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ABSTRACT. The present study aimed to estimate digestible protein (DP) requirements for maintenance and
growth and assess the efficiency of protein utilization in pacu (Piaractus mesopotamicus) juveniles. A complete
randomized design consisted of seven treatments, and five replicates (tanks) per treatment was used. After a
one-week acclimation period, 350 pacu juveniles of 27.48 + 1.8 g (initial average body weight - BW) were
equally distributed among 35 tanks (10 fish per tank) of 450 L. Fish were fed with seven graded digestible
protein levels (64.5, 111.8, 164.6, 217.1, 264.4, 316.2 and 369.5 g kg'*) three times a day until apparent satiation
for 120 days. The monomolecular model parameters including nitrogen maintenance requirement (NMR) (37.76
mg BW%¥ kg1 d?), daily nitrogen deposition (ND) (194.8 mg BW®% kgt d?), and protein intakes (based on
metabolic BW) of 1638, 1902, and 2241 mg kg*BW®¥ d! for 75, 80 and 85% maximum theoretical nitrogen
retention (NRmaxT), respectively and the efficiency of protein utilization (529x10) were estimated through the
relationship between nitrogen intake (NI) and ND. The digestible protein requirements for 75, 80, and 85% of
NRmax T Were estimated as 187, 217, and 256 g kgt respectively by the monomolecular model based on the daily
feed intake of 2% of live BW of pacu juveniles.

Keywords: Piaractus mesopotamicus; feed intake; monomolecular model; maintenance requirement; nitrogen
deposition; pacu nutrition

INTRODUCTION

Several feed formulations based on the feeding habit of
fish have been developed, but still, there is a shortage
of information regarding species-specific feeds. Pacu
(Piaractus mesopotamicus) is one of the most farmed
species in several countries of South America and East
Asia (Food & Agriculture Organization 2020). Due to
the omnivorous and herbivorous feeding habits, this
species could efficiently utilize feeds with a wide range
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of nutritional compositions. The characteristics of
better meat quality and easy adaptation to different
types of rearing systems make it a suitable candidate for
intensive, semi-intensive, and extensive production
practices (Furlaneto et al. 2009, Silva et al. 2012, Rosa
et al. 2016, Leonardo et al. 2018, Barros et al. 2020).

Aquafeeds contain optimum essential nutrients
ratios required for normal muscle and body protein
growth (NRC 2011). Several studies have been
assessed the dietary protein requirements of fish, inclu-
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ding pacu (Fernandes et al. 2000, 2001, Carmo de S& &
Fracalossi 2002, Luo et al. 2004, Abimorad et al. 2007,
Alam et al. 2008, Sa et al. 2008, Kim & Lee 2009,
Bicudo et al. 2010, Signor et al. 2010, Zhang et al.
2010, Klein et al. 2014, Khan et al. 2020a,b). These
studies have usually evaluated protein requirements
through body weight gain, while little is known about
establishing optimal dietary protein by considering the
aspects of body nitrogen deposition and nitrogen
retention and maintenance requirement, and efficiency
of protein utilization (Liebert 2015). The latter
approach is relatively practical as it may produce data
that could be fitted later on to factorial models to
estimate dietary nutrients requirements for obtaining
any targeted performance (Silva et al. 2014, Fisher
2015, Sakomura & Rostagno 2016).

The monomolecular model considers three biolo-
gically important parameters, including maximum
theoretical nitrogen retention (NRmaxT), minimum
nitrogen retention or nitrogen maintenance requirement
(NMR) being genotype-specific (Samadi & Liebert
2006), and the efficiency of protein utilization which is
expressed as "b" (Samadi & Liebert 2006, 2008). This
model could be efficiently used to calculate protein
requirements for maximum body protein retention by
considering the daily protein intake needed for
maintenance and body protein deposition. According to
the monomolecular model, dietary factors do not affect
the estimation of NRmaxT and NMR (Samadi & Liebert
2006, 2008) and the efficiency of protein utilization
(Thong & Liebert 2004). Thus, using a factorial
approach in pacu nutrition could be a suitable option for
determining optimum dietary protein requirements due
to the genetic variability among its commercial lots
(Liebert et al. 2006, Samadi & Liebert 2006, Povh et al.
2009). In this context, the present study was conducted
to estimate the digestible protein (DP) requirements for
maintenance and growth by assessing protein utiliza-
tion efficiency in pacu juveniles.

MATERIALS AND METHODS

The present 120-day experiment was conducted at the
Agquaculture Center, S8o Paulo State University
(UNESP), Jaboticabal, SP, Brazil. The experiment was
done according to the Brazilian College of Animal
Experimentation (COBEA) ethical guidelines. The
materials and methods (protocol #009999/14) used in
the present trial were approved by the Ethics
Committee on Animal Use (CEUA) of the Faculty of
Agricultural and Veterinary Sciences (FCAV), Sdo
Paulo State University (UNESP), Jaboticabal, SP,
Brazil.

After the acclimation period of one week, 350
healthy juvenile fish were equally distributed among 35
polyethylene tanks of 450 L. The experiment was
performed in an open flow-through system, provided
with continuous aeration, supply, and water drainage
with a renewal rate of 1 L min™t. The freshwater water
for experimental tanks was obtained from a tube well
throughout the experiment. A completely randomized
design which consisted of seven treatments and five
replicates (as tanks) per treatment, was used. A total of
10 pacu juveniles of 27.48 + 1.8 g (initial average body
weight) were stocked per tank, maintaining the
stocking density of 22.2 fish m3. During the 120 day
feeding trial, fish were fed with experimental diets three
times a day at 08:00, 12:00, and 17:00 h until apparent
satiation. The photoperiod maintained during the
experiment was: 12 h light and 12 h darkness.

The water temperature (average, 28.70 + 0.86°C),
dissolved oxygen (average, 5.50 + 0.42 mg L), and pH
(average, 7.10 £ 0.22) were measured daily throughout
the experiment. The total ammonia (average, 118.36 +
19.56 pg L) was measured once a week using the
colorimetric method (Golterman et al. 1978). The water
quality data observed during this experiment were
found within the range established by Kubitza (2017)
and Khan et al. (2020a,b) for the successful farming of
aquatic animals, including pacu, in intensive rearing
systems.

Experimental diets

The experimental diets were formulated according to
the diet dilution technique. Two basal diets, including a
concentrated diet with 369.50 g kg™ DP (higher protein
concentration) and another protein-free diet (PFD),
were formulated (Table 1). The concentrated diet had
an excess of all essential amino acids - EAAs (1.5
times), but an ideal relationship among EAAs deter-
mined by Abimorad et al. (2010) was maintained. For
the preparation of two basal diets, the ingredients
required for each diet were weighed, mixed well in a
twin v-shell blender of 100 kg capacity, and ground in
a single centrifugal mill (Model MCS 280, Moinhos
Viera, Tatui, Brazil) equipped with a 0.03 mm sieve
screen.

The experimental diets containing seven graded
levels (64.5, 111.8, 164.6, 217.1, 264.4, 316.2, and
369.5 g kg) of DP were obtained by the successive
dilution of the concentrated diet with the PFD (Tables
1-2). The experimental diets were kept isocaloric
according to the recommendation of Abimorad et al.
(2007). Each experimental diet was extruded into 4 to
6 mm diameter pellets under identical extrusion
conditions through a single screw extruder (Ex Micro
Model, Exteec, Ribeirdo Preto, Brazil) with a 20 kg h*
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Table 1. Formulation of experimental diets and a protein-free diet (g kg?). *Digestibility according to Abimorad et al.
(2008), Gongalves & Cyrino (2014), Fabregat et al. (2008). 2Protein-free diet. *Protein-rich diet. “Moisture (%) 2.0, ash (%)
71.6442, choline (mg kg*) 30,000, magnesium (%) 0.0085, sulfur (%) 1.1589, iron (mg kg?) 25,714, copper (mg kg™?)
1.960, manganese (mg kg™) 13,345, zinc (mg kg*) 30,000, iodine (mg kg™) 939, selenium (mg kg™) 30, vitamin A (1U kg™?)
600,000, vitamin D3 (IU kg™) 600,000, vitamin E (mg kg™) 12.000, vitamin K3 (mg kg?) 631, thiamine B1 (mg kg*) 1176,
riboflavin B2 (mg kg?) 1536, pyridoxine B6 (mg kg!) 1274, vitamin B12 (mg kg™) 4000, niacin (mg kg?) 19,800,
pantothenic acid B3 (mg kg) 3920, folic acid (mg kg™) 192, biotin (mg kg™) 20, vitamin C (mg kg™) 40,250.

Digestible protein (DP)*

Ingredients 0.0 645 1118 1646 217.1 2644 3162 360.5°
Soybean meal - 425 881 1338 1794 2250 270.7 3165
Corn grain - 36.0 748 1135 1522 1909 229.6 2685
Fish meal - 20.1 418 634 850 106.6 1283 150.0
Corn gluten - 188 390 59.2 794 995 119.7 140.0
Wheat meal - 134 27.8 42.3 56.7 711 85.5 100.0
Starch 862.0 746.3 622.0 497.7 3734 2491 1248 -
Soybean oil 45.0 39.0 325 260 195 13.0 6.5 -
Cellulose 39.0 338 281 225 169 113 5.6 -
Dicalcium phosphate 215 186 155 124 9.3 6.2 3.1 -
Lysine - 1.8 3.8 5.7 7.7 96 115 13.5
Valine - 0.4 0.8 1.3 1.7 2.1 2.6 3.0
Sugar 13.0 11.3 9.4 7.5 5.6 3.8 1.9 -
Limestone 11.0 9.5 7.9 6.4 4.8 3.2 1.6 -
Mineral and vitamin supplement* 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Antifungal 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
BHT 05 05 0.5 0.5 0.5 0.5 0.5 0.5

Table 2. Dilution of the protein-rich diet with the protein-free diet to obtain seven experimental diets and nutritional
composition. 'Diets used for dilution. ?Protein-free diet. *Concentrated diet. *Digestibility according to Abimorad et al.
(2008), Gongalves & Cyrino (2014), and Fabregat et al. (2008). SEtheridge et al. (1998). Determined by bomb calorimetry
(AOAC 2016). “Acid hydrolysis (AOAC 2016). 8Acid hydrolysis and ion-exchange chromatography (High-Performance
Liquid Chromatography - HPLC).

Digestible protein (DP) Diets! 645 1118 1646 217.1 2644 3162 3695
Dilution (%) 0.0> 86.57 7215 57.73 43.32 2890 14.48 0.0
369.5° 13.43 2785 4227 56.68 71.10 85.52 100.0

Analyzed composition (dry matter basis)

Crude protein (g kg1)® - 71.9 1244 1833 2418 2945 3522 4115
Digestible protein (g kg%)* - 645 111.8 1646 2171 2644 3162 3695
Gross energy (KJ)® 1555 1541 1557 15.47 15.63 1549 15.66 15.72
Digestible energy (KJ)* 13.51 13.89 14.03 1393 1408 1395 1411 14.16

Crude ether extract (g kg)” 48.2 46.0 453 455 448 446 455 451
Essential amino acids digestible (dry matter basis) (g kg%)*®

Arginine - 3.0 6.2 9.4 12.6 16.0 18.5 22.3

Histidine - 1.2 2.5 3.7 5.1 6.5 7.6 9.1

Isoleucine - 2.0 4.1 6.2 8.5 10.7 127 15.0

Leucine - 4.8 9.6 14.3 194 245 291 344

Lysine - 3.6 7.3 11.1 149 186 215 257

Methionine - 0.9 1.9 2.8 3.9 4.8 5.7 6.9

Phenylalanine - 25 5.0 7.5 10.1 127 150 178

Threonine - 1.9 4.0 5.9 8.0 101 118 14.1

Valine - 2.8 5.6 8.5 11.6 14.6 16.8 19.9
average extrusion capacity. The temperature of the circulation at 55°C for 24 h. The dried pellets were
extruder was maintained above 90°C. After extrusion, removed from the oven, cooled at room temperature,

the feed pellets were dried in an oven with forced air and kept in a freezer at -20°C.
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Growth and feeding parameters

The growth and feeding parameters assessed during the
present experiment included: initial body weight (g)
(BW)); final body weight (g) (BWfe); feed intake (g)
(FI) = (total quantity of feed offered to fish); feed
conversion ratio (FCR) (g g %) = [(feed intake) / (live
weight gain)]; and specific growth rate (SGR% per day)
= [(In final weight — In initial weight) x 100/ (time (d)].

Estimation of nitrogen intake (NI), nitrogen deposi-
tion (ND), and nitrogen excretion (NEX)

A representative sample of 20 fish was collected at the
start of the experiment to analyze the initial whole body
composition. Again at the end of the trial, three fish per
replicate (15 fish per treatment) were sampled to
analyze the final whole body composition. Before each
sampling procedure, fish were subjected to a 48 h
fasting period and then anesthetized with benzocaine
(ethyl-p-aminobenzoate) solution (60 mg L) (Sigma-
Aldrich, Brazil). The sampled fish were immediately
frozen for the subsequent grinding process. After
grinding in a meat grinder, the samples obtained were
freeze-dried, lyophilized, and once again ground in a
ball-grinder for proper homogenization. Subsequently,
the dry matter, nitrogen (crude protein), lipid, and ash
contents were determined in the homogenized samples.

Crude protein was determined according to the
method described by Etheridge et al. (1998). The
Soxhlet apparatus method was used to determine lipid
content while ash content was determined in a muffle
at 550°C by the incineration (AOAC 2016). Dry matter
was obtained by putting the samples in an oven at
105°C for 12 h, according to Silva & Queiroz (2002)
method.

The following formulas calculated the performance
parameters according to Liebert (2015) and Sakomura
& Rostagno (2016):

Total protein intake (PI) per fish = protein quantity (%)
in the diet x feed intake per fish / 100;

Pl (mg fish™ d1) = [PI per fish / 120 x 1000];

Nitrogen intake (NI) (mg fish* d*) = [PI (mg fish1 d?)
/6.25];

BW%5" kg! = [((average of initial and final body
weight) / 1000)°¢7];

NI mg BW® kgt dt = [NI (mg fish™ d) / BW$" kg™];
Nitrogen deposition (ND) (mg fish* d') = [(((final
body (FB) weight (BWr)) x (%CP in FB)) - (initial
body (IB) weight (BW))) x (%CP in IB / 100))) / 6.25)
x 1000) / 120];

ND mg BW%®"kgt=[ND (mg fish™* dt) / BW®®" kgY];
and

Nitrogen excretion (NEX) = [NI (mg BW®%®" kg d?) -
ND (mg BW%%" kg™)]

Estimation of maximum theoretical nitrogen reten-
tion (NRmaxT), maximum theoretical nitrogen
deposition (NDmaxT), nitrogen maintenance require-
ment (NMR), and efficiency of protein utilization
"b".

The monomolecular equation (Eg. 1) described by
Liebert (2015) was used to determine the NRmaxT and
NMR:

ND = NRmaxT(1-6®) - NMR  (Eg. 1)

where ND is the daily N deposition (mg BW%¢7 kg™),
NRmaxT is the daily maximum theoretical N retention
(mg BW%5" kg1, b is the slope of N retention curve, NI
is the daily N intake (mg BW%¢" kg™), and NMR is the
daily N maintenance requirement (mg BW%¢ kg'%).

NMR was estimated through the relationship
between NEX on Y-axis and NI on X-axis according to
the following equation of Samadi & Liebert (2006);

NEX = NMReb>M (Eq. 2)

The NMR is a point of intersection on the Y -axis for
NI = 0. It is based on a nitrogen-free feeding state
simulation by the nonlinear approximation of the dose-
response curve between NI and NEX. The exponent
0.67 was used to calculate the metabolic body weight
according to Gebhardt (1980), and "e" is the Euler's
number. The NRmaT, b, and NMR parameters were
estimated using the modified Newton Gauss algorithm
through the NLIN (nonlinear regression) procedure in
SAS (2014).

The maximum daily protein deposition (mg BW®5’
kgl) was calculated based on NMR, NRmaT, and
PDmaxT (NDmaxT X 6.25).

The assumptions were made to predict daily feed
intake of 1, 2, and 3% of live BW, a common obser-
vation at fish farms. The daily maximum theoretical
nitrogen deposition (NDmaxT) was calculated at 75,
80, and 85% of NRmaxT, respectively. The NI, when
multiplied by BW%5 kg?, was changed to mg d*. The
concentration of dietary protein in percentage was
calculated as it is a more practical approach.

Statistical analysis

The performance data obtained during the present
experiment were evaluated through the one-way
analysis of variance, and when the F test showed any
statistical significance, the Duncan test (P < 0.05) was
used for the multiple comparisons among treatment
means. The statistical analysis was performed by using
the SAS program (2014).
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RESULTS

The growth performance and feeding parameters of
pacu (Piaractus mesopotamicus) juveniles fed with six
graded DP levels are shown (Table 3). Fish fed with
316.2 and 369.5 g kg* DP showed higher BW and FI.
The SGR was higher in groups of fish fed with 264.4,
316.2, and 369.5 g kg* DP. The FCR was significantly
(P < 0.05) decreased with the increase in DP level.

Pacu whole body composition fed with graded DP
levels is shown in Table 4. The dry matter, ash, crude
protein, and fat contents were significantly (P < 0.05)
influenced by DP. According to the obtained results,
dry matter, crude fat, and ash contents significantly (P
< 0.05) decreased while crude protein content
significantly (P < 0.05) increased with the increase in
dietary protein level.

The NI, metabolic BW (BW%¢" kg'), ND, NEX, and
NR data are shown in Table 5. Fish consumed diet with
369.5 g kg™t DP showed higher NI, metabolic BW, ND,
NEX, and NR. The NMR was estimated as 37.76 mg
BW?5 kgt d as shown (Fig. 1). The values estimated
for NRmaxT and NDmaT are shown (Fig. 2). The
NRmaxT and NDmaxT values tended to stabilize when
they reached close to the maximum potential for
nitrogen intake, exploring the behavior of maximum
daily nitrogen deposition and maximum daily nitrogen
retention (194.8 mg BW%¢" kgt d1) over the test dietary
protein range (Fig. 2).

The model used in the present study presented some
peculiarities; thus, before calculating the NDmaxT
threshold value, it is recommended to estimate the daily
NMR through the relationship between NI and NEX as
shown in Figure 1. NMR is not considered a true
maintenance requirement in the monomolecular model
but rather a part of the total nitrogen retention (NRmax T
= NDmaxT + NMR), indicating that ND > 0. Therefore,
in this case, the influence of dietary factors on NMR
cannot be completely excluded. The NMR data
obtained by the monomolecular model are not used to
derive maintenance requirements, but they provide a
fixed point on the NMR curve (breakpoint on Y-axis =
NMR). This process is iterative and facilitated when the
Gauss-Newton algorithm is used.

The protein intakes based on 1.54% live BW per day
(average value) observed in this experiment (Table 6)
were found close to the dietary protein requirements
calculated for pacu juveniles (Table 7), which may
indicate that the concentration of protein in the diet
could be decreased in response to the increased feeding
performance in fish. By fitting the obtained data to the
monomolecular equation, the protein concentration
(mg dY) required for 80% NRmaxT based on the feed
intake of 2% live BW was estimated as 356 mg d*, with

the optimum DP concentration of 217 g kg™ diet (Table
7). The monomolecular model was used in a linear way
(Eq. 3) to estimate NI, and when this output was
compared with the data presented in Table 6, it was
revealed that the model has correctly estimated the
nitrogen intake.

DISCUSSION

The body weight gain, feed intake, specific growth rate,
and feed conversion ratio were significantly improved
over the increased levels of DP. The diets with 264.4 to
369.5 g kg* DP resulted in similar growth and feeding
parameters of fish, but these results were found better
than those observed by Fernandes et al. (2001) in pacu
juveniles. Fernandes et al. (2001) evaluated three crude
protein levels (such as 180, 220, and 260 g kg™) with
the 4200 kcal kg* crude energy and did not observe any
significant difference in BWG among the treatments.
However, the results of this study were found close to
the findings of Fernandes et al. (2000) in pacu
fingerlings, where three levels of crude protein, 220,
260, and 300 g kg'!, were evaluated with 4200 kcal kg™
crude energy and better BWG was observed in groups
of fish fed with 260 and 300 g kg™ CP. Bicudo et al.
(2010) evaluated five levels of crude protein (220, 260,
300, 340, and 380 g kg™) and recommended 270 g kg
with an optimum crude protein to digestible energy
(CP:DE) of 5305.92 kcal kg*. According to Abimorad
& Carneiro (2007), being a species of tropical climate
with frugivorous and herbivorous feeding behavior,
pacu uses lipids and carbohydrates as effectively as
protein and recommended 250 g kg* DP, 40 g kg™ fat,
and 460 g kg carbohydrates for obtaining better
growth of juvenile pacu.

The whole body crude protein content (Table 3) of
pacu over the graded levels of DP showed the same
behavior as that of the growth and feeding parameters.
For optimum protein deposition, animals need a
sufficient amount of dietary protein and energy with a
favorable rearing environment to express their
maximum genetic potential to uptake the limiting
nutrient. Otherwise, the balance between synthesis and
degradation of protein in the animal body will be
disturbed, restricting the animals from expressing their
maximum genetic potential regarding protein
deposition (Ferguson 2006).

Higher body fat deposition was observed in fish fed
with lower DP levels. Emmans (1981) introduced the
concept of "desirable fat growth” to quantify the
relationship among body protein, fat, and controlled
feed intake. Kyriazakis & Emmans (1999) and
Ferguson & Theeruth (2002) observed that excess body
fat content could be reduced by avoiding inadequate
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Table 3. Performance variables of pacu (Piaractus mesopotamicus) fed with graded levels of digestible protein (DP). Mean
+ standard deviation, n = 5. Superscripts letters differentiate averages in the same column by Duncan's test (P < 0.05).

DP Average body Feed intake Feed conversion Specific growth
(g kg™ weight (9) (%) ratio (9 g rate (%)
Initial Final

64.5 27.39 £ 0.89* 42.7+2.7° 774 +£6.4° 5.26 £1.37¢ 0.37£0.07¢
111.8 27.73+£0.74 71.1+5.6¢ 109.8 + 9.6° 2.55 +0.22¢ 0.78 £ 0.08¢
164.6 27.56 £0.46 93.1+18.8° 113.3+18.1° 1.77 £0.22° 1.00 £ 0.05°¢
217.1 27.38+£0.52 106.9 + 12.5% 110.6 +11.2° 1.40 £ 0.12b°® 1.13+0.07°
264.4 27.19+£0.51 120.4 + 14.7° 119.8 + 18.5° 1.29+0.072 1.23+0.112
316.2 27.72+£0.48 1459+ 19.12 1445+ 21.62 1.22+0.072 1.24+0.102
369.5 27.41+£0.23 1457 £ 8.48 145.8 + 7.052 1.22+0.072 1.24 +0.042
P-value 0.829 <0.0001 <0.0001 <0.0001 <0.0001

Table 4. Body composition of pacu (Piaractus mesopotamicus) fed with graded levels of digestible protein (DP) for 120
days. *Mean = standard deviation, n = 5. Superscripts letters differentiate averages in the same column by Duncan's test (P

< 0.05).

Diet, DP Whole-body composition (g kg of dry matter)

(g kg?) Dry matter ~ Crude protein ~ Crude fat Ash
Initial 216.3 597.9 230.8 56.6

64.5 400.1+ 3¢ 3095+167 533.1+20° 58.3+3®

111.8 3726 +20° 3444 +8° 519.9+26% 625+2°
164.6 3452 + 8° 399.4 + 59 4509+12> 57.2+3P
217.1 3109+129  463.4+7° 3741+ 9° 57.6+2°
264.4 297.3+15% 509.2+18° 3321219 5393
316.2 2855+ 14°  530.7+12° 3185%20¢ 535+4°
369.5 298.6 + 5% 530.7 + 82 22.1+9¢ 55.6 + 3P
P-value <0.0001 <0.0001 <0.0001 <0.0044

Table 5. Nitrogen intake, nitrogen deposition, and nitrogen retention data for pacu (Piaractus mesopotamicus) fed with
graded levels of digestible protein (DP) for 120 days. *Mean * standard deviation, n = 5. Superscripts letters differentiate
averages in the same column by Duncan's test (P < 0.05) NI: Nitrogen intake. ND: Nitrogen deposition. NEX: Total nitrogen
excretion. NR: Nitrogen retention.

Diet, DP NI g BWOST kg g1 NI ND NEX NR
(g kg (mg d?) g g mg BW®5 kgt d?! mgBW® kg'd?! mgBW*% kg?d! mgBW°® kg?d?
64.5 6.66 £0.59 0.11 +0.002¢ 62.89 + 4.69 22.99 +1.89 39.91+£5.9f 60.69 + 1.89
111.8 16.37 +£1.37  0.13 +0.004¢ 12271 +7.3f 55.37 £ 6.9 67.35 +4.5° 93.07 £ 6.9
164.6 24.88 £3.5¢ 0.15+0.014° 162.94 £ 8.1° 79.29 £11.7° 83.64 £ 7.4¢ 116.99 + 11.7¢
217.1 32.04£2.9¢ 0.16 + 0.009b° 195.55 +9.7¢ 93.90+10.6¢  101.65+8.8¢ 31.60 £ 10.6¢
264.4 42.25+5.9¢ 0.17 £0.010° 241.43 +21.3° 108.58 + 9.8¢ 132.85 + 13.8° 146.28 + 9.8¢
316.2 60.92+8.2> 0.19+0.0132 312.35+22.5° 121.81+3.5° 190.55 + 20.5° 159.51 +3.5°
369.5 76.78 £3.1* 0.20 = 0.006? 381.09 + 13.12 135.19 + 4.0? 245.89 + 15.62 172.89 + 4.0°
P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

diets. When the animals are fed with a balanced diet
controlled under favorable conditions, the relationship
between feed intake, body protein, and fat deposition
remains constant. Bicudo et al. (2010) stated that
increasing energy content in the diet of pacu juveniles
had no protein-sparing effect and contributed to an
increased body fat content.

The daily NMR was calculated as 37.76 mg BW®57
kg? for pacu juveniles with 27 to 145 g live body
weights. Like other animals, fish need some nitrogen
(for maintenance purposes) to recover the continuous
endogenous nitrogen losses (Liebert et al. 2006). The
nitrogen excretion pathway was modeled by the
exponential function, which showed that NMR in pacu
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Figure 1. The nitrogen maintenance requirement (NMR) is estimated through the relationship between nitrogen excretion
(NEX) at the Y-axisand NI at the X-axis in pacu (Piaractus mesopotamicus) juveniles, adjusted by the exponential function.
The model's intercept was considered a nitrogen maintenance requirement (NMR = 38 mg BW®57 kg1d1).
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Figure 2. Estimation of the daily maximum theoretical nitrogen retention (NRmaxT) in pacu juveniles fed with graded levels
of digestible protein (64.5, 111.8, 164.6, 217.1, 264.4, 316.2, and 369.5 g kg™*) through the monomolecular model of Liebert

(2015).

is the NEX (YY-axis) intercept, so it provides a practical
way of determining the NMR regardless of fish age or
size. The minimum N retention (protein synthesis) in
response to protein intake occurs in a nitrogen balance
state. After fulfilling the requirements for maintenance
(minimum N retention), animals try to deposit a
sufficient amount of protein in their body over the fixed
energy utilization in normal conditions (Reeds &
Lobley 1980). This model was developed by Gebhardt
(1966, 1980) and has already been used in several
animal species such as poultry and pig (Thong &
Liebert 2004, Samadi & Liebert 2008) as well as fish
(Stnder & Liebert 2005, Liebert et al. 2006).

The NMR determined in this study for juvenile pacu
(37.76 mg BW%5 kg1) was validated by replacing it
with the NMR established for Nile tilapia
(Oreochromis niloticus) (NMR = 70 mg N BW%% kg
d). As a result, the estimated values of optimal protein
intakes increased from 12 to 19%, suggesting that NMR
must be determined accurately in a given species;
otherwise, the results will be adversely affected. Ogino
& Chen (1973) determined the NMR of 152 mg N
BW%®" kgt d? in common carp (Cyprinus carpio).
Kaushik et al. (1981) concluded the NMR of 256 mg
BW%" kg! d?! in rainbow trout (Oncorhynchus
mykiss). Gatlin 111 et al. (1986) observed the NMR of
208 mg BW%% kgt dt in catfish (Ictalurus punctatus).
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Table 6. The observed feed intake (FI) and nitrogen intake (NI) and estimated nitrogen intake (NI) in response to nitrogen
deposition (ND) in pacu (Piaractus mesopotamicus) fed with graded levels of digestible protein (DP) for 120 days.

'Equation 3. 2Mean =+ standard deviation, n = 5.

Diet, DP  Feed intake NI BW®% kg? NI BW¢ kg'!
(gkg?) % of BW observed monomolecular?
64.5 1.84+0.14> 62.89+4.6 64.74£2.5
111.8 1.85+0.10 12271+7.3 11553+ 122
164.6 157+0.04 16294+8.1 165.64 £9.1
217.1 1.37+£0.06 19555+9.7 202.75+8.2
264.4 1.35+0.09 24143+21.3 250.12+14.2
316.2 1.38+0.07 31235+225 302.30+16.8
369.5 142+0.06 381.09+13.1 38236%12.9

Table 7. Estimated protein requirements for pacu (Piaractus mesopotamicus) juveniles based on different daily feed intakes
and protein deposition rates. *Considered to model protein requirements at different growth rates (75, 80, and 85%) for the
asymptotic response of NRmax T and NDmaxT. 2Predicted feed intake of 1% BW. ®Predicted feed intake of 2% BW. “Predicted
feed intake of 3% BW. NRmaT: maximum theoretical nitrogen retention. NDmaT: maximum theoretical nitrogen

deposition. BW: body weight.

Monomolecular model

Level of performance (% NDmaxT)*

75 80 85

Level of performance mg BW%¢7 kg

146 156 165

Daily protein deposition (mg d!) [BW = 82 g] 171 182 193

Dietary protein efficiency (b)

0.005 0.005  0.005

Protein requirements estimated as inputs for the monomolecular model

mg BW?¢7 kgt ot
mg d! [BW =82 g]

1638 1902 2241
307 356 420

Optimal protein concentrations (g kg™) estimated for maximum growth

g kg of feed?
g kg of feed®
g kg of feed*

374 434 512
187 217 256
125 145 171

Wilson (1989) proposed an NMR of 160 mg BW?¢’
kg! d®. Zhu et al. (2009) determined the NMR in
juvenile black porgy (Acanthopagrus schlegeli) at
different body sizes, such as the NMR in 50 g fish as
172 mg, in fish of 80 g as 152 mg, in fish of 120 g as
136 mg, in fish of 160 g as 126.4 mg and in fish of 200
g as 120 mg BW®®" kg™ d*. Sadasivam & Teles (1985)
in rainbow trout estimated the NMR as 94.4 mg BW?%¢’
kgl d?, Carter & Brafield (1992) estimated as 99.2 to
139.2 mg BWO%® kg?! d! in grass carp (Cteno-
pharyngodon idella), and Xian & Zhu (2002) in bastard
halibut (Paralichthys olivaceus) estimated as 59.2 mg
BW?5" kgt d. Liebert et al. (2006) estimated the NMR
in Nile tilapia of different genotypes as 70 mg BW?¢’
kg! d. The wide differences in the NMR among
different fish species may be due to differences in
species, feeding habits, size, or rearing environments.

The NRmaxT and NDmaxT obtained by the mono-
molecular model are shown (Fig. 2), and the results are
summarized in Table 4. In this study, the NRmaT and
NDmaxT values tended to stabilize when they reached
close to the maximum potential for nitrogen intake,

indicating the response of maximum daily nitrogen
deposition and maximum daily nitrogen retention
(194.8 mg BW°5” kgt d%) over the protein intakes (Fig.
2). NRmaxT is usually characterized by defining the
physiological limit of a productive species. Thus, the
monomolecular model (Liebert 2015) presents a level
with an infinite threshold (Samadi & Liebert 2008),
which shows that there will always be a limitation
(either biological or physical) in the rearing environ-
ment.

In the present study, the initial growth phase of pacu
was selected to evaluate its nitrogen retention capacity,
as fish, including pacu in this phase, are usually more
effective in utilizing the dietary nutrients (Moraes &
Bidinotto 2008). Carter & Houlihan (2001) observed
that protease activity in small fish's digestive system
was higher than in old ones. The lower protein
catabolism and higher protein synthesis in the muscle
tissue of juvenile fish is another important influencing
factor in protein requirement studies (Nemova et al.
2016).
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Animals generally could not achieve their maxi-
mum theoretical nitrogen retention due to several
factors such as genetics, nutrition, health, and the
rearing environment. The present nitrogen metabolism
data (NMR, NDmaxT, and NRmaxT) are important tools
for future model application studies, particularly on
amino acid requirements investigations that depend on
protein deposition.

The protein requirements determined in the present
study are presented in Table 6. For the viable
performance of fish, protein intakes were estimated at
75, 80, and 85% of NRmaxT, respectively, based on a
daily feed intake of 2% of live body weight. The feed
intake observed in this study was used to calculate
optimum protein intake (in mg) per day. The dietary
protein requirements decreased with the increase in
feed intake and growth of fish. The protein require-
ments (based on metabolic BW) were estimated as
1638, 1902, and 2241 mg BW%¢" kg by the monomo-
lecular model for pacu juveniles (Table 7). These data
are important for the development of a balanced diet for
the species under study.

Protein concentration in animal feed is influenced
by several factors, including feed intake and rearing
systems. So, it is very important from a commercial
point of view to determine the protein requirements of
animals in intensive, semi-intensive, and extensive
rearing systems. The available data on optimal dietary
protein intakes in pacu show great variation (180 to 360
g kg of crude protein) (Fernandes et al. 2000, 2001,
Abimorad & Carneiro 2007, Bicudo et al. 2010). In all
previous studies, the conclusions were mostly based on
weight gain, while the concept of controlled feed intake
has been neglected. Although the present study was
conducted in laboratory-based intensive rearing condi-
tions, the investigation of protein requirements in semi-
intensive and extensive conditions would be worthy.
This study describes a direct approach to determine the
maximum nitrogen (protein) deposition potential and
uses these data to estimate protein requirements based
on daily feed intake and body nitrogen (protein)
deposition.

CONCLUSIONS

The prediction of feed intake per day based on the live
body weight of an animal and daily protein deposition
is a significant influencing factor in estimating optimal
protein concentrations to be supplemented in practical
diets. In the present study, the parameters of the
monomolecular model, i.e. nitrogen maintenance
requirement (37 mg BW®®" kg™ d1), maximum theo-
retical nitrogen deposition (194.8 mg BW%®" kg? d?),
protein intakes based on metabolic body weight (1.638,

1.902 and 2.241 mg BW%¢" kg d™ at 75, 80 and 85%
of NRmaxT, respectively) and the efficiency of protein
utilization "b" (529x10°) were estimated through the
relationship between nitrogen (protein) intake and
nitrogen (protein) deposition. The digestible protein
requirements were estimated as 187, 217, and 256 g kg™
for obtaining NRmaxT of 75, 80, and 85%, respectively,
based on the daily feed intake of 2% live body weight
of pacu juveniles.
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