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ABSTRACT - The current study aimed to identify the variables that best explain
performance using Principal Component Analysis (PCA), in addition to detecting
gastrointestinal proteins, amylase, and lipase in juvenile tambaqui (Colossoma
macropomum) fed diets with lysine. The diets contained 6.60, 9.72, 12.84, 15.96, 19.08,
and 22.20 g.kg™! of total lysine and were supplied to the fish (n = 180; 10 fish per tank)
for 90 days. The data that were inserted into the productive performance equations
were collected during the experimental period to perform the PCA. At the end of
the 90 days, the fish were anesthetized, and gastrointestinal tissues were collected
for analysis of protein concentration and enzymology. As a result, PCA showed that
PC1 and PC2 (components 1 and 2) explain 80.40% of the performance. In PC1, the
highlighted variables were feed and protein efficiencies and final weight, contributing
19.59, 17.31, and 17.12%, respectively. In PC2, the variables that contributed most
were dietary intake (14.06%) and weight gain (13.42%). The previously mentioned
variables showed high projections in the regression analysis (P<0.001). Gastrointestinal
proteins varied; however, it was not possible to detect through post-hoc tests which
diets influenced them (P>0.05). Enzyme activities did not vary (P>0.05). Feed efficiency
is the variable with the most significant contribution to PC1, and diets containing up to
22.20 gkg™ of lysine do not influence gastrointestinal proteins nor amylase and lipase
enzymes in juvenile tambaqui.
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1. Introduction

According to “The State of World Fisheries and Aquaculture” by the Food and Agriculture Organization
of the United Nations, 94 million tons of aquatic animals were produced worldwide in 2022 (FAO,
2024). In 2023, fish production in Brazil totaled 887,029 tons, of which 263,479 tons corresponded to
the contribution of native fish species (Peixe BR, 2024). The data presented by the Associa¢do Brasileira
da Piscicultura (Peixe BR) for the year 2023 show that there was a 3.1% increase in national fish
production compared with the previous year and expose the need to make the most of the productive
potential of native fish (Peixe BR, 2024).

In fish production, nutrition accounts for around 70% of investments, and its correct practice requires
balanced diets with nutrients of high biological value that meet the requirements in the energy and
protein fraction (proteins and amino acids) (Nelson and Cox, 2018). Lysine is an amino acid classified
as essential for the physiological activities of fish, such as protein synthesis and deposition of muscle
fibers (Huang et al., 2022). Dietary proteins are the main sources of amino acids for production animals
(Wilson, 2002). These macronutrients are cleaved by digestive enzymes, and their presence and
activity interfere with organic availability, absorption, and assimilation by fish (Fabrikov et al., 2020).

Some studies establish the requirement of lysine to optimize tambaqui performance (Silva et al., 2018;
Marchao et al., 2020; Liebl et al., 2022; Martins et al., 2024). For a more accurate conclusion, these
studies present different evaluation metrics, such as weight gain, feed conversion, and feed efficiency.
However, it is important to understand which variable best summarizes tambaqui performance in
relation to lysine. In this sense, Principal Component Analysis (PCA) is a tool that identifies a reduced
set of variables projected by the original ones with minimal loss of information. It can elucidate which
evaluated variables contribute most to productive performance (Kherif and Latypova, 2020).

Information on productive performance is closely related to the physiology of fish nutrition, including
enzyme analyses (Almeida et al., 2006; Liebl et al, 2021). Thus, the study of digestive enzymes
makes it possible to understand the adaptations of fish species to diets and to promote strategies to
prevent proteins and amino acids from being diverted to meet energy demands (Konnert et al., 2022).
For the energy fraction of the diet, the enzymes amylase and lipase act by hydrolyzing, respectively,
carbohydrates and lipids, and are generally present in omnivorous fish (Moraes and Almeida, 2020).

Diets formulated considering the omnivorous eating habit and the growth phase, not considering
the species’ specificities, are still used for native Amazonian fish such as the tambaqui (Colossoma
macropomum Cuvier, 1818). Tambaqui is highly qualified for fish farming and is traditionally
appreciated by the market, mainly in the North of Brazil (Buzollo et al, 2019; Lima et al., 2020).
Furthermore, it tends to present reasonable animal performance rates when under correct
production (Aride et al,, 2016, 2020; Nascimento et al., 2020; Bussons et al., 2021; Polese et al., 2022;
Silva Junior et al,, 2022). The objective of the current study was to identify, through PCA, the most
significant performance variables and analyze the concentration of gastrointestinal proteins and the
activity of amylase and lipase enzymes in juvenile tambaqui fed diets with lysine levels.

2. Material and methods

2.1. Experimental conditions

2.1.1. Animal ethics

The experiment followed the regulations in force at the National Council for the Control of Animal
Experimentation, with approval from the ethics committee on the use of animals (protocol number
005/2016) of the Universidade Federal do Amazonas (UFAM).
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2.1.2. Fish acclimation and water quality

One hundred and eighty juvenile tambaqui (initial average biometry: 33.54+1.9 g and 11.72+0.36 cm)
were randomly distributed and acclimatized in round polyethylene tanks (310 L; n = 10 per tank). The
fish were kept under constant oxygenation in the Laboratdrio de Producdo de Organismos Aquaticos
at the Universidade Nilton Lins, Manaus, AM, Brazil.

Water quality was maintained using a biological filter and daily siphoning of the tanks (replacement
water: 20%). The water temperature, dissolved oxygen content, and pH (26.25+0.06 °C, 4.95+0.32 mg.L %,
and 5.74+0.07, respectively), were measured using a multiparameter device (Horiba® G-50, Kyoto,
Japan). The nitrite content was measured using colorimetric kits (Alfakit®, Florianépolis, Brazil) and
was maintained between 0.00 and 1.0 mg.L'. All parameters were monitored to ensure water

quality remained within recommendations for welfare and tambaqui production (Mattos et al., 2021;
Reboucas et al.,, 2014).

2.1.3. Experimental diets

For 90 days, the fish were fed diets (27% crude protein) formulated with L-lysine (Ajinomoto®, Chuo,
Japan) levels of 0.00, 4.00, 8.00, 12.00, 16.00, and 20.00 g.kg™!, which correspond to 6.60, 9.72, 12.84,
15.96,19.08, and 22.20 g.kg™ of total lysine. The ingredients of each diet (Table 1) were extruded at the

Table 1 - Calculated and analyzed composition (as fed basis) of the experimental diets with increasing lysine levels
for juvenile tambaqui (C. macropomum)

Dietary lysine (g.kg™)

Item
6.60 9.72 12.84 15.96 19.08 22.20

Ingredient! (gkg™)
Corn 356.20 360.20 364.20 368.20 372.20 376.20
Corn gluten 60 230.00 230.00 230.00 230.00 230.00 230.00
Rice flour 120.00 120.00 120.00 120.00 120.00 120.00
Wheat bran 120.00 120.00 120.00 120.00 120.00 120.00
Fish meal 60.00 60.00 60.00 60.00 60.00 60.00
Dicalcium phosphate 20.00 20.00 20.00 20.00 20.00 20.00
Soy oil 10.00 10.00 10.00 10.00 10.00 10.00
Ashes and vitamin supplement? 7.00 7.00 7.00 7.00 7.00 7.00
Calcitic limestone 5.00 5.00 5.00 5.00 5.00 5.00
Sodium bicarbonate 2.00 2.00 2.00 2.00 2.00 2.00
Antifungal 2.00 2.00 2.00 2.00 2.00 2.00
Butyl hydroxy toluene (BHT) 0.20 0.20 0.20 0.20 0.20 0.20
Mix of crystalline amino acids* 17.60 17.60 17.60 17.60 17.60 17.60
L-glutamic acid 50.00 42.00 34.00 26.00 18.00 10.00
L-lysine 0.00 4.00 8.00 12.00 16.00 20.00

Calculated and analyzed composition
Crude protein? (%) 26.62 27.16 26.40 26.97 26.83 27.67
Total lipids* (%) 4.00 4.00 4.00 4.00 4.00 4.00
Gross energy (kcal.kg™) 3601.0 3613.6 3626.2 3638.8 3651.4 3664.0
Moisture? (%) 5.51 4.76 4.28 5.69 6.28 5.52
Total minerals? (%) 5.08 4.99 5.04 5.13 5.14 4.91
Calcium® (%) 1.10 1.10 1.10 1.10 1.10 1.10
Available phosphorus! (%) 0.70 0.70 0.70 0.70 0.70 0.70

! Composition calculated according to Furuya et al. (2006) and Rostagno et al. (2011).

2 Composition analyzed (AOAC, 2005).

3 Composition per kg of product: selenium, 75.00 mg; copper, 2,000.00 mg; choline chloride, 125.00 g; manganese, 3750.00 mg; zinc, 20.00 g;
iron, 15.00; iodine, 125.00 mg; niacin, 7,800.00 mg; folic acid, 750.00 mg; pantothenic acid, 3,750.00 mg; biotin, 125.00 mg; vitamin C, 53.00 g;
iodine, 125.00 g; vitamin A, 2,000.000.00 IU; vitamin D3, 500,000.00 IU; vitamin E, 15,000.00 IU; vitamin K3, 1,000.00 mg; vitamin B1, 2,500.00 mg;
vitamin B2, 2,500.00 mg; vitamin B6, 2,000.00 mg; vitamin B12, 5,000.00 mg.

4 DL-methionine, 2.50 g; L-arginine, 2.50 g; L-histidine, 2.50 g; L-isoleucine, 2.50 g; L-phenylalanine, 2.50 g; L-threonine, 2.50 g; L-tryptophan,
1.60 g; L-valine, 1.00 g.
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Laboratério de Aquicultura of the Instituto Nacional de Pesquisas da Amazdénia (INPA) using a 2.5-mm
single screw. Initially, they were ground in a knife mill (Tecnal®, Piracicaba, Brazil; 0.5 mm) and added
to crystalline amino acids. The mixture was homogenized and moistened with 20% water and dried
in a forced-ventilation oven (55 °C; 24 h). Subsequently, the prepared diet was offered to the fish until
apparent satiety, at a frequency of four times a day (08:00, 11:00, 14:00, and 17:00 h).

2.2. Data collection and analysis

2.2.1. Productive performance

During the entire experimental period, the diets were weighed before being offered. Subsequently,
the unconsumed fraction was removed, dried in an oven, and weighed on a digital scale (accuracy of
0.001 g; Gehaka®, Sdo Paulo, Brazil). The fish were biometrically measured for weight (g) using a digital
scale (accuracy of 0.001 g; Gehaka®, Sao Paulo, Brazil) (Figure 1).

Feeding Weighing
Diet weighing lysine diets the fish

% PCA of fish

o
performance

= | [P | =

.
o0
0

L
& ==

Diet waste Drying of Weighing of
diet waste diet waste

Figure 1 - Infographic of data collection and processing in Principal Component Analysis (PCA) of the productive
performance of juvenile tambaqui (C. macropomum) fed diets with increasing lysine levels.

The performance data used in PCA (Table 2) were calculated according to Liebl et al. (2022) with the
following equations:

Final weight (FW; g) = average final weight of the fish x number of fish™%;

Body weight gain (BWG; %) = 100 x {[final weight (g) - initial weight (g)] x initial weight (g)™'};
Feed conversion (FCR; kg.kg™!) = dry feed fed (kg) x body weight gain (kg)™;

Lysine intake (LI; %) = {[dry lysine intake (g) x final fish weight (g)™'] days fed™} x 100;

Lysine efficiency (LE; %) = [body weight gain (g) x lysine intake (g)™'] x 100;

Protein efficiency (PE; %) = [body weight gain (g) x protein intake (g)™!] x 100;

Feed efficiency (FE; %) = [body weight gain (g) x dry feed intake (g)™*] x 100;

Feed intake (FI; %) = {[dry feed intake (g) x final fish weight (g)!] days fed '} x 100.

R. Bras. Zootec., 54:€20240125, 2025
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Table 2 - Average performance values and nutritional rates of juvenile tambaqui (C. macropomum) fed diets with
increasing lysine levels

Dietary lysine (g.kg™!)

Growth performance

6.60 9.72 12.84 15.96 19.08 22.20
Initial weight (g) 31.00£2.57 32.2+2.33 32.96+2.29 33.90£2.40 34.43+0.89 38.80+2.89
Final weight (g) 58.09+3.14 68.02+6.42 67.84+2.98 80.69+4.68 70.79+5.93 79.86+7.43
Body weight gain (%) 87.39+11.13  111.24+10.48 105.79£7.45 138.01£31.96 105.59+22.10 105.84+27.22
Lysine intake (g.fish™) 0.12+0.00 0.16+0.01 0.21+0.00 0.22x0.01 0.30+0.02 0.31+0.02
Feed intake (g.fish™) 1.09+0.00 1.02+0.10 0.99+0.04 0.93+0.03 0.98+0.04 0.98+0.00
FCR (kg.kg™) 2.12+0.12 1.76+0.14 1.74+0.10 1.45+0.11 1.73+£0.81 1.74+0.20
LE (%) 7.15+0.43 5.88+0.46 4.49+0.23 4.31+0.35 3.02+0.43 2.60+0.32
PE (%) 1.77+£0.12 2.12+0.28 2.18+0.12 2.520.16 2.15+0.17 2.01+0.25
FE (%) 47.15+2.85 57.03+3.48 57.11+4.48 68.75+5.59 57.03+6.92 57.59+8.22

FCR - feed conversion ratio; PE - protein efficiency; FE - feed efficiency; LE - lysine retention efficiency.

2.2.2. Gastrointestinal proteins and digestive enzymes

Tissues of the gastrointestinal system (stomach, pyloric cecum, and intestine) were extracted for
protein quantification (g.dL) and verification of amylase (U.mg™) and lipase (U.mg!) enzyme activity
(Figure 2).

The extraction was performed on randomly selected, anesthetized fish kept on feed restriction for
24 h (benzocaine 100 mg.L™!). The fish were euthanized with a high-dose anesthetic (benzocaine
250 mg.L™), followed by medullary section (Leary et al., 2020). They were sectioned on the surface at
-4 °C, with an incision in the dorsoventral region to remove the gastrointestinal tissues. The extracted
intestine was sectioned into three equal portions (anterior, middle, and posterior). The collected samples
were placed in liquid nitrogen and kept at =20 °C until analysis (Figure 2).

Collection
gastrointestinal tissues

Homogenizer Centrifugation

l &-ZO'C

Storage in
the freezer

%
: —
Microplate Reagents on Homogenized
Spectrophotometer microplates sample

Figure 2 - Infographic of the collection and processing of samples used to analyze the concentration of
gastrointestinal proteins and the enzymes amylase and lipase in juvenile tambaqui (C. macropomum)
fed diets with increasing lysine levels.
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The samples (n = 54 per tissue; nine replicas per diet) were homogenized (Potter-Elvehjem) with 1 mL
of ultrapure water in a glass tube submerged in ice. The homogenate was centrifuged (Nova®, NI 1800,
Piracicaba, Brazil) at 10,000 rpm for 10 min, and the supernatant was placed in microtubes (200 pL).

Protein quantification in tissues was performed using the Bradford method (1976) with a commercial
colorimetric kit (Bio-Rad®, Hercules, USA). The analysis took place in 96-well microplates with an
absorbance reading of 595 nm, following the manufacturer’s recommendations.

2.2.3. Lipase digestive enzyme activity

Lipase activity was determined (Albro et al., 1985) using 20 pL of extracted supernatants reacting
with substrate (50 pL) 4-nitrophenyl myristate (10 mM) in Tris-HCl (200 mM), taurodeoxycholate
(2 mM), Triton X-100 (0.4%), and gum arabic (0.1%). After 60 min, the reaction was stopped with
calcium (CaCl,; 10 mM), sodium (NaCl; 10 mM), and Tris-HCI chlorides at pH 8.0 (130 pL). Reading
was performed at an absorbance of 405 nm. Data were calculated using information on tissue protein
concentration and expressed as the amount of hydrolyzed substrate in 1 umol.mg™! of protein.minute!
(U.mg! of protein).

2.2.4. Activity of the digestive enzyme amylase

In determining amylase activity, the method used was adapted from Bernfeld (1955) for a chemical
reaction of 130 pL of buffer solution with 100 mM sodium acetate (pH 7.6), 20 mM CaCl,, 10 mM Na(l,
and 5% starch, with 20 pL of sample supernatant and 50 pL of Lugol (1% iodine and 2% potassium
iodide). Amylase absorbance was read after incubation for 60 min at 20 °C in a spectrophotometer at
554 nm and was expressed as a function of protein concentrations and maltose calibration curve as
umol of maltose.mg! protein.minute™ (U.mg! of protein).

2.2.5. Statistical analysis

The experiment with experimental diets was organized in a completely randomized design, containing
six treatments and three replications. Before the other analyses, the normality (Shapiro-Wilk test) and
homogeneity (Bartlett test) of data were checked. The results of the quantification of gastrointestinal
proteins and digestive enzyme activity were subjected, respectively, to the Analysis of Variance
(ANOVA) and the Kruskal-Wallis test (P<0.05). When variation in means was found, Tukey and
Bonferroni post hoc tests were used (P<0.5).

The performance indices were summarized in a PCA and constituted the dependent variables in the
multiple regression analyses. The independent variables were adjusted to the model for the first
three principal components (PC). This method was used to extract the values that explained most of
the data variation, helping to reduce the multicollinearity of the data that can affect the analysis of
conventional regressions. Thus, the following multiple regression model was used:

Y =0+ B1X1 + B2X2 + B3X3 + ¢
to
Y =a0 + alPC1 + a2PC2 + --- + akPCk + ¢,

in which Y = dependent or response variable (animal performance); PC1, PC2, and PC3 = independent
variables (principal component values), being the linear combination of the original variables; a0 =
intercept of the model, which are the regression coefficients related to the principal components;
al and a2 = regression coefficient explaining how much each principal component contributes to
the prediction of Y; and € = residual, explaining the variation in Y that cannot be explained by the
independent variables.

All statistical analyses were performed using the statistical software R® (r-project, Auckland, New
Zealand), version 4.4.1.

R. Bras. Zootec., 54:¢20240125, 2025
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3. Results

3.1. Principal Component Analysis of performance

The PCA showed that the sum of the first two components (PC1 and PC2; Dimensions 1 and 2)
explains between 80.31 (Table 3) and 80.40% (scree plot; Figure 3). The sum of the other components
(Dimensions 3 to 8) explains the remaining percentage (Figure 3, Table 3).

The prominent variables in all components are observed in regions far from the center of the graph
(Figure 4), with each component being the linear combination of the original variables. In component 1,
the variables that stood out the most were final weight, protein efficiency, and feed efficiency, while in
component 2, they were lysine intake, lysine efficiency, and weight gain (Table 4).

Table 3 - The percentage of the contribution of each component is formed by the set of performance variables of
juvenile tambaqui (C. macropomum) in the Principal Component Analysis

Variable (%)

Components
Eigenvalue Variance percent Cumulative variance percent
1 4.40 55.06 55.06
2 2.02 25.25 80.31
3 0.75 9.41 89.73
4 0.58 7.335 97.06
5 0.15 1.959 99.02
6 0.05 0.625 99.65
7 0.02 0.28 99.93
8 0.00 0.061 100.00
Scree plot
55.1%

401

201

Percentage of explained variances

0.6%  0.3%

0.1%
1 2 3 4 5 6 7 8
Dimensions
(Components)

Figure 3 - Scree plot (eigenvalues) with the percentage of variance explained for each component formed by
the performance variables of juvenile tambaqui (C. macropomum) within the Principal Component
Analysis.
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Figure 4 - Mode of each performance variable of juvenile tambaqui (C. macropomum) within dimensions 1 and 2
of the Principal Component Analysis (PCA).

Table 4 - Contribution percentage of each variable to the performance of juvenile tambaqui (C. macropomum)
within the dimensions of the Principal Component Analysis

Component
Variable (%)
1 2 3 4 5

Final weight 17.12 0.00 17.13 4.62 56.29
Body weight gain 13.42 12.25 0.85 22.05 10.83
Feed conversion 6.50 5.02 73.30 8.48 6.37
Lysine intake 5.30 35.77 1.18 0.11 14.93
Feed intake 14.06 0.26 0.90 61.51 1.36
Lysine efficiency 6.66 31.61 5.68 1.37 1.22
Protein efficiency 17.31 9.21 0.92 1.30 3.04
Feed efficiency 19.59 5.83 0.00 0.51 5.92

The PCA graph of individuals (Figure 5) presented a few individuals with low observations (highlighted
in shades of blue, closer to the center or origin of the graph) and intermediate observations (highlighted
in shades of yellow). High-quality individuals are in greater quantity (highlighted in red) and located
further from the center of the graph.

The regression analysis for each performance variable of tambaqui juveniles was carried out based on
the first three PC (PC1, PC2, and PC3). Principal component 1 showed high projections (eigenvectors
or loads) for the variables final weight, weight gain, protein efficiency, and feed efficiency (P<0.001). In
PC2, the projections were for lysine intake and efficiency (P<0.001). In PC3, the final weight variable
(estimate: —4.00; t value: -3.94) showed an inversely significant relationship with feed conversion
(estimate: —=0.41; t value: =11.36) and other variables (P<0.001).

R. Bras. Zootec., 54:€20240125, 2025
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Figure 5 - Distribution of individual values (observations) of the components formed by the performance
variables of juvenile tambaqui (C. macropomum) within dimensions 1 and 2 of the Principal Component
Analysis (PCA).

3.2. Protein quantification

Protein concentrations in the stomach, pyloric cecum, and anterior and posterior portions of the
intestine did not vary when lysine was added to the diet (P<0.01; Table 5). Different lysine levels in the
diet influenced the middle portion of the intestine (P<0.01). However, according to Tukey (P>0.05) and
Bonferroni (P>0.5) post hoc tests, it was not possible to identify at which level the influence occurred.

Table 5 - Protein concentration in the tissues of the stomach, pyloric caeca, proximal intestine, middle intestine,
and distal intestine of juvenile tambaqui (C. macropomum) fed diets with increasing lysine levels

Dietary lysine (g.kg™)

Protein (g.dL™) P-value
6.60 9.72 12.84 15.96 19.08 22.20

Stomach 18.74+0.98 21.29+4.51 23.88+4.43 19.21+1.30 19.30£1.71 19.85+2.50 0.53

Pyloric caeca 15.22+1.50 17.39+1.51 17.10£0.40 17.95+0.25 16.71+0.46 16.73%1.36 0.26

Proximal intestine 13.50+0.80 14.36+0.89 15.32+1.69 15.18+0.23 15.17+1.05 15.54+0.19 0.32

Middle intestine 13.87+0.68  13.69+0.35  14.45+0.76  15.23+0.22  15.20+0.38  15.10+0.52 0.03*

Distal intestine 13.12+0.50  13.25¥0.91  13.46+0.62  13.58+0.50  13.79+0.60  14.33+0.68 0.56

* Means with significant difference according to Analysis of variance (P<0.05).

3.3. Digestive enzymes: Amylase and lipase activity

No changes were observed between the average activities of amylase (Table 6) and lipase (Table 7) and
in the tissues of the stomach, pyloric ceca, and intestine (anterior, middle, and posterior) of tambaqui
juveniles fed diets containing lysine (P>0.05).
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Table 6 - Amylase enzyme activity in the tissues of the stomach, pyloric caeca, proximal intestine, middle intestine,
and distal intestine of juvenile tambaqui (C. macropomum) fed diets with increasing lysine levels

Amylase Dietary lysine (gkg™)

1 . P-value
(U.mg™" of protein) 6.60 9.72 12.84 15.96 19.08 22.20
Stomach 308.07+105.24 233.75+14.98 246.93+80.29 300.23+144.05 192.73+11.68 215.82+12.03  0.39
Pyloric caeca 133.64+45.60 128.70+49.81 145.29+70.35 91.14+22.17 155.26+54.13 117.45+50.79  0.74

Proximal intestine  276.57+29.92 215.02429.43 265.52+113.30 184.92+26.67 194.83+13.06 199.05+36.11 0.36
Middle intestine 198.55+41.28 144.78+20.55 183.23+82.51 129.58+19.06 144.34+£35.57 134.13+40.93 0.69
Distal intestine 284.48+22.44 229.96%64.93 323.08495.42 187.74+29.39 211.15+26.55 208.16+64.88 0.41

All means were analyzed with Kruskal-Wallis test (P<0.05).

Table 7 - Lipase enzyme activity in the tissues of the stomach, pyloric ceca, proximal intestine, middle intestine,
and distal intestine of juvenile tambaqui (C. macropomum) fed diets with increasing lysine levels

Lipase Dietary lysine (g.kg™)
1 . P-value

(U.mg™* of protein) 6.60 9.72 12.84 15.96 19.08 22.20

Stomach 5.35%2.10 2.78+0.31 2.88+0.43 2.79%0.36 3.32x0.68 4.38+1.14 0.19
Pyloric caeca 2.19+0.35 2.79%0.53 2.42%0.43 2.19+0.59 2.31+0.82 5.96+4.06 0.33
Proximal intestine 1.69+1.06 1.55+0.87 1.87+0.39 2.29%0.74 2.12%0.75 5.85%5.36 0.85
Middle intestine 4.84+2.03 4.72+0.89 7.06+1.68 5.64+2.12 4.61+1.31 8.99+2.95 0.26
Distal intestine 0.86+0.82 1.94+0.89 1.46+0.91 1.30+0.77 1.28+0.65 4.85+5.80 0.89

All means were analyzed with Kruskal-Wallis test (P<0.05).

4. Discussion

4.1. Principal Component Analysis productive performance

Principal Component Analysis is based on original data and there are no simple statistical tests
to assist in decision-making about the components (Oliveira et al., 2017; lodice D’Enza et al,, 2022).
According to Kherif and Latypova (2020), the responses obtained in the percentage of cumulative
variance tend to guide this stage and can be set at a minimum of 80.00%. The present study showed
that the first two components together (scree plot; Figure 3) are sufficient to explain approximately
80.00% of the productive performance of tambaqui juveniles fed up to 22.20 g.kg™ of total lysine.
Thus, the decision about the significant components of the current study can be inferred through the
percentage of cumulative variance recorded in PC2 (80.31%; Table 4).

Of the variables that make up PC1 (Table 3), feed efficiency, protein efficiency, final weight, and weight
gain were highly projected in the linear regression, being good indicators of the influence of lysine on
tambaqui performance. However, feed efficiency contributed the most to the explanation of the data
in the PCA (19.59%). Increased feed efficiency values reflect an excellent diet (Zlaugotne et al., 2022).
High-quality diets favor reducing intake with a concomitant increase in fish growth and improvement
in other performance variables (Zlaugotne et al., 2022). Thus, the high contribution of feed efficiency
in the current study shows that a substantial fraction of the nutrients in diets balanced with lysine
levels were used by tambaqui juveniles to maximize productive performance.

Liebl et al. (2022), analyzing juvenile tambaqui fed diet with lysine levels, found that the feed efficiency
rate increased to the estimated level of 15.96 g.kg™ of lysine, with the formation of a plateau afterward.
The level seen by the authors corroborated the lysine level that showed the best feed conversion
(1.45 kg.kg™) in the same study, reaffirming the contribution of this variable to performance responses.
According to Bomfim et al. (2010), the maximum estimated value for feed efficiency is reached when
the fish can express its full potential for protein deposition.
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In the current study, lysine efficiency, weight gain, and lysine intake are part of PC2, which explains
around 25.25% (Table 4) of the tambaqui performance responses. In the graphical figure on the mode
of the variables (Figure 4), it is observed that vectors represent the efficiency of lysine and weight gain
and form an obtuse angle, indicating a negative correlation. This information corroborates studies that
show the tendency of lysine efficiency (relationship between weight gain and dietary and lysine intake)
to reduce proportionally to the increase in lysine levels in the diet (Hua and Bureau, 2012; Hua et al,,
2019). The fact indicates that additions of lysine to tambaqui diets generate a minor contribution of the
amino acid to the fish’s weight gain. The behavior of amino acid efficiency in the fish body is a response
to nutritional requirements and catabolism during the growth and maintenance of the animal’s body
(Huaetal,, 2019).

Although in the current study the first two components presented observations with high-quality
representation (Figure 5), the third component (Table 3) was equally analyzed. The final weight
variable, part of PC3, showed an inverse behavior about feed conversion (Figure 4). Thus, the
final weight increases as feed conversion decreases according to the model used in the linear
regression analysis. Feed conversion (quotient between dietary intake and weight gain) is essential
in fish production and varies according to characteristics inherent to the species, nutrients, and diet
composition, among others (Fry et al,, 2018; Stone et al., 2024). However, PCA placed this variable in
the component that explains a smaller amount of information (9.4%; Table 3).

Feed efficiency (quotient between weight gain and dietary intake) is the most prominent variable, and
the most impactful component for the PCA may be related to the structuring of the data within each
variable and the responses they generate. Feed conversion translates to the diet necessary for weight
gain, while feed efficiency explains how much weight gain was influenced by diet intake. Thus, feed
conversion is essential for fish production as it meets the economic aspect of production (expenses
on diet). Otherwise, feed efficiency can generate a robust and effective response when the objective is
to understand the contribution of diet quality to fish performance, as proposed in the current study.
It should be noted that the higher the diet quality, the lower the quantity offered. Thus, the response
generated by feed efficiency will also have an economic impact, being crucial to formulate and produce
cost-effective diets (Ayub et al., 2023).

4.2. Quantification of gastrointestinal proteins

Diets with an imbalance in lysine tend to interfere with the use of all nutrients by the animal organism
(Ahmed and Ahmad, 2021). This occurs because lysine is the most limiting amino acid in ingredients
used as a protein source for fish (Ebeneezar et al., 2019). In the current study, protein concentrations
were influenced by diet with manifestation in the middle intestine (P<0.05) of juvenile tambaqui.
However, it was impossible to identify at which lysine level the variation occurred. The issue may be
related to a slight variation between the data, making it difficult to detect the tests used accurately.

Tambaqui can modulate the action of its main diets to the composition of the diets when necessary,
allowing better use of compounds from the amino acid fraction, lipids, and carbohydrates (Almeida et al.,
2006). Furthermore, the diet provided to the juvenile tambaqui in the present study was composed
mainly of bioavailable amino acids, ready to be integrated.

Fish do not absorb intact protein (Wilson, 2002). In general, intact protein is cleaved into peptides (di-
and tripeptides) and bioavailable amino acids, such as L-lysine (Bakke et al., 2010; Kombat et al., 2024).
The process that releases L-lysine occurs after hydrolysis by the enzyme trypsin, allowing the amino
acid to be absorbed by intestinal cells (NRC, 2011; Nelson and Cox, 2018). According to Rotta (2003),
the middle intestine is specialized in the absorption of bioavailable proteins and amino acids, which
explains why the influence of total protein from diets rich in amino acids was significant, specifically
in the middle intestine of juvenile tambaqui.
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4.3. Digestive enzymes: Amylase and lipase activity

The lack of influence (P>0.05) of diets on amylase and lipase activity in the stomach, intestine, and
pyloric ceca shows that the diets were balanced and equally met the energy demands of tambaqui.
Concomitantly, lysine concentrations did not interfere with the metabolism of amylase and lipase in
juvenile tambaqui. For striped catfish (Pangasius hypophthalmus) analyzed by Liaqat et al. (2024),
intestinal amylase and lipase were higher (P<0.05) in fish fed different combinations of lysine,
methionine, and tryptophan. The authors also recorded a decline in enzyme activities in fish fed diets
without amino acid supplementation, showing that the correct balance of amino acids tends to favor
the action of the digestive enzymes amylase and lipase, in addition to proteases.

Although there was no difference (P>0.05) in the current study with juvenile tambaqui, amylase was
recorded for all treatments and in all tissues analyzed (stomach, intestine, and pyloric ceca). Corréa
et al. (2007) conducted a study with diets containing starch levels (30, 40, and 50%) for juvenile
tambaqui, and the fish responded with an increase in amylase in treatments with higher levels, which
was more significant (P<0.05) in the pyloric ceca. Similarly, Almeida et al. (2006) assumed the pyloric
ceca of tambaqui fed different diets (protein: 205 to 350 g.kg™; lipids: 49 to 145 g.kg™) as the fraction
of the gastrointestinal tract with the highest amylase activity (P<0.05). The pyloric ceca act in the
hydrolysis of starch, and this amylase activity tends to increase with an increase in dietary lipids,
concomitant with a reduction in amino acids or proteins (Almeida et al., 2006). Thus, the lack of
significant differences between treatments for pyloric cecum in the current study may be associated
with the fact that the diets were prepared with different lysine levels (6.60 to 22.20 g.kg™), but with
equivalent lipid concentrations.

For lipid hydrolysis, the lipase enzyme in teleosts can begin its activity in the stomach and continue
through the gastrointestinal tract (Costa and Baldisserotto, 2021). However, triglyceride hydrolysis
occurs mainly in the pyloric cecum and in the initial portion of the intestine (Nolasco-Soria, 2021).
Analyzing lipase in juvenile tambaqui, Almeida et al. (2006) found greater activity in the stomach,
with a reduction observed in the same proportion as the increase in lipid concentration in the diet. In
the present study, the highest lipase concentrations were observed, with no difference between them
(P>0.05), in the middle intestine of tambaqui (181.75 to 539.24 U.mg™! of protein). However, lower
and active concentrations of the lipolytic enzyme were present throughout the gastrointestinal tract.
Based on the above, it can be stated that, since in the current study there was no oscillation in the
concentrations of lipids added to the diets and the concentrations of lysine used did not interfere in
this aspect, the lipase activity did not vary.

5. Conclusions

According to the PCA, the set of variables in component 1 (PC1: feed efficiency, protein efficiency, final
weight, weight gain, and diet intake) added to component 2 (PC2: weight gain and lysine intake) are
sufficient to express 80.4% of the performance of juvenile tambaqui fed diet with lysine levels. These
variables together can be characterized as good indicators of the performance/lysine relationship
analyzed in this study. However, feed efficiency was the variable with the most expressive contribution
to PC1, which also showed high projections by linear regression analysis. It was impossible to identify
the influence of diet on the concentration of gastrointestinal proteins, and the activities of amylase
and lipase enzymes were not influenced by the presence of up to 22.20 gkg™! of dietary lysine for
juvenile tambaqui.

Data availability

Data supporting the conclusions of the current study are available from the corresponding author
upon request.
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