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ABSTRACT. This study was conducted to evaluate juveniles' Ocyurus chrysurus (13.7 + 0.45 g initial weight)
to utilize lipid as an energy source on growth, feed efficiency, body composition, digestive and hepatic enzyme
activities. Four diets of two protein levels (40 and 50%) with two lipid levels (6 and 12%) and 2% of digestible
carbohydrates were formulated. Fish were fed for 60 days to apparent satiation at a stocking density of 10 fish
per tank (100 L). Growth gain of fish fed 50% dietary protein was higher than of fish fed 40% dietary protein
(P < 0.05). However, feed efficiency was significantly higher at 12 than 6% of dietary lipid. Whole-body lipid
and glycogen in the liver increased dramatically with dietary lipid content-alkaline protease activity trend
increased as dietary protein increased. Trypsin activity increased significantly as dietary lipid decreased,
whereas chymotrypsin activity showed the opposite trend (P < 0.05). Bile salt-dependent lipase activity trend
towards increasing as dietary energy decreased. Glucose-6-phosphate dehydrogenase (G6PDH), 6-
phosphogluconate dehydrogenase (6PGDH), and fructose-1, 6-biphosphatase (FBPase) significantly increased
with increasing dietary lipid levels. However, alanine aminotransferase (ALT) activity increased with dietary
protein content. On the other side, pyruvate kinase (PK) activity increased with both dietary protein and lipid
content. This study indicates that high dietary lipid (12%) improved the feed efficiency but did not reduce dietary
protein demand in juveniles O. chrysurus.
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INTRODUCTION
Lipids are the main non-protein energy source for

Protein is the main component in fish feed formulation fish and provide essential fatty acids, which play an
and the most expensive dietary component (Oliva- important role in growth and health (Tocher 2003). For
Teles et al. 2020). In fish, protein is not only important energy purposes, an adequate inclusion of lipid levels
for growth (protein synthesis) but also plays a central in the diet can help reduce the catabolism of dietary
role in energy balance (ATP production) (Jia et al. protein in fish (Shimeno et al. 1996, Lee et al. 2002,
2017), since the protein supply in the diet is excessive, Guo et al. 2019). Conversely, excessive or deficient
or the energy level from non-protein sources is dietary lipid levels could adversely affect growth
insufficient (NRC 2011). Therefore, it is important to performance, increase factor conversion ratio (FCR),
develop diets with an adequate protein: energy balance and lead to fat deposition (Peres & Oliva-Teles 1999,
(Catacutan et al. 2001, Kim et al. 2004, Abdo de la Tuan & Williams 2007). On the other hand, fish's
Parra et al. 2010). ability to use dietary lipid as a non-protein energy

source can be influenced by the content of dietary
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carbohydrates, which can also serve as sources of non-
protein energy (Shimeno et al. 1981, Zhou et al. 2016,
Guerrero-Zarate et al. 2019).

Yellowtail snapper Ocyurus chrysurus (Bloch,
1791) (Pisces: Lutjanidae) is a highly valued tropical
carnivorous marine fish on the east coast of America
(McClellan & Cummings 1998, Brulé et al. 2008,
Cladis et al. 2014). O. chrysurus is considered a good
candidate for aquaculture. This species has the
advantages of spawning without the use of hormones,
is tolerant of handling, and accepts artificial feed
(Watanabe et al. 1998, Turano et al. 2000, Gutiérrez-
Sigeros et al. 2018). Thus, it is necessary to develop a
commercial diet for this species. Previous reports
revealed that O. chrysurus have a high dietary protein
requirement (>50%) (Enriquez et al. 2017). No studies
concerning O. chrysurus ability to utilize dietary lipids
as energy sources have been carried out to date.
Therefore, the present study's purpose was to evaluate
the effect of different dietary protein and lipid levels
with a minimal dietary digestible carbohydrates’
inclusion level (2%) on growth performance, feed
utilization, proximate composition, digestive and
hepatic enzyme activities.

MATERIALS AND METHODS

Four experimental diets were formulated to contain
either 40 or 50% crude protein combined with either 6
or 12% fat (Table 1). The ingredients were sieved
through a 250 um mesh and then mixed for 30 minin a
standard blender. The dough was extruded and broken
down to 3 mm in particle diameter using a Bonnot-
Model 2EXTWPKR (Ohio, USA) extruder. The dough
was dried via ventilation at 60°C for 3 h. The feed was
sealed in vacuum-packed bags and stored at -20°C until
use.

Experimental procedures

Ocyurus chrysurus juveniles were obtained from
Marine Fish Reproduction Laboratory at Unidad
Multidisciplinaria de Docencia e Investigacion Sisal
(Yucatan, México) following the methodology descri-
bed by Gutiérrez-Sigeros et al. (2018).

The trial was performed in a thermoregulated
recirculating water system (Resun CW 1000 chillers,
Guandong Risheng Group Co. Ltd, China) operated
with 12 rectangular fiberglass tanks with 100 L water
capacity (73x44x33 cm). Ten fish were placed in each
tank (13.7 £ 0.45 g initial weight and 10.5 £ 0.25 cm
total length), and three replicate groups of fish were
used to test each diet. Each diet was randomly assigned.
Tanks were supplied with continuous air and seawater

flows (5.0 L min'). During the experimental period, the
water temperature was 28.1 £ 0.6°C; salinity was 36
0.4gL?, pHwas 8.2 + 0.1, ammonia concentration was
0.01 + 0.0 mg L™ and dissolved oxygen was 4.1 + 0.4
mg L. Before the experiment, the fish were acclimated
to the experimental diet for two weeks. The fish were
fed two times a day (10:00 and 18:00 h) at ad libitum.
Uneaten feed was collected half an hour after each
feeding and then dried (AOAC 1997).

Sample collection

The growth trial lasted 60 days. The fish were
anesthetized with 0.1 mg mL™* clove oil according to
Castillo et al. (2018), then the fish were Killer
(according to NOM-062-Z00-1999 recommendations,
from México) (SAGARPA 1999). Immediately, the
pyloric caeca, intestine, liver, and mesenteric fat were
sampled. The liver and mesenteric fats were used to
determine the hepatosomatic and fat, mesenteric
indices. The pyloric caeca, intestine, and liver were
frozen in liquid nitrogen and stored at -80°C. The liver
was divided into two parts to assess glycogen and
metabolic enzymes. Three fish per tank were sampled
and pooled to determine the whole-body proximate
composition.

Growth performance

At the end of the experiment, survival (S, %), weight
gain (WG, g), specific growth rate (SGR, % d), feed
intake (FI, g fish), feed conversion ratio (FCR), the
protein efficiency ratio (PER) and hepatosomatic index
(HSI) were calculated as follow:

S = (final number of live fish / initial number of live
fish) x 100

WG = final mean body wet weight (g) - initial mean
body wet weight (g)

SGR = (In [ final mean body wet weight (g) - initial
mean body wet weight (g)] / time (day)

FI = dry food consumer per tank (g) / number of live
fish per tank

PER = WG / dry protein intake (g)

HIS = (wet weight liver (g) / wet body weight (g)) x
100

Proximate analysis

Crude protein content was determined by flash com-
bustion, then N2 was quantified by thermal conductivity
detection using a CHNS elemental analyzer (Costech
ECS-4010, Valencia, USA), N. was converted to
protein using a conversion factor of 6.38 (Lynch &
Barbano 1999). Crude lipid levels were determined
using the hexane extraction method with a goldfish
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Table 1. Formulation and proximate analysis of the experimental diets (% dry matter) (40-6: diet with 40% protein and 6%
lipids; 40-12: 40% protein and 12% lipids; 50-6: 50% protein and 6% lipids; 50-12: 50% protein and 12% lipids). !Proteinas
Marinas y Agropecuarias S.A. de C.V. Jalisco, México. 2Vimifos, S.A. de C.V. Jalisco, México. *MaltaCleyton S.A. de
C.V. Yucatan, México. *DMS Peces Tropicales de Engorda, Nutritional Products México S.A. de C.V. Composition:
vitamin A, vitamin D3, vitamin E, vitamin Ks, vitamin B, vitamin By, vitamin Bay, folic acid, vitamin Bg, pantothenic acid,
niacin, biotin, choline, vitamin C, iron, manganese, sodium, copper, iodine, zinc, cobalt, selenium, molybdenum, calcium,
phosphorus, magnesium, sodium, potassium, carophyll, lysine, threonine, calcium carbonate, methionine, tryptophan,
sodium lasalocid, monensin, tylosin, salinomycin, avoparcin, flavomycin arsanilic, amprolium, zinc bacitracin,
virginiamycin, calcium propionate, silicic acid, lignosulfonate, lecithin, BHT, BHA, probiotics, glutase keta, lipase,
proteases, amylases, cellulases and acemita.>Talc was used as a filler (Dias et al. 1998). It is an inorganic substance, almost
insoluble powder in an aqueous solution. The transfer across biological membranes is unlikely. This substance is not toxic
to aquatic life (ECHA 2020). *Wheat bran was used as fiber because it contains digestion-resistant starch (Xie et al. 2008)
and also non-digestible protein, due it a requirement for a pH = 12.5 for digestion (Balandran-Quintana et al. 2015).
Proximate composition: 14% protein, 4% lipid, and 86% carbohydrate. ‘Energy was calculated using a calorimetric bomb
(PARR, Moline, IL, USA).

Ingredient (%) 40-6 40-12 50-6 50-12
Fish meal* 46,5 465 570 57.0
Poultry by-product meal Prime! 8.0 80 10.0 10.0
Soy protein concentrate? 120 120 150 15.0
Corn starch3 2.0 20 20 2.0
Fish oil? 1.35 7.2 0.09 6.0
Premix* 2.0 20 20 2.0
Filler (talc)® 221 163 7091 2.0
Wheat bran® 5.0 50 5.0 5.0
Carboxymethylcellulose? 1.0 1.0 1.0 1.0
Proximate analysis (%)

Dry matter 988 978 98.7 98.2
Crude protein 40.1 398 50.1 50.9
Lipid 6.7 122 6.1 127
Ash 351 293 211 163
Gross energy (kJ g1)’ 136 164 166 186

Protein: energy ratio (mg kJ')  29.4 243 30.1 27.3
Lipids: energy ratio (mg kJ1) 4.9 7.4 3.7 6.8

system (Nielsen & Carpenter 2017). The moisture
content was determined after the sample was oven-
dried and brought to a constant dry weight (60°C for
120 h). The ash content was determined by combusting
the sample in a muffle furnace at 550°C for 6 h (AOAC
1997). The glycogen content was determined using the
method reported by Carroll et al. (1956).

Digestive enzyme activity

The pyloric caeca and intestine were homogenized with
an Ultra Turrax IKA T18 homogenizer (North Chase,
Wilmington, USA) in 30 mM L Tris-HCI + 12.5 mM
L CaClyat pH 7.5 and centrifuged at 1670 g for 30 min
at 4°C (5420R-Eppendorf, Germany).

Total alkaline protease activities were evaluated
using Hammarsten-grade casein (0.05%) in 100 mM L!
Tris-HCl and 10 mM Lt CaCl; at pH 9 with the method
reported by Kunitz (1947) and modified by Walter

(1984). One unit of enzyme activity was defined as 1
g of tyrosine released per min at 280 nm.

Trypsin activity was assayed using N-a-benzoyl-
DL-arginine 4-nitroanilide hydrochloride (BAPNA)
3.5 mM L as substrate in 100 mM L™ tris at pH 8
following the method of Erlanger et al. (1961).
Chymotrypsin was evaluated using N-succinyl- ala-ala-
pro-phe p-nitroanilide (SAAPNA) 1 mM L*! as
substrate in 100 mM L7 tris at pH 8 following the
method of DelMar et al. (1979). One enzyme unit was
defined as 1 pM of p-nitroanilide released per min
using a molar extinction coefficient of 8800 at 410 nm.

Bile salt-dependent lipase activity was measured
using the method described by Gjellesvik et al. (1992)
with 4-nitrophenyl octanoate (1 mM L?) in 500 mM L*
tris and 6 mM L sodium taurocholate at pH 7.4. One
lipase activity unit was defined as 1 uM L* of
nitrophenol hydrolyzed per min using a molar
extinction coefficient of 16,300 at 415 nm.
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Hepatic key intermediary enzyme activities

The livers were homogenized (dilution 1:5) in ice-cold
buffer (50 mM L tris-HCI, 0.5 mM L™ phenylmethyl
sulfonyl fluoride (PMSF), 4 mM L ethylenediami-
netetraacetic acid (EDTA), 50 mM Lt sodium fluoride
(NaF), 250 mM L% sucrose and 500 mM L%
dithiothreitol (DTT, at pH 7.5) and centrifuged at 1670
g for 30 min at 4°C. The resulting supernatant was
separated to assess PK, FBPase, GGPDH and 6PGDH
activities. Pyruvate kinase (PK) activity was evaluated
in a 0.25 mL reaction containing 250 mM L™ glycyl-
glycine, pH 7.4, 10 mM L MgCl, 100 mM L KClI,
0.15 mM L"*NADH, 2.8 mM L"! phosphoenolpyruvate,
and 21 U mL™? lactate dehydrogenase. ADP was added
at the end of the experiment (Bonamusa et al. 1992).
Fructose 1,6 bisphosphatase (FBPase) activity was
evaluated in a 0.2 mL reaction containing 85 mM L™
imidazole-HCI, pH 7.7, 5 mM L™ MgCl,, 0.5 mM L!
NADP, 12 mM L™ 2-mercaptoethanol, 0.05 mM L
fructose-1,6-diphosphate, 25 U mL* phosphoglucose
isomerase, and 0.48 U mL? glucose-6-phosphate
dehydrogenase.  Activity of glucose-6-phosphate
dehydrogenase (G6PDH) was evaluated in a 0.2 mL
reaction containing 77 mM L™* imidazole HCI, pH 7.7,
5mM L MgCl, 1 mM L NADP, and 10 mM L™
glucose 6-phosphate. 6-Phosphogluconate dehydroge-
nase (6PGDH) activity was evaluated in a 0.2 mL
reaction containing 83 mM L* imidazole HCI, pH 7.7,
3 mM L* MgCl,, 0.5 mM L™* NADP, and 2 mM L*
gluconate 6-phosphate (Bonamusa et al. 1992). Alanine
aminotransferase (ALT) was measured using a
commercial kit (Linear Chemical assay kit ALT/GPT
BR opt.).

Enzyme activity was measured using a microplate
spectrophotometer (BioTek, Vermont, USA) at 37°C.
Enzyme assays were monitored spectrophotometrically
by observing the changes in the absorbance of
NADH/NAD and NADP/NADPH at 340 nm
(Borrebaek et al. 1993, Tranulis et al. 1996). Digestive
and metabolic enzyme activities were reported as mg of
soluble protein (specific activity). According to
Bradford (1976), protein concentration was determined
using a Sigma protein assay kit with bovine serum
albumin as standard.

Statistical analysis

Data are presented as the mean * standard error (SE).
The rest of the analyses were performed with a two-way
ANOVA test (P < 0.05); when a significant interaction
resulted in protein and lipid level, a Tukey's test was
applied. Before these analyses, the normality and
homogeneity of residuals were verified. The analyses
were performed with R statistical (R Core Team 2019).

RESULTS

The growth performance and feed efficiency of
Ocyurus chrysurus fed with different protein: lipid
ratios for 60 days are shown (Table 2). Survival was not
significantly affected by experimental diets. FW, WG,
and SGR improved significantly as protein levels
increased from 40 to 50%, but no significant diffe-
rences were observed in lipid levels. FI, PER, and FCR
were affected by dietary lipid level (P < 0.05) but not
dietary protein level (P > 0.05). Fl and FCR increased
significantly as dietary lipid level decreased; whereas,
PER showed an opposite trend.

Whole fish composition, liver glycogen, hepato-
somatic index are listed in Table 3. Moisture and ash
contents of whole-body were significantly affected by
protein and lipid levels (P < 0.05). As protein level
increased and lipid level decreased, moisture content
increased significantly; whereas, ash content showed an
opposite trend (P < 0.05). The whole body's protein
content was significantly influenced by dietary protein
level but not by dietary lipid level. The protein content
of fish fed 40% dietary protein was substantially higher
than that of fish fed 50% dietary protein (P < 0.05).
Whole-body lipid and liver glycogen contents were
significantly affected by dietary lipid level and
increased with increasing dietary lipid level (P < 0.05).
HSI did not differ among the experimental fish group.

Digestive enzyme activities in the pyloric caeca and
intestine of O. chrysurus are presented (Tables 4-5),
respectively. A significant interaction between dietary
protein and lipid levels was observed in alkaline
proteases and lipase activities in both digestive organs
(P < 0.05). In the pyloric caeca, alkaline protease
activity was significantly higher for fish fed the 50-12
diets than the rest of the dietary treatments. In the
intestine, the alkaline protease activity of fish fed diet
50-12 was significantly higher than that of fish fed the
40-12 diets, but not significantly different from those
fed the 40-6 and 50-6 diets. For lipase, fish fed the 40-
6 diet showed significantly higher activity than the rest
of dietary treatments in both digestive organs, whereas
that of fish fed the 40-12 diet showed the lower lipase
activity (P < 0.05). Trypsin and chymotrypsin activities
were significantly affected by dietary lipid level but not
by dietary protein level. Trypsin activity increased
significantly as dietary lipid level increased; whereas,
chymotrypsin activity showed an opposite trend (P <
0.05).

Hepatic metabolic enzyme activities are shown in
Table 6. PK activity was significantly affected by
protein and lipid dietary levels and increased with
increasing dietary protein and lipid levels. G6PDH,
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Table 2. Growth performance of yellowtail snapper Ocyurus chrysurus fed diets containing different protein: lipid ratio.
Values are shown as means + standard error mean (n = 3). *CP denotes crude protein, and CL denotes crude lipid. The
number bellowing the letters denotes the level (%) of protein and lipid formulated for each test diet. 2Single capital letters
indicate significant difference between main effect means (dietary protein = A > B; dietary lipid = Y > Z). 3Significance
terms: NS = P > 0.05; *P < 0.05; **P < 0.01. IW: initial weight, FW: final weight, WG: weight gain, SGR: specific growth
rate, S: survival, Fl: food intake, PER: protein efficiency ratio, FCR: feed conversion ratio.

Diet name CP! CL FwW WG SGR Fl S
(% protein-% lipids) (%) (%) ) ) (%) (g fish?) PER FCR (%)
40-6 40 6 20.1+£0.1 6.1+0.2 066%+00 20.8+04 0.74+01 34103 100+0.0
40-12 40 12 19.5+04 6.3+0.6 0.77+0.1 171+£11 0.92+0.1 2.76+0.2 96.6 + 3.3
50-6 50 6 205+13 6.9+09 074+£01 222+09 074+02 326+04 96.6 + 3.3
50-12 50 12 23.4+1.2 98+1.1 0.96+0.1 17.3+14 1.13+£0.0 1.77+£0.1 96.6 + 3.3
Means of main effects?
40 20.0+0.2® 6.2+0.3% 0.68+0.0® 189+09 0.83+0.1 3.10%0.2 98.3+1.6
50 21.9+1.04 83+09* 0.85+0.1% 19.7+13 0.88+0.2 252+04 96.6+2.1
6 20.3+0.6 6.5+05 0.69+0.0 215+05" 0.68+0.1% 3.33+0.2Y 98.3+1.6
12 21.7+£0.9 8.0+0.9 0.82+0.1 17.2+0.82 1.03+0.1Y 2.67+0.2¢ 96.6+2.1
Two-way ANOVA3
Dietary protein * * * NS NS NS NS
Dietary lipid NS NS NS ** *x *x NS
Interaction NS NS NS NS NS NS NS

Table 3. Whole-body composition (wet matter), liver glycogen, and hepatosomatic index of yellowtail snapper Ocyurus
chrysurus fed diets containing different protein: lipids ratio. Values are shown as means + standard error mean (n = 3). 'CP
denotes crude protein, and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and
lipid formulated for each test diet. 2Single capital letters indicate significant difference between main effect means (dietary
protein = A > B; dietary lipid = Y > Z). Significance terms: NS = P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

HIS: hepatosomatic index.

Diet name CP! CL Moisture Protein Lipid Ash Liver glycogen
(% protein-% lipids) (%) (%) (%) (%) (%) (%) (9100 g livery) M
40-6 40 6 699103 183+02 355+0.0 504101 0.22+0.02 1.59+0.1
40-12 40 12 68.4+03 180+01 523+0.2 514+01 0.25+0.02 1.55+0.1
50-6 50 6 712102 167+02 3.75+02 489100 022001 1.34+0.1
50-12 50 12 69.2+02 168+02 583+0.1 495+00 028001 1.52+0.0
Means of main effects?
40 69.2+0.4% 18.2+0.1" 4.39+03 509+0.1% 0.24+0.01 1.57+0.1
50 70.2+05 16.7+0.1%8 479+04 492+0.0% 0.25+0.02 1.43+0.1
6 70.6+0.3Y 175+04 3.65+0.1% 497+0.1% 0.22+0.017 1.46£0.1
12 68.8+02% 17.4+03 553+0.1Y 5.04+0.2¥ 0.26+0.01 1.54+0.1
Two-way ANOVA?
Dietary protein el Fokk NS faled NS NS
Dietary lipid ek NS falall falall * NS
Interaction NS NS NS NS NS NS

6PGDH, and FBPase activities were influenced by
dietary lipid level but not by dietary protein level. The
activities of the GGPDH, 6PGDH, and FBPase enzymes
of the fish fed 12% dietary lipids were significantly
higher than those of the fish fed 6% lipids. ALT activity
was significantly affected by dietary protein level and
increased as protein level increased.

DISCUSSION

This study examined the ability of O. chrysurus to
utilize dietary lipid as an energy source through four

experimental diets with two graded levels of protein (40
and 50%) and lipid (6 and 12%), each containing a
minimal level of digestible carbohydrates (2% corn
starch).

Growth, feed efficiency, and biochemical compo-
sition

Dietary protein content decrement with or without a
concomitant increase of non-protein energy content
(lipid or carbohydrates) provides an extremely efficient
improvement in protein utilization without impacting
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Table 4. Specific activities (in U mg? of protein) of digestive enzymes in the pyloric caeca of yellowtail snapper Ocyurus
chrysurus fed diets containing different protein: lipids ratio. Values are shown as means + standard error mean (n = 3). 1CP
denotes crude protein, and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and
lipid formulated for each test diet. 2Single capital letters indicate significant difference between main effect means (dietary
protein = A > B; dietary lipid = Y > Z). Single lower letters indicate a significant difference between diets at P < 0.05 by
Tukey's test (a > b). 3Significance terms: NS = P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001. “Alkaline protease
activities are expressed at 102 U mg protein*. Trypsin, chymotrypsin, and lipase activities are expressed at 10* U mg *.

Diet name CP! CL  Alkaline

(% protein-% lipids) (%) (%) proteases’ Trypsin Chymotrypsin Lipase
40-6 40 6 16.1+06° 149%31 577+0.2 6.90 £0.8°
40-12 40 12 157+11° 3.28%05 6.36 £ 0.5 1.68 + 0.2
50-6 50 6 174+10° 18624 5.06+0.2 3.62+0.2°
50-12 50 12 242+23* 357%02 8.19+0.9 0.54 £0.0°
Means of main effects?
40 159+0.58 9.08+2.9 6.07+0.2 429 +1.24
50 20.8+1.94 11.1+35 6.63+0.8 2.08+0.78
6 16.7+0.6 16.7+19Y 542+0.22 526+0.8
12 200+22 342037 7.28+0.6Y 1.11+0.37
Two-way ANOVA3
Dietary protein ** NS NS Fk
Dietary lipid NS folalel ** faleied
Interaction * NS NS *

Table 5. Specific activities (in U mg? of protein) of digestive enzymes in the intestine of yellowtail snapper Ocyurus
chrysurus fed diets containing different protein: lipids ratio. Values are shown as means + standard error mean (n = 3). 1CP
denotes crude protein, and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and
lipid formulated for each test diet. 2Single capital letters indicate significant difference between main effect means (dietary
protein = A > B; dietary lipid = Y > Z). Single lower letters indicate a significant difference between diets at P < 0.05 by
Tukey's test (a > b). 3Significance terms: NS = P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001. *Alkaline protease
activities are expressed at 102U mg protein’. Trypsin, chymotrypsin, and lipase activities are expressed at 10* U mg 2.

Diet name CP! CL  Alkaline ) ) .
(% protein-% lipids) (%) (%) proteases* Trypsin Chymotrypsin Lipase
40-6 40 6 17.6+26® 18326 6.29£0.7 8.16 £ 0.1°
40-12 40 12 124+07° 279x0.1 7.09+05 1.95+0.1°
50-6 50 6 19.1+04® 232+16 5.57+0.9 448 +0.1°
50-12 50 12 295+4.9* 57517 11.02 +0.0 1.01+0.2¢
Means of main effects?
40 149+17% 105+3.6 7.09+0.5 5.06 + 1.4~
50 243+£32% 145+4.0 8.29+0.0 2.74+0.78
6 184+12 20.7+18" 593+05% 6.32+0.8"
12 209+44 427+1.07 9.46+0.9Y 1.48+0.27
Two-way ANOVA?
Dietary protein * NS NS Fkk
Dietary lipid NS Fkk faled Fkk
Interaction * NS NS Fokk

growth in numerous species of fish (NRC 2011).
However, in this study, SGR and WG were not affected
by lipid levels in the diet. The lack of protein
optimization for growth performance by dietary lipid
increasing effect, observed in this study, is in line with
other species of the same family: mutton snapper
(Lutjanus analis) (Watanabe et al. 2001), spotted rose
snapper (Lutjanus guttatus) (Abdo de la Parra et al.
2010), red porgy (Pagrus pagrus) (Schuchardt et al.
2008), red mangrove snapper (Lutjanus argentima-

culatus) (Catacutan et al. 2001), and red snapper
(Lutjanus campechanus) (Miller et al. 2005). Accor-
ding to these data, dietary lipid appears to negatively
impact protein utilization efficiency on growth
performance in Lutjanidae species.

Dietary energy ranged from 13.6 to 18.6 KJ g, and
the maximum growth (SGR and WG) was observed in
the diets 50-6 and 50-12, which containing 16.6 and
18.6 KJ g, respectively. On the other hand, diet 40-12
had a similar energy content: diet 50-6 (16.4 and 16.6
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Table 6. Specific activities (in U mg™ of protein) of intermediary metabolic enzymes in liver of yellowtail snapper Ocyurus
chrysurus fed diets containing different protein: lipids ratio. Values are shown as means + standard error mean (n = 3). 1CP
denotes crude protein, and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and
lipid formulated for each test diet. 2Single capital letters indicate significant difference between main effect means (dietary
protein = A > B; dietary lipid = Y > Z). 3Significance terms: NS = P > 0.05; *P < 0.05; P < 0.001. *ALT activities are
expressed at 102 U mg protein. PK: Pyruvate kinase, G6PDH: glucose-6-phosphate dehydrogenase, 6PGDH: 6-
phosphogluconate dehydrogenase, FBPase: fructose-1, 6-biphosphatase, ALT: alanine aminotransferase.

Diet name CPl CL
(% protein- % lipids) (%) (%) PK G6PDH 6PGDH FBPase ALT*
40-6 40 6 4.00+£0.2 22.4+0.3 121+04 6.34+0.1 5,57+0.2
40-12 40 12 10.9+05 23.8+0.4 13.9+05 8.32+0.5 5.54+0.3
50-6 50 6 10.4+£0.9 22.1+05 126 £0.7 6.41+0.1 7.55+0.1
50-12 50 12 149+05 244+ 1.4 16.1+0.8 8.10+0.4 8.05+0.0
Means of main effects?
40 7.46+158 231+04 13.0£05 7.34+05 5.55+0.28
50 127+ 1.1~ 23.2+0.8 144 +09 7.26+0.4 7.80+0.1A
6 7.21+15% 222+03% 123+04% 6.38+04% 6.54+05
12 129+0.9¥ 241+06Y 151+06Y 8.21+05Y 6.81+0.6
Two-way NOVA3
Dietary protein falaie NS NS NS Fkk
Dietary lipid falaie * * falehed NS
Interaction NS NS NS NS NS

KJ g, respectively), but fish fed with the diet 40-12
showed a lower growth (SGR and WG) compared to
fish fed with the diet 50-6. These data suggest that the
slower growth of the O. chrysurus registered in the 40-
12 diet was due to a protein deficiency and not energy.
In L. argentimaculatus (Catacutan et al. 2001), P.
pagrus (Schuchardt et al. 2008), and L. guttatus (Abdo
de la Parra et al. 2010), it was also observed that a
dietary protein level of 40% induced poor growth.

In this study, PER and FCR improved with
increasing lipids' inclusion in the diet from 6 to 12%. In
contrast to the present results, no differences in PER or
FCR with dietary lipid level increasing from 6 to 15%
in L. analis (Watanabe et al. 2001), 6 to 12% in L.
argentimaculatus (Catacutan et al. 2001), 9 to 15% in
L. guttatus (Abdo de la Parra et al. 2010) and 8 to 14%
in red snapper (Miller et al. 2005). This data suggest
that O. chrysurus has a relatively higher ability to
utilize dietary lipid as an energy source than other
snapper species.

In the present study, whole-body lipids increased
with dietary lipid content, as previously reported in
Malabar grouper (Epinephelus malabaricus) (Tuan &
Williams 2007) and rockfish (Sebastes schlegeli) (Lee
et al. 2002). The whole body's protein composition is a
relevant indicator to determine the optimal dietary
protein requirement in fish. For example, Abbas et al.
(2005), in L. argentimaculatus and Mohanta et al.
(2008a) in silver barb (Puntius gonionotus), found a
maximum whole-body protein content at the minimum

dietary protein level for maximum growth for these
species. It decreased to higher dietary protein levels. In
this study, the whole body's protein content decreased
when dietary protein levels increased from 40 to 50%.
These data suggest that the protein requirement for O.
chrysurus could be less than 50% but greater than 40%.

On the other hand, whole-body moisture content
increased with dietary protein levels and decreased with
dietary lipid levels. The body moisture content decrease
could be explained by the content increase of proteins
and lipids in the whole body at the protein and lipid
level in the diet. The entire body ash content increased
with decreased protein and increased lipid levels in the
diet, which agrees with other workers' findings in
several other fishes (Alam et al. 2008, Mohanta et al.
2008b).

Digestive enzymes

The ability of a fish to use a diet successfully in terms
of growth and energy probably depends in principle on
its set of digestive enzymes and their response to the
composition and digestibility of the nutrients in a given
diet (Lemieux et al. 1999, Furné et al. 2005,
Papoutsoglou & Lyndon 2006). Thus, an inducible
effect on the activity of alkaline protease by the
increase in dietary protein content has been
documented in fish species, such as Asian sea bass
(Lates calcarifer) (Eusebio & Coloso 2002) and hybrid
catfish (Clarias batrachus x C. gariepinus) (Giri et al.
2003), as well as by increasing dietary lipids in
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European sea bass (Dicentrarchus labrax) (Garcia-
Meilan et al. 2016), which could explain the higher
alkaline protease activity observed in fish fed the 50-12
diet, which contained the highest levels of protein and
lipid in this study

Trypsin and chymotrypsin are considered the main
constituents of alkaline protease enzymes and the most
important enzymes in the process of protein digestion
(Sunde et al. 2004, Rungruangsak-Torrissen et al.
2006). In the present study, trypsin and chymotrypsin
activities were not affected by dietary protein content,
suggesting that O. chrysurus is well suited to protein
digestion regardless of its concentration in the diet
reported by Lundstedt et al. (2004) for pintado
(Pseudoplatystoma corruscans). However, the activity
of trypsin and chymotrypsin was affected at the lipid
level. For trypsin, the increase of dietary lipid resulted
in a decrease in its activity, as previously observed in
D. labrax (Garcia-Meilan et al. 2016). Probably due to
cholecystokinin (CCK) action, a potent hormone that
regulates pancreatic enzyme secretion. Dietary lipid
represents an important stimulus for the release of CCK
in fish (Murashita et al. 2008, Li et al. 2016). Einarsson
et al. (1996) and Tillner et al. (2013) reported an
antagonistic effect of CCK on trypsin secretion in
Atlantic salmon (Salmo salar) and larvae of Atlantic
cod (Gadus morhua), respectively. Therefore, it is
probably that the decrease in trypsin activity can be
attributed to the effect of CCK due to increased lipids
in the diet. Nevertheless, it remains a speculative
statement. An improvement in digestion and protein
utilization cannot be discarded due to trypsin increase
in 6% lipid in the diet (Krogdahl et al. 1994).

In contrast to trypsin, chymotrypsin activity
increased with dietary lipid, indicating that these
enzymes were affected differently by dietary lipids in
O. chrysurus. One possible explanation for these results
is that the effect of CCK on chymotrypsin secretion
could be the opposite to observed for trypsin (Wicker
& Puigerver 1987). However, further research is
needed to prove this fact. The disproportionate
behavior of trypsin and chymotrypsin activities
concerning alkaline proteases suggests that other
constitutive alkaline proteases were affected by dietary
lipid and protein contents.

Pancreatic bile salt-dependent lipase has high
substrate specificity for triacylglycerols containing
long-chain polyunsaturated fatty acids, abundant in the
marine food chain (Gjellesvik et al. 1992). Therefore,
this enzyme could be considered principal lipase in
marine fish (Kurtovic et al. 2009). Gémez-Requeni et
al. (2013) found that in silverside (Odontesthes
bonariensis), adaptive response of bile salt-dependent
lipase to fish oil inclusion in the diet. In this study, bile

salt-dependent lipase activity trend to decreased with
dietary lipid level increase. However, it is interesting to
note that fish fed the lowest energy diet showed a
significantly high bile salt-dependent lipase activity
and vice versa, suggesting that this enzyme's digestive
performance was primarily modulated by energy than
the diet lipid content.

Liver enzymes

Although amino acids are the preferential energy
substrate for fish (Jia et al. 2017), it has been shown that
an increase of non-protein energy (lipid oH
carbohydrates) in the diet can reduce dietary amino acid
catabolism in some fish (Fernandez et al. 2007, Enes et
al. 2008, Wang et al. 2018). In the present study, the
amino acid catabolism enzyme ALT was not affected
by dietary lipid content changes. In contrast, an
increase in dietary protein level resulted in an
upregulation of ALT activity. These data suggest that
the capacity of O. chrysurus to catabolize amino acids
depends on protein availability instead of gross energy
from the diet, as was found in milkfish (Chanos
chanos) (Coloso et al. 1988).

As for the gluconeogenesis pathway, there was no
effect of dietary protein content on O. chrysurus hepatic
FBPase. In contrast, FBPase activity increased with
dietary lipid content. Kirchner et al. (2003), in rainbow
trout (Oncorhynchus mykiss), hepatic gluconeogenesis
(FBPase activity) did depress with dietary lipid content
increase due to effective oxidation of them. The FBPase
increase activity with dietary lipid level found in this
study suggests that lipids were driven by O. chrysurus
to gluconeogenesis pathway (Rito et al. 2019), as
previously observed in largemouth bass (Micropterus
salmoides) (Guo et al. 2019) and tropical gar
(Atractosteus tropicus) (Guerrero-Zarate et al. 2019).
These findings match the higher feed efficiency (Fl,
PER, and FCR) found for O. chrysurus fed high dietary
lipid levels.

Besides the key gluconeogenesis enzyme FBPase,
the activity of the key enzyme of glycolysis PK of O.
chrysurus was also nutritionally stimulated by dietary
lipid increased. However, there was no consistent effect
increasing PK activity over unaffected FBPase activity
when dietary protein level increased. Imbalances
between glycolysis and gluconeogenesis pathway have
also been reported for numerous fish species (Coloso et
al. 1988, Castillo et al. 2018, Guerrero-Zarate et al.
2019, Liu et al. 2020). The up regulation of PK shown
in this study could be associated with the glucose
budget. Although the ALT activity was higher for fish
fed 50% dietary lipid, it was not reflected on FBPase
performance, particularly at 50-6 diet. However, the
high dietary protein dependence of O. chrysurus shown
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in this study (growth) suggests an active ATP
production by oxidation of amino acids at 50% dietary
protein level (Walton & Cowey 1982).

G6PDH and 6PGDH are key enzymes of the
pentose phosphate pathway involved in NADPH
production necessary for fatty acid synthesis (Tocher
2003). In this study, G6PDH and 6PGDH activity did
not change by dietary protein content, whereas an
increase of dietary lipid content resulted in an activity
enhancement for both enzymes. These data indicate
that lipogenesis was stimulated by a high dietary lipid
content, which also was reflected in high whole-body
lipid. Lipogenesis as well glycogen synthesis are
adaptive mechanisms of homeostasis glucose (Enes et
al. 2009). Therefore, the high stimulation of lipogenesis
and hepatic glycogen content at 12% dietary lipids
indicate that endogenous glucose synthesis rate was
higher than its oxidation rate, as was described by Guo
etal. (2019) for M. salmoides.

The present study results indicate an increase in
dietary lipid level from 6 to 12% enhanced liver
gluconeogenesis, glycolytic and lipogenic pathways
but did not depress amino acid catabolism in juvenile
O. chrysurus. The high dietary lipid level (12%)
improved feed efficiency but did not reduce protein
demand in the diet in juvenile O. chrysurus.
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