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Introduction: This study explored the effects of increased water temperatures
and limited feeding on the growth, feed utilization, and nutrient retention in
juvenile cobia (Rachycentron canadum).

Methods: Juvenile cobia, approximately 5.0 g in body weight, were distributed
across two temperature conditions: 34°C, to mimic a global warming scenario,
and 30°C, the current local summer average, as controls. The setup included
eighteen 200-liter tanks, with 20 fish per tank. Within each temperature regime,
triplicate tanks received one of three feeding levels (55%, 75%, and 95% of
satiation as determined at 30°C) over a six-week period.

Results: The findings indicated that cobia exhibited the poorest growth
performance at the elevated temperature (34°C) and the lowest feeding level
(55%). These conditions also correlated with the lowest protein efficiency ratio
and feed intake. The feed conversion ratio worsened with increased temperature
and feeding levels, while protein production values decreased at higher
temperatures. A lower feeding level caused a lower total lipid retention but led
to increased retention of whole body essential amino acids.

Discussion: After six weeks, a 24-hour post-prandial analysis showed selective
retention of some amino acids in muscle and plasma, but significantly higher
retention in the liver at the higher temperature. Only a few amino acids' retention
was influenced by feeding level. These results suggest that temperature and
feeding levels alter the prioritization of amino acid metabolism and retention, as
well as the utilization of energy and substrates across different organs of the cobia.

KEYWORDS

Rachycentron canadum, elevated temperature, feeding levels, growth performance,
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1 Introduction

The 2021 report by the Intergovernmental Panel on Climate
Change (IPCC) forecasts a substantial increase in global
temperatures, with estimates indicating a rise of 4 to 6°C by 2100
(IPCC, 2021). This warming trend poses a significant threat to
Vietnam, a nation highly susceptible to the effects of climate change.
In marine ecosystems, fish species, being ectotherms, exhibit varied
sensitivities to temperature changes, which impact their survival
and growth depending on their adaptability and inherent
vulnerabilities. The cobia (Rachycentron canadum), an important
species in Vietnam’s marine aquaculture industry, is prized for its
excellent meat quality, rapid growth rate, and disease resistance.
Known for its adaptability to diverse farming conditions, cobia is
considered a promising candidate for global marine aquaculture
expansion (Benetti et al., 2021).

The economic viability of cobia farming hinges on growth
performance metrics such as weight gain and feed conversion
ratio. Monitoring nitrogenous metabolites, like ammonia and
urea, is crucial for assessing the metabolic health of cobia and the
environmental impact of aquaculture practices (Fraser and Davies,
2009). Understanding the effects of climate change on cobia is vital
due to the significant socio-economic implications. Ensuring high
lean growth and minimal triacylglyceride accumulation while
reducing nitrogen discharge into the environment is a key
production challenge for cobia, which could be exacerbated by
rising sea temperatures beyond the species’ optimal range. The
impact of increased temperatures on marine species is a growing
concern, especially under current global climate change trajectories.
Temperature fluctuations can significantly affect the physiological
processes of marine fish, influencing their growth rates, metabolic
activities, and overall health (Volkoff and Rennestad, 2020; Alfonso
et al., 2021; Islam et al., 2022).

For cobia, studies have shown that elevated water temperatures
can alter metabolic rates, potentially affecting growth performance,
nitrogen utilization efficiency (Sun et al., 2006a; Sun and Chen,
2009; Nguyen et al., 2019; Yufera et al., 2019), and feed intake and
appetite-related neuropeptide expression in the brain (Nguyen
et al., 2023). Feed availability is essential for effective feed
management and fish welfare in aquaculture, as it allocates energy
for growth and helps fish cope with thermal stress under climate
change conditions. Proper feeding control is critical for optimizing
growth rates and coping with thermal stress, particularly in the
context of climate change. Reports on global warming have
highlighted declines in catch composition and changes in the
distribution of marine fish stocks, impacting food availability
from both wild and aquaculture sources. Maintaining appropriate
feeding levels is vital for optimizing body composition, including
fillet quality, and ensuring economic efficiency. In cobia, inadequate
food levels can significantly impact energy allocation, potentially
limiting its ability to cope with thermal stress and affecting growth
rates and basic maintenance (Costa-Bomfim et al., 2014). The
quality and quantity of feed directly impact growth performance
and influence water quality and the accumulation of nitrogenous
wastes, such as ammonia and nitrate, in aquaculture systems
(Munguti et al., 2020; Ramli et al., 2020).
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Studies on the effects of feed availability on growth performance
and feed utilization efficiency have been conducted on various
tropical fish species, including juvenile grouper (Epinephelus
coioides) (Luo et al, 2006), camouflage grouper (Epinephelus
polyphekadion) (Al Zahrani et al,, 2013), tilapia (Oreochromis
niloticus) (Daudpota et al.,, 2016), and cobia (Sun et al., 2006b,
2006¢). Understanding how cobia responds and adjusts its
metabolism and physiology to elevated temperatures is crucial for
optimizing daily feeding rations in future climate change scenarios.
Elevated temperatures and feed availability significantly influence
fish growth performance, feed utilization, body composition, and
bioenergetics (Volkoff and Ronnestad, 2020). The effects of elevated
temperatures beyond the optimal range, feeding availability, and
feed intake on growth and bioenergetics have been studied in both
freshwater and marine fish species (Sun and Chen, 2009; Imanpoor
and Far, 2013; Mizanur et al., 2014). Periods of elevated
temperatures have been shown to reduce growth and feed
utilization in juveniles of turbot (Scophthalmus maximus) (Burel
et al,, 1996), spinefoot rabbitfish (Siganus rivulatus) (Saoud et al.,
2008), and cobia (Sun et al., 2006a; Sun and Chen, 2009; 2014;
Nguyen et al., 2019; Le et al., 2020). Additionally, elevated
temperatures (34°C) have been reported to induce higher
proteolitic activity and faster gut transit, but decreased digestion
efficiency (Yufera et al.,, 2019).

Several studies investigating the effects of elevated temperatures
and feeding levels on cobia juveniles concluded that growth
performance, feed conversion efficiency, fecal production,
nitrogenous excretion, and energy budget showed increasing
trends with higher feeding levels and temperatures within the
range of 23 to 35°C (Sun et al, 2006a, 2006b, 2006¢; Sun and
Chen, 2009; 2014). Despite significant research on the digestive
physiology of cobia, there has been little attention to amino acid and
nitrogenous metabolite retention and their correspondence with
growth performance and feed utilization.

Therefore, this study aims to investigate the effects of feed
availability on the growth performance and nitrogenous metabolite
production of cobia juveniles at elevated water temperatures. By
examining how different feeding regimes interact with temperature
stress, we seek to provide insights into optimizing cobia aquaculture
for sustainability and resilience against climate variability.
Additionally, changes at the biochemical level, particularly in the
proximate body composition and free amino acids in plasma, muscle,
and liver, were explored. The results will provide key information on
how climate change may interact with other stressors to alter fish
physiology, impacting aquaculture production and threatening
immediate and future food security locally and globally (Pankhurst
and Munday, 2011; Froehlich et al., 2018).

2 Materials and methods

2.1 Ethics

The studies involving animals were reviewed and approved by
the Ethics Committee for Animal Research at the Institute of
Aquaculture, Nha Trang University, Vietnam.
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2.2 Fish feed preparation

The experimental feed was extruded at SPAROS Lda (Olhao,
Portugal) with 46.5% protein and 10.3% lipid The ingredients and
proximate composition of the diet (Table 1) were based on our
previous studies on juvenile cobia (Nguyen et al., 2019; Nguyen et
al., 2023). The dietary amino acid concentration is presented
in Table 2.

2.3 Fish experiment

Juvenile cobias (1,200 juveniles with a mean body weight of
4.0 g) were purchased from a local hatchery in Nha Trang city,
Vietnam, and transported to Center for Aquatic Animal Health and
Breeding Studies (CAAHBS), Nha Trang University (NTU). Fish
were acclimatized in two indoor fiberglass circular tanks (5 m3)
with a density of 600 individuals per tank for one week. The fish
were fed ad libitum by hand at 8:00 and 16:00 with a commercial
diet (INVE, Ltd.) during the acclimatization period. The water

TABLE 1 Formulation (g.kg™ dry matter) and proximate composition of
the experimental diet.

Krill meal 50
Wheat meal 175.3
Fish meal 250
Soy protein concentrate 100
Pea protein concentrate 134
Fish protein hydrolysate 50
DL Methionine 5.5
Betaine HCI 5
Encapsuled Taurine 5
Encapsuled Tryptophane 5
Fish oil 28
Krill oil 30
Pea starch 100
Vitamin & mineral mix 20
Lutavit E50 0.2
Calcium carbonate 10
Mono ammonium phosphate 30
Antioxidant (Paramega) 2

Proximate composition

Dry matter 958
Energy (MJ/kg) 20.05
Protein 465
Lipid 103
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temperature in one tank was increased at a rate of 1°C per day up to
34°C, while water temperature in the second tank was kept at 30°C.

2.4 Experimental design

From each acclimation tank, 180 fish were randomly distributed
into 9 experimental tanks for each temperature (20 fish per tank and
18 tanks for two temperatures). There were 6 experimental
treatments of 2 temperatures (30 or 34°C) and 3 feeding levels (55,
75 and 95% of satiation). The water temperature in each set of nine
tanks was maintained at 30 + 0.1°C and 34 + 0.1°C, considered as
control and elevated temperature treatments by thermal controllers
(Chuan Kang Ltd., Taiwan), respectively. Temperatures of 30 and
34°C reflect the control and warming temperatures in the aquaculture
ponds during the spring (Doan et al., 2018), which is also the rearing
period for cobia. The experimental tanks were rectangular fiberglass
tanks (80x50x60 cm), with 200L water, in a recirculating aquaculture
system (RAS) with continuous aeration. Each experimental treatment
was randomly assigned to three tanks. In each system, the input water
from a two-chamber organic filtered fiberglass tank (1x1x2 m)
flowed through plastic pipes to the experimental tanks (0.1 L/s).
The output water from the experimental tanks was collected via
perpendicular pipes (@ 27 mm) in the middle of each tank, filtered
for solids, passed throughout a biological filter set in a fiberglass tank
(I1x1x2 m) and pumped into the reservoir chamber of the RAS. A
salinity of 29 + 3.1 ppt, pH 7.8-8.3, oxygen 5.6 + 0.5 mg/l and NH;
were maintained lower than 0.03 mg/l in the two experimental
systems during the experimental period. The seawater in the RAS
was renewed every 2-3 days depending on water quality analyses.

Cobia are very voracious feeders and may ingest more feed than
that required for metabolism and growth, resulting in low-cost
effectiveness. Therefore, in this study the cobia were fed with three
feeding rations (feeding levels), including 95%, 75% and 55% of
satiety for a 6-week period. The 100% satiety levels were based on
our previous studies of the species in similar conditions (Nguyen
etal., 2019, 2023). The uneaten feed was collected daily and dried at
105°C in oven for the calculation of feed intake (FI) and feed
conversion ratio (FCR).

2.5 Sampling procedure

The body weight and total length of the cobia juveniles were
individually measured at the beginning and the end of the
experiment. The fish were anesthetized with monophenyl ether
glycol solution at the concentration of 150 — 200 ppm before any
handling. A pooled sample of six fish from each tank was collected
at the beginning and the end of the experiment and analyzed for
proximate composition. Twenty-four hours after feeding, three fish
from each tank were collected, pooled, and analyzed for their total
amino acid composition. The pooled samples of the whole body
were homogenized and dried at 105°C for 24-36h to a constant
weight in an oven, and then preserved at -20°C for future analysis.
Additionally, three fish were taken from each tank for blood
collection using heparinized syringes from the caudal vein,
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TABLE 2 Amino acid concentration (g kg™ dry matter) of the
experimental diet.

OH-pro 2.3

His 8.6

Tau 5.1

Ser 18.3
Arg 25.3
Gly 216
Asp 41.5
Glu 62.2
Thr 16.0
Ala 21.0
Pro 18.4
Lys 28.8
Tyr 12.8
Met 12.8
Val 20.1
Ile 16.6
Leu 30.5
Phe 18.6

Trp and Cys were not analysed.

followed by dissection to sample the visceral organs and liver.
Plasma obtained from each tank, after centrifuging at 18,000 rpm
for 10 minutes, and mixed with 10% sulfosalicylic acid (100% v/v)
and kept at -80°C until further analysis. The weights of the visceral
organs and liver were recorded to calculate the viscerosomatic index
(VSI) and hepatosomatic index (HSI). Samples of lateral muscle,
taken from a standardized area between the pectoral and anal fins of
the same three fish, were prepared for N-metabolites. Pooled
samples of liver and lateral muscle from each tank were stored in
NUNC boxes at -20°C awaiting analysis. For analysis of muscle and
liver N-metabolites, the frozen pooled samples were defrosted on
ice, sectioned into small pieces for homogenization, and mixed with
600 pL of 10% sulfosalicylic acid in Eppendorf tubes. This mixture
was vortexed and left at room temperature for an hour before being
centrifuged at 8,000 rpm for 15 minutes. The supernatants were
then transferred to new Eppendorf tubes and stored at -80°C until
analysis. The body weight and total length of the remaining fish in
each tank were measured to assess growth performance and
accretion. All the samples were sent to the Institute of Marine
Research (IMR, Bergen, Norway) for chemical analysis.

2.6 Chemical analyses

The analysis of the dietary crude composition, including dry
matter, protein, lipids, ash, energy, and the whole-body content of
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lipid and protein, followed the methodology outlined by Nguyen
et al. (2019). In summary, the procedure for dry matter analysis
involved drying the sample at 105°C for 24 hours to remove
moisture, then weighing to calculate dry matter and moisture
content for the whole body, muscle, and feed samples. Crude
protein was estimated using the Kjeldahl method, which involves
digesting the sample in sulfuric acid, diluting, neutralizing,
distilling, and titrating the resultant ammonium. The nitrogen
content thus measured was multiplied by 6.25 to estimate crude
protein, considering an average nitrogen content of 16% in proteins.

Crude lipids were measured by extracting dried samples with
petroleum ether using a Soxhlet apparatus and calculating the ether
extract as the weight difference pre- and post-extraction. This
method assumes that all diethyl ether-soluble substances are
lipids, which is a notable source of error. Ash content, indicative
of inorganic minerals, was determined by incinerating samples at
550°C for 6 hours.

Moisture content was determined by drying samples at 105°C.
Amino acid compositions of the diets and cobia whole body were
assessed after hydrolyzing the samples in 6N HCI with norvaline
and DDT for 22 hours, followed by derivatization with
AccQTagTM and separation on a UPLC-system. Amino acid
concentrations were calculated using external standards.

Free amino acids in deproteinized liver, plasma, and muscle
samples were analyzed using a Biochrom 30 plus Amino Acid
Analyser, equipped with a lithium column and post column
ninhydrin derivatization, quantifying against standards from
Sigma. This comprehensive suite of analyses provides detailed
insights into the nutritional composition and bioavailability of the
dietary components and the organism’s metabolic processing of
these nutrients.

2.7 Calculations

The condition factor (CF) was determined as:

CF = (W x L) x 100;

where W was the wet body weight in grams and L was the total
length in centimeters.

The feed conversion ratio (FCR) for each tank was calculated by
dividing the total diet consumed (kg) by the total biomass gain (kg):

FCR = (diet consumed) x (biomass gained)'1 .

Weight gain (AG) was assessed as the percentage increase in
biomass relative to the initial biomass:

AG = (W2-W1) x (W1)™" x 100;

where W1 and W2 represented as the initial and the final body
weigh in grams, respectively.
Specific growth rate (SGR) was calculated:

SGR = (InW2 -1InW1) x days of experiment_1 x 100,

where In indicates the natural logarithm of the initial (W1) and
final (W2) body weights in grams.
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Hepatosomatic index (HSI) : HSI = (Liver weight x W) x 100.

Protein efficiency ratio (PER) was determined by the gained
biomass per gram of protein consumed:

PER = (biomass gained x protein consumed™) x 100.

The protein productive value (PPV) measured how much of the
consumed protein was retained:

PPV = (final protein content - initial protein content)
x (protein consumed) " .

The retention of indispensable amino acids (IR) was calculated
by the formula:

IR = (amino acid gained in fish) x (ingested amino acids)™ x 100.

2.8 Statistical analysis

The data is shown as the average for each tank, along with the
standard error of the mean (SE.M.). A two-way ANOVA was
utilized to assess any differences or interactions between feeding
levels and temperature, considering tanks as the unit of statistical
analysis. Where significant differences were found (p < 0.05), the
Tukey HSD test was applied to distinguish between the treatments.
All statistical analyses were carried out using SPSS software version
22 (IBM Corp., 2013, IBM SPSS Statistics for Windows, Version
22.0, Armonk, NY, USA).

3 Results

3.1 Growth performance and feed
utilization efficiency

Both temperature and feeding levels significantly affected the
final body weight (BW), total length (TL), feed conversion ratio
(FCR), specific growth rate (SGR), viscerosomatic index (VSI),
protein efficiency ratio (PER), and feed intake (FI) (P<0.05;
Table 3). Specifically, these values were significantly lower at 34°C
compared to 30°C, irrespective of feeding level. For FCR and PER,
the values at 34°C (95% feeding level) were 2.04 and 1.25,
respectively, whereas at 30°C (55% feeding level), they were 1.16
and 1.89. Interestingly, the condition factor (CF) and hepatosomatic
index (HSI) were influenced by feeding level (P<0.05) but not by
water temperature (P>0.05). Conversely, protein productive value
(PPV) was significantly affected by water temperature (P<0.05) but
not by feeding level (P>0.05). Notably, interactions between feeding
level and water temperature were observed for the final and gained
BW, final and gained TL, VSI, and FI (P<0.05). Remarkably, the
survival rate remained at 100% across all experimental treatments,
indicating the resilience of cobia to the tested conditions.

It should be noted that the procedure for dry matter analysis
involved drying the sample at 105°C for 24 hours to remove
moisture, before weighing to calculate dry matter and moisture
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content for the whole body, muscle, and feed samples. The drying
temperature of 105°C was selected for its efficiency in rapidly
removing moisture, with expected minimal thermal degradation
during the short drying period (24-36 hours). However, while this
temperature effectively dries samples, lower temperatures (50-60°C)
are generally recommended to preserve volatile compounds and
prevent their loss. The study by Lantry and O’Gorman (2007)
emphasizes that temperatures above 60°C can lead to the
volatilization of compounds other than water, such as fats, which
may affect energy density calculations. Although 105°C allowed for
rapid drying, it is possible that the higher drying temperature
caused some loss of volatile compounds, introducing a margin of
error. However, the consistent use of 105°C across all samples may
have minimized this potential error.

3.2 Proximate composition of whole body

The percentages of protein, lipid, and moisture in the whole
body of cobia at both temperatures and different feeding level
treatments are presented in Table 4. Body composition was not
significantly different between the two temperatures (P>0.05).
Additionally, there were no significant differences in protein
content and moisture at the different feeding levels (P>0.05).
However, a significant difference was observed in the percentage
of lipid (P<0.05) at both temperatures: 3.98% (55% feeding level)
and 4.60% (95% feeding level) at 34°C compared to 3.83% (55%
feeding level) and 5.16% (95% feeding level) at 30°C. An interaction
between feeding level and temperature was detected in moisture
content (P<0.05), but no interaction was observed in protein and
lipid content (P>0.05).

3.3 Retention of indispensable amino acids

The retention of indispensable amino acids (RIDAA) in cobia is
presented in Table 5. RIDAA was influenced by both feeding level
and temperature. Cobia fed at 90% of satiation level had poorer
RIDAA compared to those fed at 75% or 50% satiation levels, with
the latter two groups showing comparable RIDAA (P>0.05).
Additionally, cobia reared at 30°C exhibited better RIDAA than
those reared at 34°C (P<0.05). There were no significant
interactions between feeding level and water temperature on the
retention of indispensable amino acids in cobia (P>0.05).

3.4 Free amino acids and N-metabolites in
plasma, muscle and liver tissues of cobia

The concentrations of free amino acids and nitrogen
metabolites in cobia plasma at different temperatures and feeding
levels are listed in Table 6 and Supplementary Table SI.
Temperature significantly affected plasma concentrations of
ornithine, methionine, valine, alpha-aminobutyric acid, citrulline,
glycine, proline, glutamine, asparagine, threonine, urea, and
phosphoserine (P<0.05). The plasma concentrations of ornithine,
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TABLE 3 Body weight (BW) and length (TL), specific growth rate (SGR), condition factor (CF), viscerosomatic index (VSI), hepatosomatic index (HSI), feed intake (Fl), feed conversion ratio (FCR), protein efficient
ratio (PER) and protein productive value (PPV) of the cobia fed the test diets with various feeding level (FL) at two temperatures (T: 30 and 34°C).

Treatments
Initial Initial Final Final Gain Gain FCR SGR HSI VSI PPV _FI (9/
T (°C) BW (g) TL (cm) BW (g) TL (cm) BW (g) TL (cm) (VA] (VA (%) fish/day)
55 5.0+ 0.47 11.5+ 051 431+ 085" 20,6+ 0.14° 381+ 085" 9.1+ 0.14° 05+ 001 = 124003 | 51+005® 1.9+ 0.04 11.0+0.13° | 194004 | 0.3+001 1.0+ 0.01¢
30 75 5.0+ 0.47 11.5+ 0.51 60.2+ 0.58" | 222+0.14° = 552+ 058 107+ 0.14° = 0.6+001 = 12+001 = 59+ 002" 2.1% 0.09 12,0 0.19* | 1.9% 0.02 0.3+ 0.01 1.5+ 0.01°
95 5.0+ 0.47 11.5+ 0.51 68.6+ 3.63" | 232+023" | 637+3.63 117+ 023" | 0.6+002  13+008 6.2+ 013" 2.1+ 0.09 1174 0.05* | 1.7+ 0.11 0.3+ 0.03 1.9+ 0.03*
55 5.2+ 0.66 11.9+ 0.55 307+ 0.91° | 184+ 024% | 254+ 091° | 6.4+ 0.24° 0.5+ 0.01 = 1.7+0.13 = 4.1+ 0.09* 1.9+ 0.06 103+ 0.20° | 1.4+ 0.05 0.2+ 0.02 0.9+ 0.01¢
34 75 5.2+ 0.66 11.9+ 0.55 41.0+ 120° | 1970265 = 358+ 120  7.8+026% | 05+001  1.5£006 | 4.9+ 0.07°* 2.0+ 0.05 103+ 035" | 1.5+ 0.05 0.3+ 0.02 1.3+ 0.01°
95 5.2+ 0.66 11.9+ 0.55 438+ 1.67°  19.8+021° 386+ 1.67°  7.9+021  0.6+001 = 20+012 | 49+012°  213+005 113+ 026" = 13+£002 = 02+ 0.04 1.6+ 0.04"
Means of main effect
30 5.0 115 57.32% 22.00% 52.33% 10.49% 0.53 1.22% 5.73" 2.04 11.54% 1.83% 0.30® 1.48%
34 5.2 11.9 38.50* 19314 33.28% 7.36% 0.52 1.76% 4.65* 2.01 10.64* 1.38% 0.24* 1.25%
55 5,1 11.7 36.87° 19.50° 31.77° 7.77 0.49* 1.45" 4.62° 1.91° 10.65" 1.65" 0.28 0.98°
75 5,1 117 50.62° 20.96" 4551° 9.23" 0.54° 135 539" 2.04° 11.14° 1.68" 0.28 1.38"
95 5,1 11.7 56.24° 21.49° 51.13° 9.76° 055" 1.68° 5.56° 2.13¢ 11.48° 1.49° 0.25 1.74°
ANOVA T NS NS <0.0001 <0.0001 <0.0001 <0.0001 NS <0.0001 <0.0001 NS <0.0001 <0.0001 0.009 <0.0001
(P-values)
FL NS NS <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.005 <0.0001 0.015 0.008 0.011 NS <0.0001
TxFL NS NS 0.016 0.038 0.016 0.038 NS NS NS NS 0.023 NS NS 0.002

Value is presented as tank mean + S.E.M (n=3); Results were based on Two-way ANOVA; Superscripts after each value on the same row indicate results of pairwise comparisons; Different upper case letters indicate significant differences (P<0.05) between temperatures,

while different lower case letters indicate significant differences between feeding levels; NS, not significant; Only interactions are indicated when present. were 2.04 vs 1.16 and 1.25 vs 1.89 at 34°C (95%) and 30°C (55%).
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TABLE 4 Protein, lipid and moisture (%) in whole body of cobia fed
three feed ratio levels at the two temperatures.

Treatments

T (°C) FL (%)

Protein Lipid Moisture

(%) (%) (%)

Initial fish 12.20 3.53 81.52
55 14.9 + 0.24* 3.8 +0.12° 77.9 +0.21%
30
75 14.2 + 036" 45 +0.15° 78.1 + 0.73"
95 152 +0.19° 5.2 +0.14° 75.3 + 0.30°
Initial fish 12.24 3.63 81.17
55 14.8 + 0.24° 4.0 +0.10° 77.3 + 0.17%°
34
75 152 +0.22° 48 +0.21° 76.5 + 0.11%°
95 14.6 + 0.42° 4.6 +0.19° 77.5 + 0.39%°
Means of main effect
30 14.78 4.50 77.27
34 14.83 447 77.11
55 14.83 3.90° 77.59
75 14.70 4.63° 77.31
95 14.89 4.88° 76.67
ANOVA T NS NS NS
(P-values)
FL NS <0.0001 NS
TxFL 0.049 0.049 0.003

Value is presented as tank mean + S.E.M (n=3); T: temperature; FL: feeding level; Results were
based on Two-way ANOVA; Superscripts after each value on the same row indicate results of
pairwise comparisons; Different upper case letters indicate significant differences (P<0.05)
between temperatures, while different lower case letters indicate significant differences
between feeding levels; NS, not significant; Only interactions are indicated when present.

citrulline, proline, threonine, urea, and phosphoethanolamine were
lower at the elevated temperature (34°C) compared to the control
temperature (30°C). Feeding levels significantly affected the
concentrations of alpha-aminobutyric acid, urea, and
phosphoserine (P<0.05). However, there were no significant
interactions between water temperature and feeding level on the
concentrations of any analyzed free amino acid in plasma (P>0.05).

The final concentrations of free amino acids and nitrogen
metabolites in muscle at various temperatures and feeding levels
are listed in Table 7 and Supplementary Table S2. Concentrations of
ornithine, glycine, serine, and urea in muscle were lower at elevated
temperatures (P<0.05). Conversely, changes in feeding levels
significantly affected the concentrations of anserine, histidine,
ornithine, phenylalanine, beta-alanine, tyrosine, leucine,
isoleucine, cystathionine, methionine, valine, citrulline, alanine,
glycine, proline, glutamine, glutamic acid, asparagine, serine,
threonine, urea, phosphoethanolamine, and taurine (P<0.05).
Interactions between water temperature and feeding level were
observed in the muscle concentrations of anserine, ornithine,
cystathionine, threonine, and hydroxyproline (P<0.05), but not in
the other free amino acids in the muscle (P>0.05).

Concentrations of free amino acids and N-metabolites in the liver
at various temperatures and feeding levels are listed in Table 8 and
Supplementary Table S3. The concentrations of all free amino acids
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were significantly affected by water temperature (P<0.05) except urea
and ethanolamine (P>0.05). At elevated temperature there were lower
concentrations of phosphoserine, phosphoethanolamine, aspartic
acid, asparagine, glutamic acid, glutamine, alpha-aminoadipic acid,
glycine, alanine, alpha aminobutyric acid, cystathionine, Ornithine,
1-methylhistidine, histidine, and taurine. However, the changes of
feeding level influenced the concentration of gamma-amino-n-
butyric acid, alpha-amino-n-butyric acid, alanine, glycine, alpha-
aminoadipic, glutamine, glutamic, asparagine, serine, aspartic, urea,
o-phospho-l-serine, taurine (P<0.05) but had no effect on the
remainder free amino acids (Table 8, P>0.05). The interaction of
feeding levels and elevated temperatures altered the concentration of
asparagine, alpha-aminoadipic, methionine, gamma-amino-n-
butyric acid, ornithine (P<0.05) and did not affect the others free
amino acids (P>0.05).

4 Discussions

The significant effects of both water temperature and feeding
levels on the growth performance and feed utilization of cobia, as
observed in our study, align with the growing body of evidence
suggesting the critical role of environmental factors on fish
performance in aquaculture. The pronounced reduction in growth
metrics such as body weight (BW), total length (TL), feed conversion
ratio (FCR), specific growth rate (SGR), and protein efficiency ratio
(PER) at elevated temperatures (34°C) underscores the thermal
sensitivity of cobia. This sensitivity is indicative of metabolic stress,
where higher temperatures may accelerate metabolism, leading to
increased energy expenditure and, consequently, lower growth
efficiency (O’brien et al., 2010; Gonzalez-Rivas et al., 2020).

As ectothermic aquatic animals, fish are strongly affected by the
water temperature. Temperature affects metabolism, growth and
survival rate of fish (Volkoff and Rennestad, 2020). The juvenile
stage is usually more sensitive than the adult stage to environmental
fluctuations, especially to temperature deviations outside the
optimum range (Sun and Chen, 2014). The effects of water
temperature on fish growth have been examined in several fish
species such as European sea bass (Dicentrarchus labrax) (Person-
Le Ruyet et al., 2004), parrotfish (Oplegnathus fasciatus) (Kim et al,,
2009), turbot (Van Ham et al., 2003), and also cobia (Sun et al., 20064,
2006b, 2006¢; Sun and Chen, 2009; 2014; Nguyen et al., 2019; Le et al.,
2020). Generally, the growth rate of fish juveniles increases with
increasing water temperature up to the optimal temperature, that is
specific for each species, and then decreases at higher temperatures
(Sun et al., 2006a, 2006b, 2006¢; Sun and Chen, 2009; Pankhurst and
Munday, 2011; Sun and Chen, 2014; Nguyen et al,, 2019; Le et al.,
2020). Part of the reason for this response is a decrease in voluntary
feed intake at elevated water temperatures (Pankhurst and Munday,
2011; Kullgren et al., 2013; Froehlich et al., 2018; Nguyen et al., 2019;
Le et al,, 2020) although the underlying reason for this still remains
unknown. Reduced growth and protein deposition were also reported
for Atlantic salmon (Salmo salar) fed at increasing water
temperatures (Hevroy et al,, 2015) of which most probably was due
to reduced voluntary feed intake. Some of the orexigenic and
anorexigenic neuropeptides involved in the control of appetite have
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TABLE 5 Retention of indispensable amino acids (%) in juvenile cobia fed the different feeding levels at two temperatures for a period of 6 weeks.

Treatments
Arginine Histidine Isoleucine Leucine Lysine Methionine  Phenylalanine Threonine Valine
FL (%)
55 22.3 + 0.60 19.9 +0.32 20.6 + 0.57 20.5 + 0.49 23.9 +0.76 20.1 + 0.38 18.1 + 0.30 24.5 + 0.50 19.2 + 0.47
30 75 20.8 + 0.51 18.3 + 0.46 18.7 + 0.61 18.2 + 0.49 216 + 0.58 18.2 + 0.4 16.7 + 0.43 21.9 + 0.60 17.5 + 0.57
95 19.1 +1.17 16.9 +0.97 17.7 + 1.24 17.6 + 1.04 20.1 + 1.25 16.6 + 0.58 153 + 0.85 209 + 1.11 16.5 + 1.09
55 16.5 + 0.74 15.0 +0.88 15.1 +0.79 14.9 +0.79 16.5 + 1.05 14.6 + 1.00 13.5 + 0.81 17.8 +1.01 142 +0.77
34 75 17.0 + 0.94 15.1 +0.77 16.0 + 0.70 15.7 + 0.57 17.9 + 0.64 15.2 + 0.66 13.8 +0.75 18.6 + 0.81 14.9 +0.70
95 13.8 +0.52 122+ 043 12.9 + 0.72 12.6 + 0.57 14.4 +0.96 12.3 + 047 11.1 +0.38 14.8 + 0.68 12.0 + 0.68
Means of main effect
30 20.72% 18.34° 18.98" 18.74% 21.73% 18.25° 16.69° 22.42% 17.71%
34 15774 14114 14.64* 14.38* 16.25% 14.04% 12.824 17.05% 13.69*
55 19.39" 17.44° 17.84° 17.71° 20.21° 17.30° 15.80° 21.15° 16.67°
75 18.88" 16.68" 17.31° 16.92° 19.52° 16.69" 15.25" 20.22° 16.18"
95 16.48" 14.55" 15.29° 15.05" 17.25" 14.44" 13.21° 17.85" 14.25"
ANOVA T <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(P-values)
FL 0.007 0.003 0.019 0.007 0.017 0.003 0.004 0.005 0.015
TxFL NS NS NS NS NS NS NS NS NS

Value is presented as tank mean + S.E.M (n=3); T, temperature; FL, feeding level; Results were based on Two-way ANOVA; Superscripts after each value on the same row indicate results of pairwise comparisons; Different upper case letters indicate significant differences
(P<0.05) between temperatures, while different lower case letters indicate significant differences between feeding levels; NS: not significant; Only interactions are indicated.
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TABLE 6 Plasma free amino acids and N-metabolites (umol.100 ml™) in the cobia fed the three ratio levels at two temperatures during a period of 6 weeks as occurring 24 hour post-prandial.

Treatments

T (°C)

55 2.05 + 0.02* 87.12 +£52.81  1.124 +0.08 2,51+ 0.09° 58.06 + 1.53* 8.81 + 0.54" 1.24 +0.10°® 5.87 £ 0.67° 28.58 + 4.53 189.45 + 15.03°
30 75 1.894 + 0.02** 37164 274  1334+0.10 = 2304 +0.10°  46.184+ 1.70" 9.194+ 0.65* 1.534 + 0.16°*" 9.994 + 0.96" 25274 + 4.03 222.124 + 20.66"°

95 1.924 +0.08°* 42074 +357 | 1514+0.19 = 2274+0.09°  51.144 + 290" 9.534+ 0.43% 1.614 + 0.06"" 8.244 + 1.45° 29.224 + 5.46 232.484 + 14.71°®

55 2.52 + 0.05" 59.25 + 18.68 1.59 + 0.05 1.18 + 0.04* 7827 + 1.55° 11.05 + 0.24° 1.18 + 0.03** 3.85+ 0.20% 31.60 + 3.96 102.84 + 12.82%4
34 75 2.28 + 0.05* 45.62 + 10.37 1.40 + 0.20 1.22 +0.09* 7431 + 6.43"° 11.03 + 0.57° 1.18 + 003%™ 3.98 + 0.61* 25.01 + 4.41 136.0 5+ 9.11°4

95 2.36 + 0.05°% 4453 + 11.31 1.28 +0.03 1.23 +0.04* 74.86 + 3.35" 11.97 + 027" 141 +0.10°* 4.60 + 0.31* 2852 + 5.1 141.91 + 6.50*
Means of main effect
30 1.95 55.45 1.32 2.36 51.79 9.18 1.46 8.03 27.69 214.68
34 2.38 49.80 1.42 121 75.81 11.35 126 4.14 2837 126.93

55 2.28 73.19 1.36 1.85 68.17 9.93 121 4.86 30.09 146.14

75 2.09 41.39 137 1.76 60.25 10.11 1.36 6.99 25.14 179.09

95 2.14 43.30 1.40 1.75 63.00 10.75 1.51 6.42 18.87 187.20
ANOVA T <0.0001 NS NS <0.0001 <0.0001 <0.0001 0.019 <0.0001 NS <0.0001
(P-values)

FL 0.004 NS NS NS NS NS 0.024 NS NS 0.028

TxFL NS NS NS NS NS NS NS NS NS NS

Value is presented as tank mean + S.E.M (n=3); T, temperature; FL, feeding level; Results were based on Two-way ANOVA; Superscripts after each value on the same row indicate results of pairwise comparisons; Different upper case letters indicate significant differences
(P<0.05) between temperatures, while different lower case letters indicate significant differences between feeding levels; NS, not significant; Only interactions are indicated when present. o-aba, Alpha amino butyric acid; Amm, Ammonia; Ans, Anserine; Citr, Citrulline;

Gly, Glycine; Met, Methionine; O-Phos, O-Phosphoethanolamine; Orn, Ornithine; Tau, Taurine.
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TABLE 7 Muscle free amino acids and N-metabolites (umol/100g tissue) of the cobia fed different feeding levels at two temperatures for a period of 6 weeks as occurring 24 hour postprandial.

Treatments

T (°C)

FL (%)

Amm

55 6882.00+29.14 96.33+0.67° 7.00+0.00% 1267 +2.33° | 642.67+7.97°% 21.00+2.00°° 6.67+0.33* 38.00+6.08" 49.67+9.17°* 2453349214 57.33+5.81" 130.67+3.84°F
30 75 715.67417.68 | 10333 + 145 | 6.00+0.58% | 1633 + 240"  461.33+4591**  23.67+1.86" 7.00+0.58" 88.67+15.06° = 23334318 | 23267+18.17% | 89.6749.96° | 171.33+2.19*®
95 697.67+12.98 97.67+2.40° 6.00+0.58" 2633 + 4.06" = 504.67+18.32**  25.00+1.00° 6.33+0.33" 70.00+7.21°  21.33+0.88** | 255.00+7.00% | 77.33+4.91° | 169.00+11.59""
55 733.67+18.62 | 109.00 = 1.15*  2.00+0.00" 1533 + 145"  660.00+37.63°® = 23.67+1.45" 9.33+0.33" 35.67+1.20° 50.00+3.06"® | 367.67+16.76" = 54.33+1.86" 76.67+5.70**
34 75 703.67+5.78 113.67 + 3.33" 1.67+0.33% 10.00 + 0.58" | 597.33+47.99°" 17.0021.15" 10.00+0.00" 33.00+4.16" 43.67+4.33"% | 322.00£16.52° | 50.00+4.36 96.67+5.24""
95 736.00+21.73 97.67+2.85" 2.00+0.00" 12.00 + 1.73° | 642.00£19.76"°  21.67+0.88" 10.00£0.58"% | 45.67+10.40° = 40.67+5.17°° | 326.67+16.48° = 55.33+7.17° 99.00+2.65""
Means of main effect
30 698,44 99,11 6,33 18,44 536,22 23,22 6,67 65,56 31,44 244,33 74,78 157,00
34 724,44 106,78 1,89 12,44 633,11 20,78 9,78 38,11 44,78 338,78 53,22 90,78
55 707,83 102,67 4,50 14,00 651,33 22,33 8,00 36,83 49,83 306,50 55,83 103,67
75 709,67 108,50 3,83 13,17 529,33 20,33 8,50 60,83 33,50 277,33 69,83 134,00
95 716,83 97,67 4,00 19,17 573,33 23,33 8,17 57,83 31,00 290,83 66,33 134,00
ANOVA T NS 0.001 <0.0001 0.009 0.004 NS <0.0001 0.002 0.007 <0.0001 0.001 <0.0001
f,il_ues) FL NS 0.001 NS NS 0.010 NS NS 0.032 0.005 NS NS <0.0001
TxFL NS 0.031 NS 0.012 NS 0.022 NS 0.028 NS NS 0.038 NS

Value is presented as tank mean + S.E.M (n=3); T, temperature; FL, feeding level; Results were based on Two-way ANOVA; Superscripts after each value on the same row indicate results of pairwise comparisons; Different upper case letters indicate significant differences
(P<0.05) between temperatures, while different lower case letters indicate significant differences between feeding levels; NS, not significant; Only interactions are indicated when present. Amm, Ammonia; Ans, Anserine; Citr, Citrulline; Cyst, Cystathionine; Gly, Glycine;

H-L-Pro, Hydroxy-L-Proline; Met, Methionine; Orn, Ornithine; Ser, Serine; Tau, Taurine; Thr, Threonine.
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TABLE 8 Liver free amino acids and N-metabolites (umol/100g tissue) in the cobia fed the different ratio levels at two temperatures for a period of 6 weeks as occurring 24 hour post-prandial.

Treatments

T (°C)

55 16.00 + 1.15% 74.33 + 2.60° 9.67 + 0.88" 10.67 + 1.67° 1017.33 + 45.99*® 39.67 + 5.36° 36.00 +2.89° | 227.33 +25.54°* | 5450.60 + 144.14° | 882.00 + 55.18"
30 75 11.00 + 1.53° 50.67 + 2.91° 9.33 + 0.88" 6.00 + 0.58° 75633 + 58.32°° 33.67 + 2.96° 48.67 +2.33" 183.00 + 10.26** | 4569.63 + 82.24°® | 752,67 + 27.67*
95 9.67 + 145" 70.67 + 8.65 11.00 + 4.04° 7.67 + 0.88° 870.67 + 47.67°% 44.67 + 4.18° 46.67 + 0.88" 186.67 + 3.76*" | 5404.55 + 429.03°® | 979.33 + 34.59"
55 3.67 +0.33° 9.67 + 0.33° 433 +0.33% 11633 + 6.12° 672.33 + 24.26"* 159.67 + 7.84° 27.67 + 1.45°  413.00 + 19.52°®  1564.52 + 53.09°" | 902.33 + 39.56"
34 75 3.00 + 0.00° 10.00 + 0.58° 3.67 +0.33" 86.33 = 8.11° 591.67 + 30.02** | 138.67 + 7.22%" 2400 + 153 36333 +12.39°®  1285.58 + 79.83"* | 740.00 + 45.13"
95 3.33 +0.33° 9.00 + 0.58° 4.00 + 0.00* 79.33 + 5.24° 618.67 + 8.25* 132.67 + 3.53" 17.00 + 2.00¢ 369.67 + 7.97°" | 1355.67 + 28.61°* | 810.33 + 6.94°
Means of main effect
30 12,22 65,22 10,00 8,11 881,44 39,33 43,78 199,00 5141,59 871,33
34 3,33 9,56 4,00 94,00 627,56 143,67 22,89 382,00 1401,93 817,56
55 9,83 42,00 7,00 63,50 844,83 99,67 31,83 320,17 3507,56 892,17
75 7,00 30,33 6,50 46,17 674,00 86,17 36,33 273,17 2927,61 746,33
95 6,50 39,83 7,50 43,50 744,67 88,67 31,83 278,17 3380,11 894,83
ANOVA? (P-values) T <0.0001 <0.0001 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 NS
FL 0.012 0.025 NS 0.002 0.003 NS NS 0.017 0.026 0.003
TxFL 0.029 0.019 NS 0.010 NS 0.040 <0.0001 NS NS NS

Value is presented as tank mean + S.E.M (n=3); T, temperature; FL, feeding level; Results were based on Two-way ANOVA; Superscripts after each value on the same row indicate results of pairwise comparisons; Different upper case letters indicate significant differences
(P<0.05) between temperatures, while different lower case letters indicate significant differences between feeding levels; NS, not significant; Only interactions are indicated when present. 0.-Am, Alpha-Aminoadipic; Asp, Asparagine; Cyst, Cystathionine; y-Am, Gamma-

Amino-n-Butyric acid; Gly, Glycine; Met, Methionine; Orn, Ornithine; Ser, Serine; Tau, Taurine.
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been shown to be involved in the reduced feed intake (Nguyen et al.,
2013; Ronnestad et al., 2017; Nguyen et al., 2023). For juvenile cobia
(initial body weight ~22g) a range between 27 and 29°C seems to be
the optimal temperature for maximum growth and feed conversion
efficiency (Sun et al, 2006a). However, in one of their follow up
studies these authors indicated 33°C as the optimal temperature for
rearing cobia juveniles in the weight range from 10 to 200 g, since this
temperature resulted in the highest growth and feed conversion ratio
(Sun and Chen, 2014). When temperature increased above this
optimal range a reduced feed consumption, higher feed conversion
ratio and lower growth was observed. The current trial was set up
using 30°C as the control temperature based on current practice and
protocols for rearing cobia juvenile in Vietnam and 34°C as the
elevated temperature scenario condition (Doan et al., 2018; Nguyen
et al., 2019; Le et al, 2020; Nguyen et al, 2023). As the results
presented in Table 4 show, temperature strongly affected growth rates
and the feed consumption. This also resulted in that i.e. the final BW
at 95% feeding level at 34°C (43.8 g) where similar to the 55% feeding
level at 30°C (43.1g). The performance of juvenile cobia was lower at
the elevated temperature, that is in line with our previous experiment
with cobia reared at similar temperatures although the survival rate
did not differ at 34°C, and this temperature is lower that the long term
critical temperature for the species (Nguyen et al., 2019). However, Le
et al. (2020) reported that the specific growth rate of juvenile cobia
was reduced by 10% at 34°C compared to 29°C in an ad libitum
feeding regime. A higher FCR in cobia cultured at elevated
temperature indicate that a larger amount of feed is needed to
support the same growth performance as those fish reared at the
control temperature (Sun and Chen, 2014; Nguyen et al., 2019). In
this sense, Yufera et al. (2019) found that in cobia, the residence time
offeed within the gut was longer at 30 than at 34°C, and that the small
increase of digestive proteolytic activity observed at 34°C was not
enough to compensate for the faster gut transit. This indicated that a
larger amount of feed would be needed for the same growth
parameters as those fish reared in the optimal temperature. This is
also expected based on bioenergetics principles (Volkoff and
Rennestad, 2020). In the present study, growth performance and
feed utilization were significantly influenced by elevated temperature.
Besides the elevated temperature, the feeding levels in the juvenile
cobia did significantly influence growth performance and feed
utilization. Our findings are similar with the previous report (Sun
and Chen, 2014). In addition, growth performance and feed
utilization of juvenile cobia were significantly affected by the
interaction between feeding levels and elevated temperature. These
results were in agreement with the previous study on the juvenile
cobia (Sun and Chen, 2014). Interestingly, Nguyen et al. (2019)
reported that juvenile cobia gained 62.5¢ and 42.2g body weight,
when fish were fed to near satiety (until most of the fish stopped
ingesting feed) during six weeks at temperature of 30°C and elevated
temperature of 34°C, respectively. However, our results show that
after six weeks cobia had reached 63.6g and 38.6g when it was fed
95% of satiety at 30°C and 34°C, respectively. Furthermore, these
values were reduced by 43% and 60% at feeding levels of 75% and
55%, respectively. In addition, this value was 36% lower at 34°C than
at 30°C. These differences in the final body weight could be explained
by the differences in the initial body weight that in the previous study
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was 3.7 - 3.8 g/fish and in the present study was 5.0 — 5.2 g/fish,
highlighting the importance of initial fish weight when comparing
growth performance. The temperature-induced reduction in growth
performance and feed utilization suggest that finfish production may
be negatively affected by the temperature rise under global warming
scenarios (IPCC, 2014, 2021).

Condition factor (CF), viserosomatic index (VSI), hepatosomatic
index (HSI) are rough measurements of the energy reserves and
nutritional state of the fish (Zhou et al, 2012). Our findings of
unchanged condition factor (CF) and hepatosomatic index (HSI)
with temperature, but their sensitivity to feeding level, suggest that
nutritional strategies could partially mitigate the adverse effects of
thermal stress. This is supported by Burraco et al. (2020), who
emphasized the importance of tailored feeding regimens to bolster
fish resilience against environmental stressors. The significant
interaction between feeding level and temperature on growth
metrics further highlights the complex interplay between these
factors, echoing the need for integrated management approaches in
aquaculture (Fore et al., 2018). In the present study, the HSI and CF
values were not significantly influenced by the elevated temperature,
however, fish cultured at the elevated temperature had lower VSI than
fish reared at the control temperature. This result is in contrast with
our previous finding (Nguyen et al, 2019) where elevated
temperature significantly affected CF, VSI and HSI, while in the
current study only the VSI value was affected by temperature.
Moreover, the changes of CF, VSI and HSI values at the feeding
rate 95% in the present study compared to the previous study of
(Nguyen et al., 2019) where the fish were fed to satiety with the same
feed and temperatures. Interestingly, their interaction did not affect
CF and HSI and only VSI was significantly affected.

The elevated temperature not only affects growth performance,
feed utilization, condition factor, viserosomatic index and
hepatosomatic index but also has been shown to influence whole-
body proximate composition (Nguyen et al., 2019; Le et al., 2020). The
whole-body proximate composition analysis revealed significant lipid
content variations with feeding level, irrespective of temperature, and
points towards a metabolic flexibility of cobia in reallocating energy
resources under different nutritional and thermal conditions. This
flexibility, however, comes with the caveat of potentially
compromised body composition at higher temperatures, necessitating
careful consideration of lipid content in feed formulations under
climate variability scenarios (De Silva and Soto, 2009). Sun and Chen
(2009) and Le et al. (2020) reported that the whole-body proximate
composition in juvenile cobia were strongly influenced by elevated
temperature. However, in the present study these parameters were not
significantly affected. These results can be explained by the differences
in diet quality and/or feeding management between studies. The
interaction between feeding ration and water temperature
significantly affected the whole-body lipid and protein as well as
moisture content in the juvenile cobia. These findings are in
agreement with the previous study on cobia (Sun and Chen, 2009).

Furthermore, the protein efficiency ratio (PER) and protein
productive value (PPV) of the juvenile cobia were significantly
influenced by elevated temperature. These results were in
agreement with the results of the previous report on juvenile
cobia (Nguyen et al., 2019). Our findings indicated that the PER
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was affected by the feeding ration, but feeding ration did not
significantly influence the PPV. Surprisingly, the PER and PPV of
the juvenile cobia were not significantly affected by the interaction
between feeding rations and temperature. These results suggest that
protein digestion and retention of cobia juveniles were affected in
the same way for different feeding rations at these two temperatures.

The retention of indispensable amino acids (IAAs) is significantly
affected by both temperature and feeding levels (Table 5), with
decreased retention observed at higher temperatures, indicating a
thermal threshold beyond which nutritional interventions may not
fully mitigate the negative impacts on amino acid metabolism
(Hoseini et al., 2024). This finding is critical for formulating diets
that are optimized not only for growth but also for maintaining
amino acid balance, which is essential for overall health and stress
resilience. Dispensable amino acids (DAAs) are primarily used as an
energy substrate, while IAAs are preserved for growth (Rennestad
et al., 2001; Conceicdo et al., 2003; Rojas-Garcla and Rennestad, 2003;
Nguyen et al., 2019). The higher retention of IAAs in cobia reared at
30°C may be attributed to their better performance in terms of
growth and feeding efficiency compared to those reared at 34°C
(Nguyen et al., 2019). Elevated temperatures reduce the retention of
IAAs in cobia, likely due to the increased use of IAAs for energy
maintenance (Nguyen et al., 2019), as observed in this study. DAA
retention depends on factors such as feed consumption, feeding
efficiency, growth and metabolism, and the digestion and
assimilation of amino acids (Nguyen et al., 2019).

Moreover, the retention of IAAs in juvenile cobia was
significantly influenced by feeding levels. In this study, the highest
TAA retention was observed at the lower feeding level, although
overall values were lower than those reported by Nguyen et al.
(2019) for cobia fed at 100% feeding level. To our knowledge, this is
the first study examining the effects of feeding levels on TAA
retention in tropical finfish such as cobia. These results align with
observations in colder water fish species such as Atlantic salmon,
Senegal sole, European seabass, and Atlantic halibut (Ronnestad
et al, 2001; Rojas-Garcia and Rennestad, 2003; Person-Le Ruyet
et al,, 2004; Kullgren et al., 2013; Hevroy et al., 2015). Interestingly,
there was no significant interaction between feeding levels and
temperature on IAA retention in juvenile cobia.

Temperature significantly caused a modification of the
concentration of free amino acids (FAAs) and N-metabolites in
cobia across different tissues. Elevated temperature resulted in
distinct metabolic responses between the different feeding levels,
where lower feeding levels typically showed increased FAAs in the
blood plasma (Table 6), probably as an adaptive mechanism to cope
with thermal stress. Still, compared to the 100% feeding level at 34°
C, in the study of Nguyen et al. (2019), the plasma concentration for
most of the FAA were somewhat different, and with no particular
correlation to whether FAA are indispensable or not, pointing to
variability in the metabolic response.

In muscle tissue (Table 7), fish maintained at higher feeding
levels at the elevated temperature had higher concentrations of key
FAAs, reflecting strong metabolic adjustments to sustain muscle
function and overall homeostasis. Conversely, in the liver (Table 8),
some metabolites varied significantly with temperature, indicating a
shift in nutrient utilization and metabolic pathways to manage
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stress. Again, compared to the 100% feeding level at 34°C in the
study of Nguyen et al. (2019), the concentration for most FAA were
again somewhat different, and with no particular correlation to
whether FAA are indispensable or not, pointing to variability in the
metabolic response.

The interactions between feeding levels and temperature had a
more pronounced impact on muscle and liver FAAs, but not on
plasma FAAs, highlighting that temperature is a predominant
factor influencing plasma FAAs. This differential tissue response
underscores the complexity of metabolic regulation in fish,
suggesting potential avenues targeted nutritional strategies.

The distinct responses of plasma, muscle, and liver tissues to
variations in temperature and feeding levels in our study contribute
valuable insights into tissue-specific metabolic adjustments in cobia.
The lower concentrations of specific amino acids and N-metabolites
at elevated temperatures could reflect enhanced utilization or
altered distribution among tissues, which might be compensated
for by adjusting dietary amino acid profiles (Munguti et al., 2020;
Ramli et al., 2020).

Our study focuses on juvenile cobia, providing crucial insights into
their metabolic responses to elevated temperatures and varied feeding
levels. While these findings are valuable for understanding the early life
stages of cobia, we recognize that research on larger, near-harvest-size
fish could yield more direct benefits to commercial aquaculture,
especially in terms of feed conversion efficiency and nutrient
retention. Future studies should extend this research to include larger
fish sizes, offering a more comprehensive understanding of the feeding
strategies required as cobia approach market size. This would help
refine feeding practices and enhance production efficiency, aligning our
scientific efforts with industry needs. Nevertheless, the insights gained
from studying juvenile stages remain an important basis for optimizing
early rearing conditions, contributing to the overall success of cobia
farming throughout their growth phases. Our comprehensive analysis
highlights the need for adaptive management strategies in cobia
aquaculture to counteract the challenges posed by elevated
temperatures. This includes optimizing feeding levels and schedules
to improve feed utilization efficiency and growth performance, tailoring
dietary compositions to ensure adequate nutrient intake and retention,
and possibly employing selective breeding techniques to enhance
thermal tolerance and nutrient utilization efficiency. The intricate
effects of water temperature and feeding levels on cobia’s growth,
feed utilization, body composition, and amino acid metabolism
underscore the importance of developing nuanced, integrated
aquaculture practices. By adapting to the multifaceted challenges of
environmental variability, the aquaculture industry can enhance the
sustainability and productivity of cobia farming.

5 Conclusion

In the present study a temperature of 30°C and 75-95% satiety
feeding level, was the most favorable among the tested conditions for
growth, as well as maintaining a balanced proximate composition
and free amino acids concentrations in the liver, plasma, and muscle
of cobia. Higher temperature and lower feeding levels resulted in
poorer performance. At 34°C, the 75% feeding rate was more
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appropriate than other treatments at this temperature due to the
growth rate and the FCR as well as the feed cost and production. A
25% reduction in feed administration can be a useful strategy to
manage farms of cobia in the face of rising temperatures. It should be
noted that he reduced performance with respect to body growth at
elevated temperature and interaction with ration size was observed in
juveniles in the size range of 5-69g. Ration size was correlated with
increased performance at the optimal water temperature. At 30°C fish
administered feed at 95% satiation levels had the fastest growth, while
the protein retention was maximized at 75% feeding level. Our
findings emphasize the intricate balance required in aquaculture
practices to optimize growth performance of cobia in the face of
environmental challenges.
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