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Abstract

The objective of this study was to obtain the growth curve of selectively bred tambaqui
(Colossoma macropomum) reared in different environments. The experiment was carried out
in the municipalities of Santo Anténio de Leverger (Mato Grosso — MT) and Campo Grande
(Mato Grosso do Sul — MS), Brazil, over 431 days. Weight and morphometric traits of two
families (A and B) from the second generation of selective breeding (G2) were measured
every 30-45 days. The Gompertz regression model was used to obtain the growth curves. The
production performance of both families and the interaction between families and locations
(genotype > environment) were evaluated by analysis of variance considering the family (A
and B), location (MT and MS), family ><location interaction and error as variation factors. The
asymptotic value (parameter A) obtained for weight and morphometric traits (except head
length) was higher (P<0.05) in MT (weight of families A and B: 2279.6 g) than in MS (weight
of family A: 1400.0 g; weight of family B: 1600.0 g). Family B showed better production
performance in MS. There was a genotype > environment interaction effect on weight, body
length and standard length. The two families have distinct growth patterns in different
production environments. Family B has better growth performance in the environment with
lower temperatures (MS).
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1. Introduction

Tambaqui, Colossoma macropomum (Cuvier, 1818), a member of the order Characiformes,
family Characidae and sub-family Myleinae, is a fish species native to the Amazon basin and
widespread in tropical parts of South America and Central Amazon (Arajo-Lima and
Goulding, 1998). The species is of great importance for the fishing and aquaculture activities
developed in many South American countries (Lopera-Barrero et al., 2011).

The lack of native fish breeding programs in Brazil has led many fish farmers to produce
hybrid fish in an effort to increase their production. Notable examples of such hybrids are
tambacu (female tambaqui * male pacu) and tambatinga (female tambaqui < male pirapitinga)
(Lopera-Barrero et al., 2011). Although tambaqui was the most widely farmed native fish in
Brazil in 2018 (102,554 t = 14.6% of the total fish production), hybrids also occupy a second
prominent position in this rank (54,276 t = 7.7% of the total fish production) (IBGE, 2020).

However, although hybrid fish may have a higher yield potential than their parents, this gain
IS restricted to a single generation, where as the genetic gain achieved with selective breeding
continues throughout subsequent generations (Ponzoni et al.,, 2005). Although positive
heterosis can be present in some conditions, when there is genetic gain, if ever, it is restricted
to one generation. Through selective breeding, however, gains of 8-12% can be obtained per
generation in well-managed programs (Nguyen, 2016), possibly reaching up to 15% (Ponzoni
et al., 2005).

In Brazil, fish breeding programs are rather recent. The first native-fish breeding program in the
country started only in 2008, with the tambaqui species (Oliveira et al., 2012). The first
generation (G1) of selective breeding for weight gain was formed in the 2011/2012
reproductive period, and the fish from the evaluated G1 families were approximately 17.6%
superior in performance to those which had not been selectively bred for weight gain (Marcos et
al., 2016). The recent production of the second generation (G2) of selection for weight gain has
reinforced the importance of evaluating the growth curves of families from that generation in
different environments. Determining the growth curves based on the curve parameters (A:
asymptotic value; B: relative growth rate; C: age at the inflection point) can help the breeding
program in obtaining earlier-developing fish and/or fish with a higher growth rate at a given age.
In this respect, the Gompertz model has been used to describe the growth of fish such as Nile
tilapia (Oreochromis niloticus) (Oliveira et al., 2012) and tambaqui (De Mello et al., 2015).

In view of the above scenario, the present study was undertaken to obtain the growth curve of
selectively bred tambaqui reared in different environments.

2. Materials and Methods
2.1 Experimental Sites and Animals

The experiment was carried out from November 2015 to February 2017at the Farming Station
of the Experimental Farm of the Federal University of Mato Grosso (UFMT), located in the
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municipality of Antonio de Leverger, MT, Brazil (15°51°56”’S and 56°04°36°W); and at the
Experimental Fish Farming Station of the Federal University of Mato Grosso do Sul (UFMS),
located in the municipality of Campo Grande, MS, Brazil (20°29°59”’S and 54°36’53”W).
All animal procedures were approved by the Ethics Committee on Animal Use of the Federal
University of Mato Grosso do Sul (CEUA/UFMS/641/2014).

The second generation of selective breeding for weight gain in tambaqui was obtained in the
reproductive season of 2015 (April), at the breeding center located in northern Mato Grosso
State (—12°51°56,40”’S and —55°50°03,30”W). The fingerlings were obtained from the cross
between mothers from the first generation of selective breeding for weight gain, which
originated the two families (A and B) that were evaluated in the present experiment. Initially,
the fingerlings were stocked in two 3.0-m® net cages separated per family that were lateral
located to tanks in the Fish Farming Station of the Experimental Farm of the Federal
University of Mato Grosso. The fish remained in the net cages until reaching the
predetermined size to be individualized with a microchip implanted in the back region.

2.2 Experimental Units, Feeding and Water Analysis

The tambaqui families were distributed into two environments for the experiment, namely,
Santo Anténio de Leverger (MT) and Campo Grande (MS). A total of 1200 fish with an
initial live weight of 130.2 £1.9 g and a total length of 21.0 1.8 cm were allocated at random
to the two farming sites, using 600 fish per production environment (MT and MS). Each tank
(two per location) housed 300 fish (150 of each family).

The fish were produced in a semi-intensive system with 10% daily water renewal. A final
biomass of 0.8 kg fish m?was estimated in both production environments. The fish received
an extruded feed (32% crude protein, 6.5% ether extract, 4% crude protein, 14% mineral
matter and 88% dry matter) twice daily (0900 and 1600h), with the pellet size adjusted
according to the production phase. The fish were fed to apparent satiety.

Water limnological characteristics were evaluated weekly over the course of the experimental
period. In the tanks of Santo Ant&nio de Leverger (MT), temperature and dissolved oxygen
were measured with a digital oxymeter (Yellow Springs Instruments - YSI Pro 20) and the pH
was measured with a digital pH meter (Quimis® Q400BC). The same analyses were performed
in the tanks of Campo Grande (MS) using a multi-parameter instrument (YSI Professional
Plus).

2.3 Evaluated Traits

The second selectively bred generation of tambaqui was evaluated over a period of 431 days
(November 2015 to February 2017) in the two locations (MT and MS). Biometric
measurements were taken every 30-45 days. Prior to these, the fish were feed-deprived for 24
h and then anesthetized with eugenol solution (50 mg L*)as proposed by Inoue et al. (2011).
Next, the fish were identified (microchip reading) and weighed, and the following
morphometric variables were then measured: standard length, head length, and body
circumference (Figure 1).
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Figure 1. Morphometric measurements of tambaqui (Colossoma macropomum): HL (head
length), BC (body circumference), and SL (standard length)

2.4 Statistical Analysis

The non-linear mathematical regression model of Gompertz (Fialho, 1999) described below
was used to describe the growth behavior of the tambaqui family:

=& L—L)

yi=A-e*

Where
Yi= weight (g) or size (cm) estimated at age t;

A = asymptotic weight (g) or size (cm) when t tends to plus infinite; i.e., this parameter can
be interpreted as the weight or size when the fish cease to grow;

B = relative growth at the inflection point (g/day for g of fish or cm/day for cm of fish);
C = age at the inflection point (days);

t = age (days); and

e =2.718281828459.

The models were fitted to describe the growth pattern of the fish in the two families selected
for weight and all morphometric traits measured. The parameters of the growth curve of the
fish from both families were estimated by a modified version of the Marquardt method, using
the NLIN procedure of SAS® software version 9.0.

Eight different models were used to compare the growth models of the families in each
location. The simplest model (Ms) considers that the parameters of Gompertz functions are
unique for both families, where as the full model (M1) considers that each family has a
specific parameter. The other models evaluated in the comparison of the growth curves
consider different restrictions, with one or two parameters in common, as shown in Table 1.
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Table 1. Parameters of different models used in the comparison of the growth curves of two
families (A and B) of tambaqui (Colossoma macropomum) from the second generation of
selective breeding for weight gain in Santo Ant&io de Leverger (MT) and Campo Grande
(MS)

A\\ Macrothi“k Journal of Agricultural Studies

Model

M1 M Ms M Ms M My M
N Ai A Ai Ai A A Ai A
g
£ Bi Bi B Bi B Bi B B
S
o : : : ,

Ci Ci Ci C Ci C C C

A, B and C parameters belonging to the Gompertz model.
i= index for the identification of family (A and B).

To compare the growth curve of the two families in each location and assess model adequacy,
the likelihood ratio test was used for equality of non-linear model parameters, with chi-square
(%) approximation, as proposed by Regazzi and Silva (2004).

To compare the performance of the families (A and B) and identify the interaction between
families and locations, an analysis was undertaken using information from the biometric
measurements when the fish from both locations had approximate average weights of 1300.0
g: in MT, at the sixth biometric measurement event (392 and 393 days) and in MS, at the
ninth event (701 days).In the analysis of variance, the family effect (A and B), location effect
(MT and MS), family > location interaction effect and error were adopted as sources of
variation. For comparisons between the families and between the two locations, Tukey’s test
was applied at the 5% significance level.

3. Results

In the tanks of Santo Anténio de Leverger (MT), water temperature at the beginning of the
experiment (November) was 24.7 £2.4 <C, which rose continuously until March (31.0 %
0.4 <C), dropped in the winter (24.6 2.4 <C) and increased again at the end of the trial (28.5
+0.7 <C). Dissolved oxygen was found at a moderate concentration (2.7 0.3 mgL™?) at the
onset of the experiment, showing peaks of variation throughout it (from 1.2 +=1.1 mg Ltin
February to 7.2 +2.2 mg Lt in July) and reaching a moderate concentration (2.2 +0.3 mg L)
at the end of the experiment. The pH value was medium at the start of the experiment (8.1 %
1.0), fluctuated moderately throughout it (from 6.2 2.0 in December to 8.9 0.7 in July)
and reached its lowest value (6.4 £1.2) at the end (Figure 2).

In the tanks of Campo Grande (MS), water temperature at the onset of the experiment
(December) was 26.3 0.6 <C, which remained stable until March (26.0 0.7 <C), declined
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sharply in the winter (19.8 £1.7 <C) and increased again at the end of the experiment (27.0 =
0.6 <C), always at a lower magnitude than that observed in MT. Dissolved oxygen was higher
at the beginning (3.4 0.6 mg L™) than at the end of the experiment (1.5 0.7 mg L™),
varying greatly throughout it (from 1.5 +0.6 mg L™ in February to 8.7 0.1 mg L* in
September). The pH varied little throughout the trial, starting at 8.3 0.1 and ending at 7.9 &+
0.2 (Figure 2).
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Figure 2. Mean temperature (<€), dissolved oxygen (DO2) and pH values in the water of tanks
used for farming tambaqui (Colossoma macropomum) from the second generation of selective
breeding in Santo Ant&io de Leverger (MT) and Campo Grande (MS)

The analysis of the growth of the families (A and B) in different environments using model
M1 (most complete model) revealed a higher asymptotic value (parameter A), a higher
relative growth rate (parameter B) and a lower age at the inflection point (parameter C) for
the families farmed in MT than in those reared in MS. The exception was the asymptotic
value for head length, which was higher in MS for both families. Age at the inflection point
for standard length (A and B), head length (B) and body circumference (B) was lower in MT.
The same trend was observed with the use of the best-fitting model for all evaluated traits
(Table 2).

The most suitable model to describe head length in both locations was M1, where as Ms was
the most adequate for the other traits in MT. In the MS location, M3 (weight and body
circumference) and Ms (standard length) were the most suitable model for the other traits
(Table 2). Final biomass was similar in both locations: 0.59 and 0.62 kg fish m? in MT and
MS, respectively. However, the asymptotic weight obtained by the best-fitting model was
considerably higher in MT than in MS, for both families (Table 2).
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Table 2. Parameter estimates of the full model (M1) and of the best-fitting models to describe
the growth pattern of two families (A and B) of tambaqui (Colossoma macropomum) from the
second generation of selective breeding evaluated in Santo Ant&nio de Leverger (MT) and
Campo Grande (MS)

Santo Ant&io de Leverger (MT) Campo Grande (MS)

Trait

Weight SL HL BC Weight  SL HL BC

Parameter Family A
A 2251.7 39.8 111 39.9 1400.0 36.1 11.8 36.6
_ B 0.0110 0.0097 0.0123 0.0118 0.0060 0.0043 0.0047 0.0045
% C 338.7 2257 2145 2328 437.1 239.6 2364 22472
§ Family B
é A 2301.2 39.9 12.6 40.2 1600.0 37.7 13.0 38.7
. 0.0106 0.0095 0.0069 0.0113  0.0070 0.0039 0.0039 0.0040
C 333.8 2157 1934 2229 386.6 1718 182.2 165.6
Family A
A 2279.6  39.8 11.1*  40.0 1400.0* 36.9 11.8* 37.2*
2 0.0108 0.0096 0.0123* 0.0115 0.0065 0.0041 0.0047* 0.0043
-é C 340.5* 225.5* 214.5* 232.5* 428.4* 244.8* 236.4* 225.4*
g Family B
"E A 2279.6 398 12.6* 40.0 1600.0* 36.9 13.0* 38.0*
g B 0.0108 0.0096 0.0069* 0.0115 0.0065 0.0041 0.0039* 0.0043
C 332.4* 215.9* 193.4* 223.3* 391.0* 169.8* 182.2* 167.0*
Model Ms Ms M; Ms M3 Ms M1 M3

A (g or cm), B (g/day for g of fish or cm/day for cm of fish) and C (days) parameters belonging
to the Gompertz model.

Model = Best-fitting model according to ¥ statistic (P<0.05).
SL: standard length; HL: head length; BC: body circumference.

*Parameters followed by an asterisk differ between families for the same trait and location.
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The estimate of weight parameters obtained in the fish from MT only differed significantly
for age at the inflection point (parameter C), which was higher (P<0.05) in family B (model
Ms). In MS, age at the inflection point was also higher (P<0.05) in family B, but the
asymptotic weight also differed significantly, with a higher (P<0.05) value found in family B
(model M3) (Table 2; Figure 3).
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Figure 3. Growth curves of weight (g) as a function of age (days) in two families (A and B) of
tambaqui (Colossoma macropomum) from the second generation of selective breeding
evaluated in Santo Ant&nio de Leverger (MT) and Campo Grande (MS)

The only significantly different parameter for standard length was age at the inflection point,
which was higher (P<0.05) in family A in both locations (model Ms) (Table 2; Figure 4).
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Figure 4. Growth curves of standard length (cm) as a function of age (days) in two families (A
and B) of tambaqui (Colossoma macropomum) from the second generation of selective
breeding evaluated in Santo Ant&nio de Leverger (MT) and Campo Grande (MS)

All growth curve parameters in model M1 were significantly different for head length in both
locations. The asymptotic value was higher (P<0.05) in family B than in family A. Relative
growth rate and age at the inflection point were also higher (P<0.05) for family A in both
locations (Table 2; Figure 5).
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Figure 5. Growth curves of head length (cm) as a function of age (days) in two families (A and
B) of tambaqui (Colossoma macropomum) from the second generation of selective breeding
evaluated in Santo Ant&nio de Leverger (MT) and Campo Grande (MS)

In the fish from MT, body length was only significantly different for age at the inflection
point, with a higher (P<0.05) value seen in family A (model Ms). In MS, the higher (P<0.05)
value for this parameter was also obtained by family A, but the asymptotic value was also
significantly different, with a higher (P<0.05) value observed in family B (model Ms) (Table
2; Figure 6).
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Figure 6. Growth curves of body circumference (cm) as a function of age (days) in two families
(A and B) of tambaqui (Colossoma macropomum) from the second generation of selective
breeding evaluated in Santo Anténio de Leverger (MT) and Campo Grande (MS)

In MT, weight and standard length were higher (P<0.05) in family B. This family also
showed higher (P<0.05) values for these traits and for body circumference in MS. For family
A, weight and body circumference were higher (P<0.05) when the fish were grown in MT
than in MS, whereas for family B, standard length was higher (P<0.05) in MS than in MT.
These traits were all influenced (P<0.05) by the genotype < environment interaction, except
head length. When evaluated independently of location and family, the highest (P<0.05) head
length values were found in MT and in family B (Table 3).
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Table 3. Least square means for different morphometric traits measured in two families (A and
B) of tambaqui (Colossoma macropomum) from the second generation of selective breeding
evaluated in Santo Ant&io de Leverger (MT) and Campo Grande (MS)

Trait
Location  Family Weight (g) SL (cm) BC (cm) HL (cm)
- A 13205:+2033Ba 33.0+16Ba 34.8=19Aa 3 _ MT12.3:£25a
g
B 1369.5+197.5Aa 334 +15Ab 351+18Aa S MS11.6+0.9b
s A 1131.6+153.8Bb 32.7 +1.6Ba 33.6 +14Bb é‘ ALL7 +2.6b
B 1417.6+220.7Aa 348+17Aa 355+18Aa & B12.2+23a
Location >Fan <0.0001 <0.0001  <0.0005 0.1372

(P-value)

In the case of significant interactions, means followed by uppercase letters compare families in
the same location and means followed by lowercase letters compare locations in the same
family. Common letters indicate that the means do not differ statistically according to Tukey’s
test (P<0.05).

In the case of non-significant interactions, different lowercase letters indicate differences
between locations regardless of family and between families regardless of location.

SL: standard length; BC: body circumference; HL: head length.
(P-value) = obtained in the analysis of variance for the location > family interaction.

Considering that the breeding program is focused on selection for weight, family B stood out
for this trait in comparison with family A in both farming locations. A genotype <environment
interaction effect was observed, with a higher (P<0.05) weight found in family A reared in MT,
where as family B displayed no significant differences between the two locations (Table 3;
Figure 7).
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Figure 7. Genotype ><environment (location <family) interaction effect on weight in two
families (A and B) of tambaqui (Colossoma macropomum) from the second generation of
selective breeding evaluated in Santo Ant&nio de Leverger (MT) and Campo Grande (MS)
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4. Discussion

In the MT tanks, water temperature fluctuated by 6.4% over the 431 experimental days. The
lowest temperature was recorded in the winter (24.6 <€), which was near the range of 25.0 to
32.0 € characterized as adequate by Boyd (1998), for tropical fish (Figure 2). In the MS
tanks, water temperature varied by 9.9 €€ during the same period, this is a larger variation
than that observed in MT.

In the winter, the minimum observed temperature was 18.0 €, which is 6.6% lower than the
temperature recorded in MT in the same period and far from the temperature range
considered ideal by Boyd (1998), for tropical fish. The maximum temperature recorded in
MT (31.0 €) was 3.1 <€ higher than in MS (27.9 <€). The lower water temperature observed
in the tanks in MS might have affected the growth of the fish, as they were outside the
thermal comfort zone (Silva et al., 2016).

The dissolved oxygen levels in the water were similar in both rearing environments, with
values close to the ideal defined by Boyd (1998) for tropical fish (5 mg L). However, for a
good part of the experiment (including the start and end), medium values were recorded in
both locations. Such fluctuations observed in the two rearing environments are common in
semi-intensive production systems, where the water renewal rate is lower than 10 L/s/ha due
to the action of phytoplankton (Ribeiro et al., 2001).

Throughout the experimental period, the water pH in the two rearing environments remained
within the range recommended by Boyd (1998) for tropical fish (between 6 and 9). Therefore,
this water chemical property did not interfere with fish growth. The pH fluctuated more in the
MT tanks (6.2 to 8.9) than in the MS tanks (7.9 to 8.9), although all values were within the
threshold deemed adequate for tropical-fish farming.

Weight is the main variable under evaluation in the tambaqui breeding program. In this
respect, in the present study, there were differences in performance between the families (A
and B) evaluated in MS, where family B stood out with a 12.5% higher growth than family A.
Based on the estimates obtained by fitting the Gompertz models for the prediction of growth
curves, the highest weight values for both families were obtained in Santo Ant&io de
Leverger (MT), where the fish were 38.6% (family A) and 29.8% (family B) heavier than in
Campo Grande (MS).

Age at the inflection point was lower for family B in both locations, indicating the earliness of
this family in reaching the period of accelerated growth in comparison with family A. This
earliness was also observed in the two families reared in MT compared with MS. These data
corroborate the assumption that, in environments with higher temperatures (MT), the fish from
both families will have a better weight development.

Although the asymptotic value and specific growth rate for standard length were similar
between the two families, age at the inflection point in the two locations was lower for family
B, indicating their earlier growth compared with family A. In the environment with higher
temperatures (MT), both families exhibited higher asymptotic rates and relative growth rates
and lower ages at the inflection point, demonstrating the effect of temperature on the growth
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curve for standard length, with greater growth achieved in the hotter environment.

Family B showed a higher asymptotic weight for head growth in both locations. Family A
exhibited higher relative growth rates and age at the inflection point, which shows that
despite having higher relative growth rates, this growth occurred later than in family B, which
influenced its asymptotic weight. The growth of this morphometric trait (head size) is not
desirable, since it directly affects the final yields of carcass and filet (Souza and Inhamuns,
2011; Maghelly et al., 2014; Vandeputte et al., 2017).Thus, this trait can be implemented in
selective breeding programs, where producers should select animals with a shorter head
length, since there are differences in all curve parameters between the families.

The analysis of growth curve parameters for body circumference in MT shows that only age
at the inflection point differed, with the lower value obtained by family B. This result
indicates an earlier period of accelerated growth in this family. The same was observed in MS;
however, the asymptotic value was also different, with higher results found for family B. This
trait may result in increased carcass yield, and, as such, it may be implemented in the
selective breeding program.

The analysis performed when both families were at an equal weight (approximately 1300.0 g)
revealed the superior growth of family B for weight and morphometric traits in both locations
(except for body circumference in MT), indicating that this family stood out in growth
regardless of the environment (lower or higher temperature). For head length, better growth
was seen in family B irrespective of the farming location, suggesting a lack of a genotype >
environment interaction effect for this morphometric trait. The genotype > environment
interaction analyses showed that weight and body circumference were superior in family A in
MT, whereas the best results for standard length were obtained in family B reared in MS.

These results reinforce the idea that, depending on the temperature variation in the production
environment (higher temperatures, for instance), better performance and growth may be
observed in one family, or there may even be differences between distinct genetic groups.
Thus, we stress the importance of using genetically selected individuals for production in
environments with lower temperatures. In this scenario, it may be useful to select specific
groups that with stand particularities of the growing environment, considering the existence
of differences in growth and performance curves in a location with lower temperatures.

In distinct production environments, selectively bred animals may exhibit variations in
performance (Strandberg et al., 2000; Ambrosini et al., 2012). Therefore, analyzing them in
different environments (e.g., different temperatures) may allow the selection of one or more
families that are more tolerant to a given rearing condition, in the breeding program
(Espasandin et al., 2011; Silveira et al., 2014).

Many studies have shown considerable genetic gain from selective breeding in aquatic
organisms, e.g., Nile tilapia (Ridha, 2006; Ponzoni et al., 2011; Thodesen et al., 2011), carp
(Nguyen, 2016), rainbow trout, Atlantic salmon, and catfish (Mcandrew and Napier, 2011).
Although fish breeding in Brazil is rather recent, the breeding of Nile tilapia—an exotic
species is well-established in the country, with satisfactory genetic gains obtained in each
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generation of selection (Neto et al., 2012; Oliveira et al., 2012; Porto et al., 2015; Oliveira et
al., 2016).

A\\ Macrothi“k Journal of Agricultural Studies

5. Conclusion

The current findings reveal considerable differences in growth between the families (A and B)
in distinct rearing environments, with superior results achieved in regions with lower
temperatures. These differences are mainly related to age at the inflection point, which makes
it a decisive factor to demonstrate the earliness of tambaqui for weight gain.
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