Gene Ontology (GO) distribution for the 10 most assigned biological processes, cellular component, and molecular function of assembled 
isoforms according to different comparisons (30 min vs. 24 h, 30 min vs. 8 h, and 8 h vs. 24 h)
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while at 24 h, the expression levels of these same genes were 
consistent to the moment after the feed event. Similarly, in 
Atlantic salmon juveniles, growth-relevant genes such as 
insulin-like growth factor (igf) and ubiquitin ligase MAFbx/
atrogin-1 were initially down-regulated but restored to the 
basal expression levels after 12 h of fasting (Valente et al. 
2012). Aiming to avoid stress by handling and poor water 
quality (due to the possibility of fish regurgitating during 
handling), previous studies performed with finfish species 
standardized a period of 24 h of fasting to sample the experi-
mental animals (Zheng et al. 2004; Manor et al. 2015; Jin 
et al. 2017; Zhang et al. 2019; Gou et al. 2020). However, 
based on our results with cobia and previous results with 
other finfish species (Valente et al. 2012; Wade et al. 2014; 
Araújo et al. 2016; Diez et al. 2007; Mente et al. 2017; Poppi 
et al. 2019), after 24 h of the last meal, the expression of 
metabolic-relevant genes reaches basal levels, not necessar-
ily reflecting the influence of the feed intake/composition.

Lipids are the primary source of energy for finfish, and 
the liver is considered the central lipolytic tissue (especially 

under fasting) and notably an essential fat deposit for energy 
in several species (Tocher 2003; Turchini et al. 2009). Thus, 
previous knowledge regarding the hepatic fatty acid syn-
thesis and catabolism pathways is essential for designing 
physiological and nutritional trials to define finfish spe-
cies’ nutrient requirements. Specifically related to the 
lipid-relevant pathways (biosynthesis and β-oxidation), a 
similar profile was observed in the expression of the total 
transcripts, with only one DEG (acadm) comparing fish 
fasted by 30 min vs. 24 h. In contrast, all the other DEGs 
were observed comparing fish fasted by 8 h vs. 30 min 
and 24 h. These results suggest that after 24 h of a single 
meal, the expression of lipid-relevant genes (such as the 
expression of other metabolic genes) reached basal levels 
(30 min after meal). Most lipogenic genes (mainly fas, acc, 
and acsl) were significantly down-regulated in individuals 
sampled at 8 h after a meal compared with those sampled at 
30 m or 24 h (or both periods). Generally, the expression of 
fatty acid synthesis-relevant genes is strictly related to the 
tissue and diet fatty acid composition (Leaver et al. 2008; 

Fig. 3  Number of DEGs in the top 30 KEGG pathway classifications according to different comparisons (30 min vs. 24 h, 30 min vs. 8 h, and 
8 h vs. 24 h)
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Fig. 4  Lipid-relevant DEGs 
identified by KEGG in the A 
fatty acid biosynthesis and B 
degradation pathways. The 
genes highlighted in yellow 
were significantly expressed 
in at least one of the three 
comparisons. Red squares 
represent a comparison between 
30 min vs. 24 h, blue squares 
between 30 min vs. 8 h, and 
purple squares between 8 h vs. 
24 h. The arrows in the colorful 
squares represent (↑) up-regula-
tion of the specific transcript in 
the lower fasting time compared 
to the higher fasting time in 
each of the three comparisons 
and (↓) down-regulation of the 
specific transcript in the lower 
fasting time compared to the 
higher fasting time in each of 
the three comparisons. Arrow 
absence indicates no signifi-
cant difference in the specific 
comparison
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Torstensen et al. 2009). Previous studies in vivo (Alvarez 
et al. 2000; Datsomor et al. 2019) and in vitro (Menoyo 
et al. 2003) showed that higher levels of hepatic EPA and 
DHA inhibited lipogenesis in salmonids, corroborating the 
results observed herein since it was observed higher lev-
els of fatty acids and total n-3 PUFAs in fish sampled at 
8 h compared to those sampled at 30 min and 24 h after a 
meal. Acetyl CoA is activated to malonyl-CoA by ACC and 

iteratively assembled in the cytosol by FAS to form 16- and 
18-carbon saturated fatty acids. Thus, consistent expression 
levels between both genes are expected. Consistent expres-
sion of fas and acc was also observed in zebrafish (Danio 
rerio) under fasting (Seiliez et al. 2013). However, differ-
ently than observed in cobia, zebrafish juveniles showed an 
up-regulation of these genes (and other lipid-relevant genes) 
after 6 h of the last meal.

A B

C D

E F

G H

I J

Fig. 5  Comparison of gene expression patterns obtained using com-
parative transcriptome analysis and qRT-PCR. A elovl6-like (elon-
gase 6-like), B elovl6 (elongase 6), C mcm3 (minichromosome main-
tenance complex component 3), D hspa1s (heat shock 70 kDa protein 
1), E acads (acyl-CoA dehydrogenase short chain), F acsl (long-

chain acyl-CoA synthetases), G cpt (carnitine palmitoyltransferase), 
H fas (fatty acid synthase), I pdk (pyruvate dehydrogenase kinase), 
and J scd (stearoyl-CoA desaturase). The transcript expression levels 
of the target genes were normalized by the β-actin expression
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In comparison, at 24 h, the expression levels of these 
genes reached basal levels. Similarly, Wade et al. (2014) 
observed that fatty acids synthesis-relevant genes (e.g., fas 
and scd) were up-regulated in barramundi sampled at 12 h 
compared with those fish sampled at 1 h and 24 h after 
feeding. These contradictory results in the expression of 
lipogenic genes during a postprandial period between dif-
ferent finfish species corroborate the hypothesis that lipo-
genesis is highly modulated by the interaction of several 
variables, primarily species specificity (capacity to toler-
ate fasting), fasting period, diet composition, and culture 
conditions (Tocher 2003; Leaver et al. 2008).

A different profile in the expression of genes related 
to fatty acid catabolism was observed in cobia sampled 
at different postprandial periods. While acox expression 
was significantly up-regulated, cpt1 was significantly 
down-regulated in fish sampled at 8 h compared with 
those sampled at 30 min and 24 h after the meal. Fatty 
acid catabolism can occur in two organelles: mitochondria 
and peroxisomes (Leaver et al. 2008). Acox catalyzes the 
rate-limiting step in the peroxisomal β-oxidation. At the 
same time, CPT1 is related to the fatty acid transport over 
the inner mitochondrial membrane to be β-oxidized (mito-
chondrial oxidation) (Leaver et al. 2008). This opposite 
profile in the acox and cpt1 expressions suggests that fish 
sampled at 8 h catabolized hepatic fatty acids preferen-
tially by peroxisomal β-oxidation, while those sampled at 
30 min and 24 h after feeding preferentially catabolized 
by mitochondrial β-oxidation. According to Leaver et al. 
(2008), typically in fish liver, peroxisomal β-oxidation 
contributes more significantly to the total β-oxidation. 
However, the capacity to catabolize fatty acids depends on 
the interaction of several biotic and abiotic factors, mainly 
temperature, fish size, life stage, and diet composition, that 
together will differently modulate fatty acid catabolism 
processes in fish.

Additionally, malonyl-CoA produced from ACC 
activity inhibits CPT1, justifying an opposite profile in 
the expression of both genes. Similar to those found in 
cobia, Diez et al. (2007) observed higher peroxisomal 
β-oxidation (ACOX activity) in sea bream juveniles after 
6 h of the last meal, accompanied by a decrease in a mito-
chondrial β-oxidation (L-3-hydroxyacyl-CoA dehydroge-
nase—L3HOAD activity). However, interestingly, these 
effects were not observed at 24 h after feeding. Unfortu-
nately, studies investigating fatty acid catabolism of finfish 
species during the postprandial period are scarce in the 
literature. However, the results obtained in this study and 
those found in sea bream by Diez et al. (2007) and bar-
ramundi by Wade et al. (2014) reinforce the importance of 
evaluating the expression of fatty acid catabolism-relevant 
genes during the postprandial period in finfish species.

Conclusion

This study performed a transcriptional profiling analysis of fast-
ing in cobia juveniles to identify metabolism-related genes and 
pathways, focusing on lipid metabolism. The results showed 
the main differences in liver fatty acid profile and molecular 
responses between 8 and 12 h after the last meal. In compari-
son, after 24 h, the n-3 LC-PUFAs, global transcription, and 
differential expression of lipid-relevant genes reached basal 
levels (30 min after the last meal). Our results, differently than 
previous studies performed with other teleost species, suggest 
an adequate time to sample the animals/tissues ranging between 
8 and 12 h after the last meal, since apparently, after 24 h, gene 
expression is not more influenced by feed intake/composition. 
However, these molecular responses should be evaluated for 
every single species/trial since the interaction of several biotic 
and abiotic variables, such as species specificity, life stage, diet 
composition, and temperature, can directly influence the hepatic 
molecular responses in finfish species, especially post-feeding.
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