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ARTICLE INFO ABSTRACT

Keywords: Fish exhibit remarkably efficient feed conversion ratios (FCR), often outperforming homeothermic animals in
Compensatory growth terms of protein conversion efficiency — a feature that is increasingly relevant for sustainable aquaculture
FCR, fish practices. Arapaima gigas, one of the largest freshwater fish species in the Amazon, is renowned for its exceptional
;I;;:ts(;zyte FCR during the initial growth phase. The aim of this study was to evaluate whether a fasting-refeeding protocol

could further enhance feed efficiency in A. gigas. The study examined its effects on growth performance, liver
histology, and hepatic gene expression. The results of the study indicate that there is a loss of body weight after
one to two weeks of fasting, as well as growth arrest in total length. In addition, there is liver shrinkage driven by
hepatocyte size reduction. Following refeeding, liver and cell size recovered within a week, and fish resumed
growth with significantly improved FCR. Treated fish demonstrated partial compensatory growth in both body
weight and length, with sustained higher specific growth rates and feed intake relative to controls throughout the
refeeding process. It is noteworthy that the refed group consumed 51 % less feed over the course of entire trial,
which highlights the significant potential for substantial reduction in feed cost. Transcriptomic analysis revealed
significant metabolic changes: fasting increased the expression of genes involved in lipid catabolism (e.g., RXRA,
ABCA1, ACOT2), while early refeeding (3 days) activated pathways associated with gluconeogenesis
(PPARGCIA, MDH]1), and later refeeding (2 weeks) upregulated genes involved in mitochondrial repair and
tissue regeneration (LIG3, A2MG). These findings offer a valuable contribution to the development of sustainable
aquaculture practices for this fast-growing and threatened Amazonian species.

1. Introduction

Growth is an integral biological process defined as a change in size
over time (Beckman, 2011), and in fish, it is commonly assessed using
both body weight (BW) and total length (TL), which reflect distinct but
complementary aspects of somatic development. Understanding growth
mechanism has broad implications, ranging from human growth-related
disorders (Attanasio et al., 2004) to improvements in animal production
through genetic modified and genome editing (Forabosco et al., 2013;
Mokrani and Liu, 2024). In aquaculture, where maximizing biomass
gain is a major goal, particular attention is placed not only on how much
fish grow, but also on how efficiently they convert feed into growth.

Feed conversion ratio (FCR) is thus a key performance metric, quanti-
fying the efficiency with which ingested feed is transformed into body
mass (Bai et al., 2022). FCR is influenced by genetic, nutritional, health
and environmental factors, and optimizing it is essential for sustainable
aquaculture production (Doupé and Lymbery, 2003; Gjedrem et al.,
2012; Mengistu et al., 2020; Rodde et al., 2020).

Poikilothermic animals, such as fish and insects, generally exhibit
lower FCR values than homeothermic (Gjedrem et al., 2012). Techno-
logical advancements have reduced FCR values also in farmed fish, with
values around 1.0 in salmon (Fry et al., 2018) and as low as 0.4 in turbot
during the fast-growing larval stages (Arnason et al., 2009). These ani-
mals represent promising sources of sustainable protein. However, the
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extent to which their FCR can be further improved in production ap-
plications remains unclear.

Meeting future aquatic protein demands will require improved feed
conversion efficiency through strategies such as optimized feed formu-
lations, farm management, and selective breeding (National Research
Council, 2011; de Verdal et al., 2018). Among the experimental ap-
proaches used to investigate growth and FCR dynamics, fas-
ting-refeeding protocols are widely applied due to their simplicity,
reproducibility, and ability to induce controlled growth arrest (Ali et al.,
2003). While primarily used in research contexts, these protocols can
offer valuable insights for aquaculture, particularly regarding compen-
satory growth potential and feed savings when appropriately adapted to
production settings. Moreover, lowering FCR not only reduces produc-
tion costs but also mitigates environmental impacts, including nutrient
pollution from wastewater (Chavez-Crooker and Obreque-Contreras,
2010) and greenhouse gas emissions associated with feed production
(MacLeod et al., 2020).

In addition to FCR, compensatory growth (CG) is a crucial factor in
optimizing production. CG refers to accelerated growth following a
period of growth arrest or depression (Ali et al., 2003). This phenome-
non is driven by hyperphagia (Jobling and Koskela, 1996; Mlglavs and
Jobling, 1989; Wang et al., 2000; Tian and Qin, 2003; Alvarez, 2024)
and/or improved FCR (Boujard et al., 2000). In aquaculture, CG is often
induced through fasting-refeeding strategies (Ali et al., 2003), making it
essential to understand how fasting influences growth efficiency and
whether species-specific adaptations can enhance production outcomes.

Arapaima gigas, a bony tongue fish native to the Amazon Basin
(Hrbek et al., 2005; Chu-Koo et al., 2009; Farias et al., 2019; de Oliveira
et al., 2019), is one of the world’s largest freshwater fishes, with the
capacity to reach lengths of up to 2.5 m in length (Nelson, 2006). This
species, also known as paiche or pirarucu, possesses several unique
biological features, including obligate air-breathing via a vascularized
swim bladder and a gland-like structure in the head for nursing fry
(Pereira-Filho et al., 2003; de Oliveira et al., 2012; Val and de Almeida-
Val, 2012). Notably, A. gigas has one of the lowest recorded FCRs among
fish (FCR < 0.7, Du et al., 2019), making it a highly promising candidate
for aquaculture. Despite its potential in aquaculture production, the
extent to which its FCR can be further improved remains largely
unexplored.

Considering the notably efficient feed conversion observed in A. gigas
and its relevance for aquaculture, this study aimed to investigate
whether its FCR can be further optimized under a controlled fas-
ting-refeeding protocol. Specifically, we evaluated the capacity of this
species’ capacity for compensatory growth through this strategy, which
is widely employed in fish to assess growth plasticity and feed efficiency
(Ali et al., 2003). This approach allowed us to assess both growth per-
formance and feed utilization efficiency following a period of fasting. By
integrating growth and intake measurements with transcriptomic anal-
ysis of liver tissue, we aimed to better understand the molecular re-
sponses associated with fasting and refeeding, thereby gaining insight
into the biological mechanisms that may underlie compensatory growth
in A. gigas.

In order to address these aims, a two-phase experimental design was
implemented: The first phase was a fasting phase, the purpose of which
was to assess the effects of feed deprivation. The second phase was a
refeeding phase, to evaluate compensatory growth responses. The
concept of compensatory growth was determined based on treatment-
related differences in growth rate during the refeeding process. A
faster growth rate in the treated group compared to the control group
was considered indicative of CG. If treated fish reached the same size as
the controls by the end of the trial, growth was classified as fully
compensatory; otherwise, it was classified as partial compensation.

Due to the biological and conservation constraints associated with
A. gigas, the use of large sample sizes is not ethically sound or logistically
viable. In order to overcome these limitations, a longitudinal design with
repeated measures was employed, allowing each fish to serve as its own
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control. This approach enhances statistical power by reducing inter-
individual variability and maximizing the information extracted from
each subject (Maxwell et al., 2017). It is particularly well-suited for
aquaculture research on large-bodied or threatened species, where
experimental replication is limited. When combined with appropriate
hierarchical modelling, this design supports precise, time-resolved in-
ferences about treatment effects and compensatory growth dynamics,
even under sample size constraints.

2. Materials and methods
2.1. Animals

A total of 96 juvenile A. gigas were obtained from local farmers and
subsequently quarantined for a period of one month at facilities in
Pucallpa, Peru. Subsequently, the fish were then transferred to a recir-
culating aquaculture system (RAS) comprising twelve 500 L tanks, with
eight fish randomly placed in each tank. During the acclimation period,
the fish were fed to apparent satiation on three to four times a day. The
mean water temperature was 29.35 + 0.02 °C, the dissolved oxygen
level was 4.58 + 0.10 mg/L, pH level was 7.48 + 0.2 and the nitrates
were under the limit of detection. The experimental phase was con-
ducted from May to June 2022, following the natural diurnal rhythm.
During both acclimation and experimental phases, fish were fed with a
commercial diet (PECES 42; Aquatech, Pert), formulated with 42 %
minimum crude protein, 14-15 % minimum crude fat, and a minimum
digestible energy content of 3400 kcal/kg.

2.2. Ethics statement

Fish were handled in accordance with the Universities Federation for
Animal Welfare Handbook on the Care and Management of Laboratory
Animals (https://www.ufaw.org.uk) and internal institutional regula-
tions (Comité de Etica de Investigacion de la UNS — CEIUNS - Oficio N°
203-2019-UNS-VRIN).

2.3. Fasting and refeeding

In order to assist in the reduction of pressure on wild A. gigas pop-
ulations, we employed aquaculture-raised fish and utilized a longitudi-
nal repeated-measures design as an alternative to a cross-sectional
approach. This strategy reduced the number of fish required while
maintaining, and potentially enhancing, statistical robustness (IMaxwell
et al., 2017). Following the acclimation period, six tanks were randomly
assigned to the control group and the remaining six to the treated group,
yielding six independent replicate tanks per treatment (n = 6). The
experimental period lasted five weeks and was divided into two distinct
phases: a two-week fasting period and a three-week refeeding period.

The control group was fed to apparent satiation four times a day
throughout the entire experimental period. In contrast, the treated
group underwent a complete fasting period during the initial two weeks,
followed by refeeding to satiation during the subsequent three weeks.

All fish were individually measured for body weight and total length
at six time points: at the beginning of the experiment (Week 0, W0), after
1 week of fasting (W1), at the end of the fasting phase (Week 2, W2), and
during the refeeding phase at Week 1 (RW1), Week 2 (RW2), and Week 3
(RW3). These repeated measurements allowed for monitoring individual
growth trajectories across both experimental phases.

2.4. Sampling

At each time point from W1 to RW3, one fish per tank was sampled
for physiological and histological analyses. In addition, an extra sam-
pling was conducted at 3 days of refeeding (RD3), specifically aimed at
capturing the early hepatic transcriptional response to refeeding. The
fish were anesthetized with eugenol and euthanized by decapitation.
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The liver was then excised and weighed in order to calculate the hep-
atosomatic index (HSI), which was expressed as (liver weight / body
weight) * 100. A portion of the liver was placed in 500 pL of RNAlater,
kept at room temperature for one hour, stored at 4 °C for 24 h, and then
transferred to —20 °C until RNA extraction. A further portion of the liver
was fixed in Bouin’s solution for subsequent histological analysis.

2.5. Histology

The liver samples were fixed in Bouin’s solution for one hour at room
temperature, followed by 16 h at 4 °C. The samples were then stored in
70° ethanol until histological processing. After graded alcohol dehy-
dration, the liver samples were embedded in paraffin for 6 h, sectioned
at a thickness of 7 pm and stained with hematoxylin-eosin (H&E). The
nuclear and hepatocyte cross-sectional areas were subsequently calcu-
lated using Image-J software (NIH, USA).

2.6. Growth and nutritional parameters

The specific growth rate (SGR) was calculated on a separate basis for
BW and total TL using the following formula: SGR (X) = In(X;/ X;) * 1
100, where X refers to either BW (in grams) or TL (in centimeters), Xi
and Xf are the initial and final values for the measurement period, and t
is the duration of the period in days. The FCR was calculated using the
following formula: FCR = feed intake (g) / ABW (g), where ABW cor-
responds to the net gain in body weight (BWf — BWi) during the same
period. Feed intake was determined by calculating the difference be-
tween the total feed offered and the uneaten feed that was recovered
from each tank.

2.7. RNA-Seq library preparation and sequencing

Total RNA was extracted from 50 mg of liver samples, which were
homogenized in 500 pL of TRIzol reagent (Invitrogen) and stored at
—80 °C. RNA extraction from the liver was performed following the
manufacturer’s protocol. The purified total RNA was eluted in 50 pL of
elution buffer and quantified by absorbance using an Epoch spectro-
photometer (BioTek, USA). To remove any residual DNA, 3 pg of total
RNA from each sample was treated with DNase I (ThermoScientific). The
DNase I to total RNA ratio was 1 U/pg of total RNA. RNA concentration
was verified using a Qubit 3.0 fluorometer and the Qubit RNA Broad
Range assay (Life Technologies, USA).

Libraries for RNA-Seq analysis were prepared using 1 pg of purified
total RNA from each of the 4 biological replicates for each treatment.
Libraries were prepared using the TruSeq® RNA Sample Prep v2 kit with
IDT for [llumina DNA/RNA UD indexes (Illumina, San Diego, CA, USA).
The library preparation process included mRNA purification and frag-
mentation, cDNA synthesis, end repair, adenylation, adapter ligation,
PCR amplification, library validation, equimolar normalization, and
pooling, following the detailed protocol in the TruSeq RNA-Seq Sample
Prep v2 Guide (Illumina), using the Low Sample Protocol. Sequencing
was performed on the Illumina NextSeq500 platform using the Next-
Seq500 System High-Output Kit, generating paired-end reads of 74 bp
(2 x 74 bp). The raw RNA-seq data was deposited in BioProject with the
Acc. No. is PRINA1295878.

2.8. Transcriptome analysis

The liver transcriptome was assembled using Trinity v.2.12 (Haas
et al., 2013). To reduce transcript redundancy, contigs with a similarity
level of 95 % were subsequently clustered using CD-HIT-EST (Li and
Godzik, 2006). The assembled contigs were subjected to a sequence
similarity search against the UniProtKB/Swiss-Prot protein database
using BLASTX (Altschul et al., 2009) with an E-value cutoff of 107°.
Subsequently, the results were processed with Trinotate to retrieve Gene
Ontology (GO) terms and metabolic pathways based on the Kyoto

Aquaculture 612 (2026) 743267

Encyclopedia of Genes and Genomes (KEGG) database.

For differential expression analysis, the reads from each biological
replicate were individually mapped to the assembled transcriptome and
gene expression levels were quantified using the Expectation-
Maximization method (RSEM, Li and Dewey, 2011). Additionally,
transcript-level expression profiles across different samples were
examined through hierarchical clustering. Differential expression anal-
ysis was performed using edgeR (Robinson et al., 2010). Pairwise
comparisons between treatments and controls were conducted for each
feeding week. Differentially expressed genes were identified using a
minimum fold-change threshold of 2 and an adjusted p-value <0.01 for
statistical significance.

Enrichment analysis of differentially expressed genes for each pair-
wise comparison was performed using the DAVID database. The ana-
lyses were conducted by contrasting the list of differentially expressed
genes from each comparison against a reference list based on annotated
transcripts. Statistical significance for enrichment was determined using
Fisher’s exact test with a significance threshold of 0.05.

2.9. Statistical analysis

All statistical analyses were performed using R version 4.4.2 (R Core
Team, 2024), primarily relying on the nlme (Pinheiro and Bates, 2000),
emmeans (Lenth, 2025), and robustlmm (Koller, 2016) packages. The
study employed a hierarchical mixed-effects modelling framework
tailored for longitudinal experimental designs. This approach, which
contrasts with traditional cross-sectional analyses, enhanced statistical
power and precision by leveraging the repeated measures structure
while accounting for the nesting of individual fish within tanks, without
increasing the number of animals used.

Each experimental phase—fasting and refeeding—was analyzed
independently, with statistical models tailored to the outcome variables
pertinent to each stage. All models included time and treatment (as well
as their interaction) as fixed effects. When individual-level measure-
ments were available across multiple time points—such as for BW, TL,
and SGR—a hierarchical random effect was specified, with individual
fish nested within tank. In these cases, a variance structure (varldent)
was incorporated to allow heterogeneous residual variances across
treatment x time combinations. Furthermore, for variables with three or
more time points (e.g., TL, BW, SGR), we evaluated and compared
different within-subject correlation structures (AR(1), compound sym-
metry, and independence), selecting the best model using Akaike’s In-
formation Criterion (AIC).

For variables with only two time points, such as hepatosomatic index
(HSI), hepatocyte area, and nuclear area during the fasting phase, the
correlation structure could not be estimated and was therefore omitted.
Nevertheless, the variance heterogeneity structure (varldent) was
retained, and tank was included as a random effect. Similarly, for vari-
ables measured at the tank level—such as feed intake, FCR, and percent
body weight ingested—mixed-effects models without the fish-level
nesting were used, but retained the same strategy of variance model-
ling and correlation structure evaluation.

Model diagnostics were conducted for all fitted models. Residuals
were then inspected visually for homoscedasticity and normality using
residual vs. fitted plots and Q-Q plots, respectively. The evaluation of
autocorrelation was conducted using ACF plots of normalized residuals.
In all cases, robust linear mixed-effects models were fitted using the
rlmer function from the robustlmm package to evaluate the sensitivity of
the main results to potential outliers and assumption violations.

Estimated marginal means (EMMs) were computed using the
emmeans package, and post hoc comparisons were performed using
pairwise contrasts between treatment groups at each time point,
applying Sidak correction for multiple comparisons. Time is modelled as
an ordinal factor. Linear and quadratic polynomial terms are included to
describe the temporal growth trajectory with regard to body weight and
total length during the refeeding and fasting phase. The linear term
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captures the overall growth trend, while the quadratic term reflects
curvature over time. In conjunction with the time-by-treatment inter-
action and SGRs, these components will facilitate the assessment of
compensatory growth dynamics.

Finally, total feed intake per tank over the entire experimental period
(WO to RW3) and liver weight at the end of the experiment (RW3) were
compared between groups using two-sample Student’s t-tests. These
tests were conducted only after verifying the normality and homoge-
neity of variances with the Shapiro-Wilk and Levene’s tests, respec-
tively. In all analyses, p-values <0.05 were considered to be statistically
significant.

3. Results
3.1. Effect of fasting on growth parameters

During the fasting phase, BW (Fig. 1A) demonstrated a significant
treatment x time interaction (X2 = 468.3, p < 0.001). Polynomial con-
trasts revealed a strong linear effect of time in the control group (t =
15.94, p < 0.001), consistent with continuous weight gain. In contrast,
fish subjected to fasting showed a significant negative interaction with
the linear term (t = —20.06, p < 0.001), reflecting a progressive loss of
BW over time. The estimated autocorrelation parameter (¢) of the AR(1)
structure was 0.83, suggesting high within-individual temporal depen-
dence. Post hoc comparisons confirmed that there were no significant
differences in BW between groups at WO (p = 0.051). However, treated
fish exhibited significantly lower BW than the controls at W1 (p < 0.001;
mean difference = 70.6 + 13.9 g) and W2 (p < 0.001; 104.2 £+ 14.3 g).

Total length (Fig. 1B) followed a similar pattern, with a significant
treatment x time interaction ()(2 = 705.3, p < 0.001). In the control
group, TL increased in a significantly linear (t = 27.67, p < 0.001) and

quadratic (t = —8.09, p < 0.001) manner, suggesting deceleration
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towards the end of the phase. The study revealed that fasting induced a
marked growth arrest, as indicated by a significant negative interaction
with the linear term (t = —25.72, p < 0.001), and a positive interaction
with the quadratic term (t = 6.05, p < 0.001). The estimated ¢ was 0.96,
indicating strong serial correlation in TL measurements. Pairwise com-
parisons revealed no significant difference in TL at WO (p = 0.49), but
treated fish were significantly shorter at W1 (p = 0.0159; 1.86 + 0.64
cm) and W2 (p = 0.0015; 2.81 + 0.65 cm) relative to controls.

The specific growth rate based on BW (Fig. 1C) showed a significant
interaction between treatment and time ()(2 = 15.9, p < 0.001). While
control fish maintained positive growth rates throughout the fasting
period, SGR(BW) in the fasted group was reduced. Post hoc tests indi-
cated highly significant differences at both W1 and W2 (p < 0.001).
Similarly, SGR(TL) (Fig. 1D) exhibited a substantial treatment x time
interaction (X2 =52.3, p < 0.001). The results showed that the controls
had increased length, whereas the fasted fish had significantly lower
values at both W1 and W2 (p < 0.001).

These somatic effects were accompanied by histological alterations.
The hepatosomatic index (Table 1) was significantly reduced in fasted
fish at W1 and W2 (p < 0.001). Representative liver sections (Fig. 1E-F)

Table 1

Hepatosomatic index (HSI) during the fasting and refeeding phases. Values are
estimated marginal means + SE. p-values indicate differences between treat-
ment groups at each time point.

Phase Week Control Treated p-value
Fasting W1 1.79 + 0.09 1.01 £ 0.06 < 0.001
W2 (RWO0) 1.67 + 0.08 0.92 £+ 0.01 < 0.001
Refeeding RW1 1.63 + 0.08 1.38 £ 0.09 0.056
RW2 1.55 £ 0.06 2.11 = 0.06 0.001
RW3 1.65 + 0.05 2.00 = 0.03 0.001
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Fig. 1. Effect of a two-week fasting period on somatic growth and liver morphology in A. gigas. (A) Body weight, (B) total length, (C) SGR(BW), and (D) SGR(TL) in
control (green) and fasted (orange) fish during the fasting phase (W0-W2). Data are presented as individual points and estimated marginal means +95 % confidence
intervals (95 % CI) from mixed-effects models. (E-F) Representative liver histological sections stained with hematoxylin and eosin at the end of the fasting period
(W2), showing the hepatic architecture of a control (E) and a fasted fish (F). Fasted livers exhibited marked cytoplasmic shrinkage and reduced nuclear size. Scale bar

=10 pm. *: 0.01 < p <0.05; **: 0.001 < p <0.01; *
referred to the web version of this article.)

*: p < 0.001; ns: not significant. (For interpretation of the references to colour in this figure legend, the reader is
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illustrate visible differences in hepatic architecture. Treatment resulted
in a significant decrease in hepatocyte area (HA) and nuclear area (NA)
were both significantly smaller in treated fish at W1 and W2 compared
to the control group (Tables 2 and 3; all p < 0.001).

3.2. Effect of refeeding on growth parameters

During the refeeding period, body weight (Fig. 2A) demonstrated a
significant treatment x time interaction (3> = 24.1, p < 0.001). Poly-
nomial contrasts revealed a significant linear increase in body weight
over time (t = 24.55, p < 0.001), with additional quadratic (t = 8.38,p <
0.001) and cubic (t = —4.19, p < 0.001) components indicating an
accelerating then decelerating growth trend in control fish. Following
the resumption of feeding, fasted fish demonstrated a clear trajectory.
The interaction with the linear term was positive (t = 4.31, p < 0.001),
as was the interaction with the quadratic term (¢t = 3.70, p < 0.001). The
autocorrelation coefficient (¢) was 0.97, indicating strong temporal
dependency in repeated measures. Estimated marginal means compar-
isons showed that the treated fish remained significantly lighter than
controls throughout the refeeding period, with decreasing differences
from RWO (A = 106.6 g, p < 0.001) to RW3 (A = 69.9 g, p = 0.0020),
reflecting partial catch-up growth.

Total length (Fig. 2B) exhibited a comparable trend, accompanied by
a significant treatment x time interaction (x? = 81.2, p < 0.001). Control
fish exhibited linear (t = 36.47, p < 0.001) and quadratic (t = 5.71,p <
0.001) trends. In treated fish, the significant interaction with the linear
(t=>5.12,p < 0.001) and quadratic (t = 7.94, p < 0.001) terms indicated
an accelerating length gain after refeeding. The autocorrelation estimate
was once again high (¢ = 0.97). Comparisons of marginal means showed
that fasted fish remained significantly shorter than controls at all time
points (RWO0: A =2.89 cm, p = 0.0005; RW3: A = 2.03 cm, p = 0.0081),
with the gap narrowing over time.

The specific growth rate based on body weight (Fig. 2C) displayed a
significant treatment x time interaction (xz = 40.4, p < 0.001). Refed
fish demonstrated a significantly higher SGR(BW) in comparison to the
control group across all refeeding weeks (RW1-RW3; all p < 0.001),
with the greatest difference at RW2 (Fig. 2C). In contrast, SGR based on
total length (Fig. 2D) showed a higher difference at the end of the period.
The interaction between treatment and time was found to be highly
significant (2 = 165.0, p < 0.001). While no significant differences were
observed at RW1 (p = 0.26), treated fish showed higher SGR(TL) than
controls at RW2 (p < 0.001) and RW3 (p < 0.001).

Finally, liver metrics reflected the somatic trends. The hepatosomatic
index (Table 1) remained lower in treated fish at RW1 (p = 0.056), but
was significantly higher than in the control group at RW2 and RW3 (p =
0.001). Similarly, hepatocyte area (Table 2) was significantly smaller in
the treated group at RW1 (p = 0.0036), but reached similar values at
RW2 and RW3 (p > 0.05). The nuclear area (Table 3) showed no sig-
nificant differences between the groups throughout the refeeding phase
(p > 0.05). Representative liver sections (Fig. 2E-F) illustrate these
morphological changes at the end of the refeeding period.

Table 2

Hepatocyte area (HA, pm?) during the fasting and refeeding phases. Values are
estimated marginal means + SE. p-values indicate differences between treat-
ment groups at each time point.

Phase Week Control Treated p-value
Fasting w1 148.1 + 3.2 67.2 £ 2.5 < 0.001
W2 (RWO0) 159.8 + 2.9 68.2 + 3.2 < 0.001
Refeeding RW1 174.7 £ 11.0 129.7 + 5.0 0.0036
RW2 161.5 + 4.5 167.0 + 6.4 ns
RW3 161.4 + 10.2 172.6 + 4.0 ns
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Table 3

Nuclear area (NA, um?) during the fasting and refeeding phases. Values are
estimated marginal means + SE. p-values indicate differences between treat-
ment groups at each time point.

Phase Week Control Treated p-value
Fasting w1 16.3 + 0.3 12.7 £ 0.1 < 0.001

W2 (RW0) 17.0 £ 0.5 13.1+ 0.3 < 0.001
Refeeding RW1 15.8 £ 0.2 153+ 0.4 ns

RW2 15.2+ 0.4 16.0 + 0.4 ns

RW3 149+ 0.3 14.8 + 0.4 ns

3.3. Effect of refeeding on FCR and feed intake

The next stage of the process was to evaluate the feed conversion
ratio during the refeeding phase. The feed conversion ratio (Fig. 3A)
during the refeeding phase demonstrated a significant effect of time (2
= 23.29, p < 0.001), while the treatment x time interaction was not
significant (2 = 3.75, p = 0.15). The type I ANOVA confirmed a sig-
nificant main effect of time (F = 23.68, p < 0.001) and treatment (F =
11.99, p = 0.0061), indicating that FCR changed over time and differed
between groups.

As demonstrated in Fig. 3B, there was a significant interaction be-
tween treatment x time interaction (X2 = 84.31, p < 0.001), indicating
divergent temporal patterns between groups. Specifically, the control
fish consumed more than the fish in RW1 (p = 0.0436), but not in RW2
or RW3 (p > 0.05). Conversely, feed intake relative to body weight
(Fig. 3C) demonstrated a significant treatment x time interaction (y? =
457.20, p < 0.001). Subsequent, post hoc tests showed significantly
higher feed intake (% BW) in treated fish compared to controls in RW2
and RW3 (both p < 0.001), while no discrepancy was observed at RW1
(p > 0.05). The results of the analysis indicate strong temporal depen-
dence and marked heteroscedasticity. These findings are supported by
the autocorrelation coefficient (¢ = 0.77) and the fitted varldent
structure.

It was observed that the fasted group exhibited a lower rate of cu-
mulative feed intake during the refeeding period when compared to the
control group. When the data was aggregated by group, the treated fish
consumed a total of 2319.7 g, whereas the control fish consumed 4758.9
g. This represents a 51.3 % reduction in total feed use. At the tank level,
mean total intake was significantly lower in treated tanks (386.6 + 63.4
g) than in control tanks (793.2 + 151.2 g), with a statistically significant
difference confirmed by an unpaired two-tailed t-test (t = 6.07, df = 10,
p < 0.001).

3.4. Liver transcriptome assembly and functional annotation

The liver transcriptome was assembled from 273.2 million clean
reads, yielding a total of 118,810 transcripts and 97,454 genes. The GC
content of the assembled transcriptome was 49.04 %, with a mean
contig length of 902 bp and a median contig length of 440 bp. The final
assembly consisted of 107,126,589 bases. To reduce transcript redun-
dancy, contigs were clustered at 95 % similarity using CD-HIT-EST.

A sequence similarity search was performed against the UniProtKB/
Swiss-Prot database using BLASTX with an E-value cutoff of 1076, The
annotation process identified Gene Ontology (GO) terms and KEGG
metabolic pathways using Trinotate (Fig. S1). Approximately 37 % of
the assembled transcripts were successfully annotated.

3.5. Differential gene expression analysis

The mRNA expression levels for liver samples showed a similar
profile for samples in the same treatment (Fig. 4A). Pairwise comparison
between control and treated groups for each time point revealed 36
DEGs at W1, 334 DEGs at W2 of fasting and 15 DEGs at RD3 and 19 DEGs
at RW2 weeks of refeeding (Fig. 4B).
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3.6. Functional enrichment analysis

Transcriptomic analysis of the A. gigas liver revealed significant
changes in gene expression in response to fasting and refeeding (Fig. 4).
Functional enrichment analysis using DAVID identified differentially
expressed genes associated with metabolic pathways and biological
processes relevant to energy homeostasis, lipid metabolism, and cellular
repair (Table 4).

In the one-week fasting comparison (W1T_vs_W1C), RXRA (retinoic
acid receptor RXR-alpha) was upregulated (+41.1, p = 1.10E-03), along
with ABCA1 (ATP-binding cassette transporter Al, +6.8, p = 9.30E-03).
These genes are involved in lipid metabolism and cholesterol transport.
In addition, PKHA7 (pleckstrin homology domain-containing family A
member 7, +41.1, p = 1.10E-03) and SPAGS8 (sperm-associated antigen
8, +35.5, p = 1.40E-03) were also differentially expressed.

*: p < 0.001; ns: not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to

After two weeks of fasting (W2T vs W2C), SLC13A5 and SLC22A7
(solute carriers involved in a-ketoglutarate transport) showed increased
expression (+34.7, p = 1.40E-03). Genes associated with fatty acid
metabolism, including ACOT2 (acyl-CoA thioesterase 2, +27, p = 2.30E-
03) and SLC27A2 (solute carrier family 27 member 2, +27, p = 2.30E-
03), were also upregulated. Additionally, MC4R (melanocortin receptor
4, +20.2, p = 4.20E-03) and AGRF5 (adhesion G protein-coupled re-
ceptor F5, +20.2, p = 4.20E-03) were differentially expressed, indi-
cating involvement in energy regulation.

Following three days of refeeding (RD3T vs RD3C), PPARGC1A
(peroxisome proliferator-activated receptor gamma coactivator 1-alpha)
was highly upregulated (4171, p = 5.90E-05), along with BRD8 (bro-
modomain-containing protein 8, +171, p = 5.90E-05). These genes are
involved in metabolic regulation and chromatin remodeling. Genes
associated with gluconeogenesis, including MDH1 (Malate
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Table 4

Top three enriched biological processes in the liver of juvenile A. gigas under a fasting-refeeding scheme, identified through functional enrichment analysis using
DAVID. The table presents differentially expressed genes, their associated biological processes, fold-change variation, and statistical significance (p-value) for each
comparison: W1 (1-week fasting vs. control), W2 (2-week fasting vs. control), RD3 (3-day refeeding vs. control), and RW2 (2-week refeeding vs. control). Upregulated
genes are indicated with positive fold-change values.

Week  Gene Name Biological Process Change  p-value
w1 PKHA7_DANRE Pleckstrin homology domain-containing family A member 7 Cardiac muscle cell differentiation 41.1 0.0011
RXRA_MOUSE Retinoic acid receptor RXR-alpha Cardiac muscle cell differentiation 41.1 0.0011
SPAG8_BOVIN Sperm-associated antigen 8 Single fertilization 35.5 0.0014
ABCA1 HUMAN  ATP-binding cassette transporter ABCA1 G protein-coupled receptor signaling 6.8 0.0093
pathway
THRB_HUMAN Coagulation factor II, thrombin (F2) G protein-coupled receptor signaling 6.8 0.0093
pathway
w2 S13A5_ HUMAN Solute carrier family 13 member 5 Alpha-ketoglutarate transport 34.7 0.0014
S22A7 BOVIN Solute carrier family 22 member 5 Alpha-ketoglutarate transport 34.7 0.0014
ACOT2_MOUSE Acyl-CoA thioesterase 2 (Acot2) Very long-chain fatty acid catabolic process 27 0.0023
S27A2 RAT Solute carrier family 27 member 2 Very long-chain fatty acid catabolic process 27 0.0023
AGRF5_RAT Adhesion G protein-coupled receptor F5 Energy reserve metabolic process 20.2 0.0042
MC4R_DANRE Melanocortin receptor 4 Energy reserve metabolic process 20.2 0.0042
RD3 PRGC1_RAT Peroxisome proliferator-activated receptor gamma coactivator 1-alpha Cellular response to thyroid hormone 171 <0.0001
(PPARGCI1A) stimulus
BRD8_MOUSE Bromodomain-containing protein 8 Cellular response to thyroid hormone 171 <0.0001
stimulus
PRGC1_RAT Peroxisome proliferator-activated receptor gamma coactivator 1-alpha Gluconeogenesis 329 0.0016
(PPARGC1A)
MDHC HUMAN  Malate dehydrogenase 1 Gluconeogenesis 32.9 0.0016
DCLK1_RAT Doublecortin-like kinase 1 Prosencephalon development 28.8 0.0021
RW2 A2MG_HUMAN Alpha-2-macroglobulin Embryonic liver development 378.1 <0.0001
DNLI3_ HUMAN DNA ligase 3 Mitochondrial DNA repair 236.3 <0.0001
A2MG_HUMAN Alpha-2-macroglobulin Response to prostaglandin E 210.1 <0.0001

dehydrogenase 1, +32.9, p = 1.60E-03), were also upregulated. Addi-
tionally, DCLK1 (Doublecortin-like kinase 1, +28.8, p = 2.10E-03) was
differentially expressed.

After two weeks of refeeding (RW2T vs RW2C), genes related to liver
regeneration and mitochondrial function were significantly

upregulated. A2MG (Alpha-2-macroglobulin) exhibited showed strong
upregulation (+378.1, p = 1.10E-05), as did LIG3 (DNA ligase 3,
+236.3, p = 3.00E-05), which is involved in mitochondrial DNA repair.
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4. Discussion

The increasing demand for high-quality protein in the aquaculture
industry has prompted the search for fish species that exhibit superior
growth and feed conversion rates. The paiche is renowned for its
exceptional feed efficiency (Du et al., 2019), yet scientific data sup-
porting this claim remains limited. The study examined compensatory
growth in A. gigas following fasting and refeeding, revealing key meta-
bolic and morphological responses. To the best of our knowledge, this is
the first experimental report documenting a feed conversion ratio as low
as 0.518 in this species. While Du et al. (2019) reference a FCR of 0.7 for
A. gigas, the source and empirical basis for this figure remain unclear, as
no supporting data or citations are provided.

Although the FCR observed in this study was remarkably low, it is
important to interpret such values with caution. In this study, FCR was
calculated based on wet weight. While this conventional approach offers
an operationally useful indicator of feed efficiency, we acknowledge that
more precise estimations would require calculations based on energy
content or dry matter, in order to exclude the confounding influence of
tissue water content. Future studies incorporating energy-based assess-
ments could help refine our understanding of feed conversion dynamics
in A. gigas.

Interestingly, even under continuous feeding conditions, A. gigas
exhibited a very low FCR, with control fish displaying values well below
1.0 throughout the refeeding period. This baseline efficiency reinforces
previous claims regarding the species’ exceptional feed utilization,
although published evidence has been scarce (Du et al., 2019). One
plausible explanation may lie in the species’ unique respiratory physi-
ology: A. gigas is an obligate air-breather that relies primarily on a highly
vascularized swim bladder rather than gills for oxygen uptake. As a
result, it may be less sensitive to fluctuations in dissolved oxygen (DO),
which are known to strongly influence FCR in other species such as
Oreochromis niloticus (Mengistuet al., 2020). This aerial respiration
strategy could allow for more consistent internal oxygenation, possibly
reducing the energetic cost of ventilation and supporting more efficient
digestion and metabolism, although further physiological studies are
needed to test this hypothesis.

Beyond this basal efficiency, the fasting-refeeding protocol induced
an additional improvement in FCR, with treated fish reaching a
remarkably low value of 0.518 during the first refeeding week. While
this value should be interpreted with caution due to potential water
content effects on wet weight calculations, it nonetheless suggests a
highly efficient conversion of feed into biomass during early compen-
sation. This phase coincided with a rapid restoration of liver condition:
the hepatosomatic index increased markedly, and both hepatocyte and
nuclear areas recovered to control levels. Such coordinated structural
regeneration may reflect the reactivation of metabolic processes
involved in nutrient assimilation, potentially contributing to the
enhanced feed efficiency observed. Although these associations remain
correlative, they point to a physiological context—combining efficient
oxygen supply and rapid hepatic recovery—that may underpin the
exceptional FCR dynamics observed in A. gigas.

Our results demonstrate that A. gigas exhibits a clear compensatory
growth response following a fasting-refeeding cycle. Fasting for two
weeks induced significant weight loss and growth arrest, followed by
accelerated somatic growth during refeeding. This pattern was statisti-
cally supported by significant linear and quadratic coefficients of the
time x treatment interaction for both BW and TL. Moreover, SGR pro-
vided further evidence of compensatory dynamics, with refed fish dis-
playing elevated SGR for BW throughout the refeeding period, and
increased SGR for TL from the second week onwards. This recovery
trajectory is consistent with compensatory growth observed in other
teleosts, although its magnitude and timing vary across species (Tian
and Qin, 2003; Montserrat et al., 2007; Fox et al., 2010; Peres et al.,
2011; Fukada et al., 2012; Delgadin et al., 2015, 2018; Oh and Park,
2019: Alvarez., 2024).
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The partial compensation observed in A. gigas—in which treated fish
remained smaller than controls but exhibited sustained catch-up
growth—differs from the complete compensation reported in other
species, such as Salmo salar (Hvas et al., 2022), and underscores the
species-specific nature of compensatory responses. For example, Oreo-
chromis mossambicus shows incomplete recovery even after extended
refeeding (Fox et al., 2010), whereas Sparus aurata achieves full
compensation in body weight but not in total length (Bavcevic et al.,
2010). These interspecific differences may reflect variations in life-
history strategies, metabolic flexibility and the specific conditions and
durations of the experimental protocols employed.

An important aspect of the response in A. gigas was the parallel re-
covery of both weight and length, in contrast to other species where only
one parameter may recover fully or growth decelerates over time
(Delgadin et al., 2018). The persistence of elevated growth rates suggests
that full compensation could be achieved with longer refeeding, a hy-
pothesis worth testing in future studies.

From an aquaculture perspective, the most striking finding was the
51 % reduction in cumulative feed intake in treated fish, despite only
partial recovery in BW and TL. This feed-saving effect implies that
fasting-refeeding protocols may offer a cost-effective strategy for opti-
mizing feed efficiency in A. gigas culture, although longer trials are
needed to confirm the net production benefit. Additionally, it remains to
be determined whether such feed-saving strategies may have down-
stream effects on fillet quality, a factor that merits consideration in
future trials.

The hepatic response supported the somatic findings. Fasting led to
reduced HSI and decreased hepatocyte size. While hepatocyte loss via
apoptosis or necrosis cannot be completely ruled out (Karatas et al.,
2021), the observed rapid recovery in hepatocyte and liver size suggests
that cellular shrinkage was the dominant mechanism. Upon refeeding,
HSI values surpassed control levels, a pattern also described in Oryzias
latipes and other species (Picha et al., 2008; Delgadin et al., 2018; Jia
et al, 2019), potentially reflecting hepatocyte hypertrophy or
compensatory proliferation (Jia et al., 2019). Additionally, studies in
other teleosts such as black carp (Mylopharyngodon piceus) have shown
that hepatic glycogen stores are rapidly depleted during early fasting
and restored during refeeding, suggesting that liver size recovery may
also involve replenishment of energy reserves (Dai et al., 2024).
Although we did not measure glycogen content directly, a similar
mechanism may be operating in A. gigas, contributing to the observed
HSI rebound and supporting the notion of metabolic compensation.
Given the systemic nature of fasting responses, it is also plausible that
other tissues, such as skeletal muscle or intestine, experienced structural
and functional alterations (Zaldtia and Naya, 2014). Future studies
could explore these additional targets to gain a more comprehensive
understanding of whole-organism responses in A. gigas.

The compensatory growth response in A. gigas involved both
enhanced feed conversion efficiency and hyperphagia—two well-
established mechanisms in teleosts (Ali et al., 2003; Alvarez., 2024).
Refed fish exhibited consistently lower FCRs than controls, and feed
intake per unit body weight increased markedly from the second week of
refeeding, suggesting that both increased appetite and metabolic effi-
ciency contributed to catch-up growth. Interestingly, the absolute
amount of feed consumed by refed fish during refeeding was not higher
than that of the control group, reinforcing the notion that the observed
growth compensation occurred with a lower overall feed requirement.

These findings reinforce the exceptional growth efficiency of A. gigas
and highlight its potential as a valuable reference species for under-
standing superior feed utilization strategies in teleosts. One key question
raised by this work is whether the already remarkable FCR of A. gigas has
reached a physiological threshold, or if it can be further improved
through feeding strategies. Our results indicate that fasting-refeeding
protocols can further optimize feed utilization, encouraging the explo-
ration of such approaches in production systems. While compensatory
growth mechanisms have been partially described in other teleosts
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(Qian et al., 2016; Jia et al., 2019), they remain largely uncharacterized
in A. gigas—a gap that this study begins to address. Future research will
be essential to elucidate the molecular basis of this response.

It is important to note that this study also demonstrated the benefits
of a longitudinal, within-subjects experimental design for detecting
dynamic biological responses. By measuring the same individuals
repeatedly, we were able to control for individual variability was
controlled, thereby increasing the statistical power of the study
(Maxwell et al., 2017). This approach enabled us to model both linear
and nonlinear growth trajectories using hierarchical linear mixed
models, with fish nested within tanks, heterogeneous variances (varl-
dent), and temporal autocorrelation (corAR1). In order to ensure the
robustness of the process, we also employed an alternative estimation
method using RLMER. The combination of these features resulted in a
robust analytical framework, thereby enhancing the reliability of our
findings and providing a valuable reference point for future aquaculture
studies involving repeated measures and complex biological responses.

The number and overlap of differentially expressed genes (DEGs)
across experimental comparisons revealed marked differences in the
hepatic transcriptional response to fasting and refeeding. A greater
number of DEGs was observed after two weeks of fasting than after one
week, suggesting that extended nutrient deprivation amplifies the liver’s
adaptive response. The substantial overlap between DEGs in W1 and W2
indicates that many fasting-induced genes are persistently regulated
over time, reinforcing the robustness of the metabolic adjustments
initiated early during fasting. In contrast, there was limited overlap
between fasting-related and refeeding-related DEGs, implying that
refeeding elicits distinct regulatory programs rather than a simple
reversal of fasting-induced expression patterns. Interestingly, only a
small set of DEGs was detected in the early refeeding stage (RD3), which
may initially suggest a limited transcriptional response. However, this
apparent lack of differential expression likely reflects a normalization of
gene activity following the pronounced changes induced by prolonged
fasting. This points to a rapid reactivation of metabolic pathways and an
early restoration of hepatic homeostasis, even before new transcrip-
tional programs are initiated. By contrast, the broader transcriptional
response observed after two weeks of refeeding (RW2T vs RW2C) may
represent a later phase characterized by sustained metabolic
reprogramming.

Fasting led to the upregulation of lipid metabolism genes (RXRA,
ABCA1, ACOT2), indicating increased fatty acid oxidation and keto-
genesis (Kersten et al., 1999; Lefebvre et al., 2006; Kersten, 2014). This
is consistent with previous studies in other vertebrates, where fasting
induces lipid mobilization as a primary energy source (Kersten, 2014).
Prolonged fasting intensified these adaptations, with the upregulation of
genes like SLC27A2 and MC4R suggesting shifts in energy utilization
(Anderson and Stahl, 2013). Interestingly, during the early refeeding
phase (RD3), genes involved in gluconeogenesis (e.g., PPARGC1A and
MDH1) were upregulated. Although gluconeogenic activity is typically
associated with fasting (Dai et al., 2024), this transient activation during
refeeding is not entirely unexpected. It may reflect a carryover from the
previous catabolic state or an acute metabolic response to rapidly meet
glucose demands as feeding resumes. Notably, this response was not
observed at RW2, suggesting that the effect is restricted to the initial
transition phase. After two weeks of refeeding, gene expression patterns
shifted towards tissue restoration and mitochondrial function, with
strong upregulation of A2MG and LIG3, which are involved in liver
regeneration and mitochondrial DNA repair, respectively. These find-
ings highlight the dynamic and time-dependent nature of hepatic re-
sponses to nutritional status and reinforce the liver’s central role in
orchestrating energy homeostasis during fasting and refeeding cycles.
Although growth is largely driven by increased protein synthesis,
particularly in skeletal muscle, the liver also plays a central role in
amino acid metabolism and systemic nutrient handling. Therefore, some
transcriptional modulation of protein metabolism genes could be ex-
pected. The absence of significantly differentially expressed genes
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related to protein synthesis in our data may reflect tissue-specific
expression patterns, as well as the methodological focus on highly
regulated transcripts. It is possible that genes involved in protein
metabolism exhibited subtler changes not captured under our statistical
thresholds, or that their expression remained stable despite their func-
tional importance in the systemic growth response.

Our findings highlight A. gigas as a promising model for studying
compensatory growth and feed efficiency in aquaculture. Its ability to
rapidly recover from fasting, coupled with a low FCR, underscores its
potential for sustainable fish farming. Further research should explore
long-term refeeding effects and regulatory mechanisms underlying its
exceptional growth performance, potentially leveraging omics ap-
proaches to refine aquaculture practices.

5. Conclusions

The present study demonstrates that the paiche exhibits one of the
highest conversion efficiencies among fish species. Furthermore,
experimental evidence indicates that these efficiencies can be enhanced
through the implementation of a fasting and refeeding cycle. The
incorporation of these modifications into feeding management strate-
gies has the potential to reduce costs associated with paiche farming,
while simultaneously minimizing the environmental impact. This is
attributed to the fact that a higher conversion efficiency results in a
reduced amount of feed necessary to increase biomass. The study’s
findings indicate that while paiche exhibits one of the highest conver-
sion rates, this can be further enhanced by modifying feeding protocols.
Furthermore, these rates could be further optimized by implementing a
diet specifically formulated for this species and stage of development,
which will positively impact paiche aquaculture.
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