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Introduction

In Brazil, several breeders have been specializing
in farming native species, as well as the production of
hybrids to increase yield (Faustino et al., 2010; Hisano
et al., 2013). Species of the family Serrasalmidae, like
Pacu (Piaractus mesopotamicus), Pirapitinga (Piaractus
brachypomus) and Tambaqui (Colossoma macropomum),
and their interspecific hybrids are the most important
native fish in Brazilian aquaculture thanks to their high
productivity (Ministério da Pesca e Aquicultura, 2012).

Studies of Serrasalmidae fish are hampered by the
classification of pure or hybrid by morphological evalua-
tion (Gomes et al., 2012). Depending on the allelic inter-
action and the environment, hybrids can phenotypically
resemble their parents, resulting in erroneous identifica-
tion. Furthermore, effects of sex-linked genes (recipro-
cal crosses) and maternal and paternal effects can also
influence the phenotypic variation in these fish (Griffing,

1956).

Molecular markers have been used with great pre-
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to be advanced hybrids (post F1). In both analyses, we used linear mixed models with a mixture
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the mixed models method, whereby the environmental effects were estimated by the Empirical
Best Linear Unbiased Estimator (EBLUE) and genetic effects are considered random, obtaining
the Empirical Best Linear Unbiased Predictor (EBLUP) from the general (GCA) and the specific
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Recently imputation through mixture distribu-
tion models has been widely used (Eirola et al., 2014).
These models are a powerful tool for modeling in vari-
ous areas. Finite mixtures have many applications. Di-
rect applications emerge when each observation belongs
to a subpopulation or group, although to which one is
rarely known. In such a mixture, each subpopulation is
described by its density, and the weightings of the mix-
tures are the probabilities of each observation belonging
to a certain subpopulation (Luca and Zuccolotto, 2003).
Indirect applications emerge when there is no division
of data into subpopulations. In this case, the adjustment
of the mixture is done by allowing great flexibility, such
as multimodality (Abd-Almagged and Davis, 2006; Jang
et al., 2006).

Mixture models are promising for the imputa-
tion of genetic makeup based on phenotype, especially
in crosses with unknown parents. Therefore, this study
aimed to impute the genetic composition of Serrasalmi-
dae fish on the basis of body weight and morphometric
measurements when pedigree data were missing.

cision to identify purebred animals and simple hybrids

(Hashimoto et al., 2014). However, the low number of

Materials and Methods

available markers is not enough for identifying more

complex crosses, which can be identified only as post-
F1 (i.e., information on the origin of the crosses is un-

known).

Biological material and experimental procedures
Data were collected in an experiment conducted
in Lavras, Minas Gerais (21°14'43" S, 44°59'59" W, 919
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m above sea level) for 465 days, divided between 180
days for adaptation and 285 experimental days. The
experiment was carried out in a water recirculation
laboratory, equipped with 16 water tanks each having
a capacity of 500 liters. This system consisted of a bio-
filter, pt100 probe, temperature controller (N540) and a
pump (1/3 hp).

For this study, 96 Serrasalmidae juveniles were
acquired from two commercial fish farms in the state
of Sao Paulo. These farmers reported there were 12
juveniles (30 days of age) from each of the follow-
ing genetic groups (species and their hybrids): pacu,
pirapitinga, tambaqui, patinga (Ppacu x Jpirapitin-
ga), paqui (Ppacu x Jtambaqui), piraqui (Qpirapit-
inga x Jtambaqui), tambacu (Ytambaqui x J'pacu)
and tambatinga (Qtambaqui x Jpirapitinga). Upon
arrival at the laboratory, the fish were placed in 16
indoor tanks (500 L) for a 5 month acclimatization
period. During this adaptation period, 13 fish died,
which reduced the number from 96 to 83. The stock-
ing density was six fish per tank, with two tanks per
genetic group. The tanks were controlled on the basis
of three total renewals every hour and the tempera-
ture was kept at 28 °C throughout the study period.
The fish were fed ad libitum with commercial food
with 32 % crude protein, supplied three times a day
(08h00 a.m. 12h00 a.m. and 04h00 p.m.) until reach-
ing 100 g body weight, and then twice a day (08h00
a.m. and 02h00 p.m.) afterward. Dissolved oxygen
was monitored daily and ammonia, nitrite, nitrate
and pH every three days. At 180 days of age, the fish
were counted and the values were used as fixed ef-
fects in the statistical model.

This study was approved by the Animal Experi-
mentation Ethics Committee of Lavras University,
Lavras, Brazil (Protocol 074/13 of 27 Feb 2014).

Morphometric evaluation

At the end of the experimental period, the fish were
anaesthetized with benzocaine (60 mg L), weighed and
analyzed in terms of the following morphometric param-
eters: Standard Length (SL), between the tip of the snout
to the end of the caudal fin; Head Length (HL), between
the tip of the snout to the caudal border of the opercu-
lum; Body Height (BH), measured in front of the first
dorsal fin ray; and Body Width (BW), measured in the
region of the first dorsal fin ray.

Molecular analysis

To determine the group of each fish, fin samples
were taken and fixed in absolute ethanol. Total DNA
was extracted and purified with the Wizard Genomic
DNA Purification Kit (Promega), following the manufac-
turer's recommendations. For identification of parentals
and hybrids, two SNP (single nucleotide polymorphism)
markers of nuclear genes and fragments of COI (cyto-
chrome c oxidase subunit I) and CYTB (cytochrome B)
mitochondrial genes were used for PC reactions. Both
methods provide diagnostic electrophoretic fragments
for each parental species and their interspecific hybrids
(Table 1 and Figure 2). The sequences of the primers, re-
striction enzymes and reaction conditions were the same
as those employed by Hashimoto et al. (2011). DNA frag-
ment sizes were determined by electrophoresis on 2 %
agarose gels stained with ethidium bromide (1 ng mL~*)
and visualized under UV illumination.

Data analysis

The analysis, including all 83 fish and their respec-
tive genetic composition assessed by the molecular ap-
proach, was performed to impute the genetic makeup
of post F1 hybrids, based on all phenotypes measured
(body weight and morphometric evaluation).

In a diallel context, we applied the method pro-
posed by Griffing (1956), adapted to mixed model analy-
sis, where the environmental effects were estimated
through EBLUE and genetic effects were considered
random, obtaining the EBLUP of the general (GCA) and
specific (SCA) combining ability effects. However, since
not all information about the parentals was available,
the diallel analysis was performed by the mixed normal
mixture model, which imputes the incidence matrices
for the random effects (GCA and SCA) when an animal’s
genetic composition is unknown. To make inferences
about the genetic composition of the sampled animals,
we considered the imputed incidence matrix of GCA
because it represents the additive genetic effect in the
model. The reciprocal effect was not considered in the
model. The mixed model presenting incomplete infor-
mation for the pedigree can be given by:

y=XB + E[Z]o, + E[Z]d + ¢

where: y is the vector of phenotypic values (body weight
and morphometric measurements), X is the fixed ef-

Table 1 — Method, gene and sizes of the polymerase chain reaction PCR products or restriction fragments.

Fragment size (bp)

Method/Molecular markers - -
Piaractus mesopotamicus

Colossoma macropomum Piaractus brachypomus

Multiplex-PCR/SNP 1 (nuclear genes) 400
Multiplex-PCR/SNP2 (nuclear genes) 500
Multiplex-PCR/COI (mitochondrial gene) 307

RFLP-PCR/CYTB (mitochondrial gene) 152 and 513

280 600

150 100

435 307 and 610
261 and 405 665

SNP = single nucleotide polymorphism; COI = cytochrome ¢ oxidase subunit | gene; RFLP-PCR = polymerase chain reaction-restriction fragment length polymorphism

technique; CYTB = cytochrome B gene.
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fects, which include the number of fish in each tank;
Z, and Z, are the GCA and SCA matrices; B is the vec-
tor of fixed effects; and o, and d are the random effect
related to GCA and SCA respectively. The random ef-
fects (o, and d) were assumed to be o ~ MVN(0,Ic?),
and d, ~ MVN (O,I Gj) and the random residuals ¢ were
assumed to be normally distributed, uncorrelated and
have homogeneous variance. If all pedigrees are known,
then Z and Z, carry complete information, but since
some genitors were missing, we had to impute Z, and Z,
based on the genotype expectation.

The full likelihood function can be described as
follows:

L) =TTp(xle)

where: 0=(Xb+ E[Z,]o, + E[Z,]d,6?) and is the vector
of model parameters.

The mixed normal mixture models considered g as
denoting genetic group (g = 1, 2, ..., 6), m, as the maxi-
mization of proportions (initial presumption, a given ani-
mal belongs to a certain group), u,as the mean vector
and 67 as the error variance. The full likelihood for the
data can be represented by the following equation:

L(op)=TTr(/0)T] (Zn (3,0 ))

Full model

missing information

where: T, (7, ooy ) = l, that is, the initial probability
of an individual with unknown genetic composition be-
longing to any of the crosses is 1/6, and p,_ (p,, ..., ) are
the genotypic values related to the g-th crossing.

The observed values were grouped into prod-
ucts of sequences, in which the counter varied from
j to k. The missing data on genetic composition were
grouped into the counter ranging from i to n, where i =
k+ 1. The expectation of the j-th observation belonging
to group g is given by the conditional probability of y,
given the group and its parameters, normalized by the
sum of the probabilities of y.. Therefore, it is a multino-
mial variable:

2
sz, - )
SRR S

i=1" 1 Jv

The mean vector of each cluster (g, i.e., the mean
of the data for all observations, weighted by the prob-
abilities of the group, was estimated by:

ug = E[Z Ja, + E[Z,)d

This part related to the mixed model refers to the
expectation of the genotypic value under the g-th cross.
For example, if the j-th individual presents a probabil-
ity of szl =0.9 to be allocated in the first group (pure
genotypic background), then, E[Z ] = 270.9, where
2 is the number of alleles obtained from a pure geno-
type.

Therefore, the empirical BLUP for GCA and SCA
are given respectively by:
2

o= EALEIE1 | Bl (- x0-2)

—1
505 Gi 7 P
d:(ZZ ZZ+02J Z,'(y-XB-E[z]d,)
d

The program was formulated using PROC IML
from SAS v. 8.0. The variance components were esti-
mated by Restricted Maximum Likelihood (REML) using
a convergence criterion equal to 1 x 10-° (Patterson and
Thompson, 1971).

As described above, we used the GCA incidence
matrix (additive part of the model), which was obtained
using the imputation of body weight of observations,
and grouped the animals with segregation similarities.
The likelihood ratio test was carried out to check for
differences between expected and obseved frequencies,
according to the type of cross observed, as pure animals,
single-cross hybrids or three-way cross hybrids, among
others. The analysis of concordance between the genetic
composition of the animals imputed by the mixed nor-
mal mixture model for each trait, and between them and
the genetic composition reported by the farmers was for-
mulated by Pearson correlation using the Mantel test,
with the Vegan package 2.0-10 and the R software ver-
sion 3.1.0. Also, cross-validation was performed using
the leave-one-out process to impute each fish's genetic
composition based on body weight and other morpho-
metric traits analyzed. Then, we later sought an associa-
tion between the true genotype and the genotype imput-
ed by Pearson correlation using the Mantel test, with the
Vegan package 2.0-10 and the R software version 3.1.0.
For cross-validation, only genotypes presenting known
pedigree were used and the full likelihood was given by:

L(GIY)=ﬁP(yf|9) (;Zlﬂg(yklugfcz)}

Full model  missing information for k-th fenotype

Results

During the adaptation period, 13 fish died, which
reduced the number from 96 to 83. After this period,
there was no mortality and the water quality parameters
were within the suitable range for production, according
to the limits recommended by Resolution 357/2005 form
Brazil's National Environmental Council - CONAMA
(Ministério do Meio Ambiente, 2005).

The molecular analysis (Figures 1A, B, C and D)
indicated a high error rate (53 %) of the farmers in iden-
tifying the genetic composition of the fish. Pacu, Pirapit-
inga and the hybrid Paqui were correctly classified by
the farmers (Table 2). Tambaqui and the hybrids Patinga,
Piraqui, Tambatinga and Tambacu were erroneously
classified. According to molecular analysis, among the 12
animals misclassified as Patinga, seven were identified as
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Figure 1 — Electrophoresis analysis of Piaractus mesopotamicus (Pacu), Piaractus brachypomus (Pirapitinga) and Colossoma macropomum
(Tambaqui) using multiplex-PCR species-specific primers for the nuclear gene SNP 1 (single nucleotide polymorphism) (A), nuclear gene
SNP 2 (B), COI mitochondrial gene (cytochrome ¢ oxidase subunit |) (C) and CYTB (cytochrome B ) mitochondrial gene (D). Lanes: 1-Pacu;
2-Pirapitinga; 3-Tambaqui; 4-Pacu; 5-Tambaqui; 6-Pirapitinga; 7-Pacu; 8-Tambaqui; 9-Pirapitinga; 10-Pacu; 11-Pirapitinga; 12-Tambaqui; M =

Molecular weight marker: 1 kb.

Figure 2 — Relationship of animal with parental species; F1PAPI = simple hybrid of Pacu with Pirapitinga; F1PATB = simple hybrid of Pacu with
Tambagqui; F1PITB = simple hybrid of Pirapitinga with Tambaqui; Animals in green have a probability of above 90 % of belonging to mating/

cross in question. Those in white have a probability of below 90 %.

Table 2 - Classification and number of Serrasalmidae fish according
to the identification of fish farmers and molecular analysis, and
level of correct classification by farmers (%).

Classification

Correct classification by

Fish farmers Molecular analysis

(number of fish) (number of fish) farmers
%
Pacu (10) Pacu (10) 100.00
Patinga (12) Pacu (7) and PF1H (5) 0.00
Paqui (11) Paqui (11) 100.00
Pirapitinga (11) Pirapitinga (11) 100.00
Piraqui (12) Paqui (1) and PF1H (11) 0.00
Tambaqui (8) Tambaqui (7) and PF1H(1) 87.50
Tambatinga (9) Paqui (1) and PF1H (8) 0.00
Tambacu (10) Piracu (7) and PF1H (3) 0.00

PF1H = post-F1 hybrids.

Sci. Agric. v.74, n.6, p.443-449, November/December 2017

Pacu and the other five were classified as post-F1 hybrids
(PF1H). It was not possible to identify the genetic com-
position of these post-F1 hybrids via molecular markers.
The same occurred in 12 hybrids of Piraqui, classified
as one Paqui and 11 PF1H. From eight Tambaqui, sev-
en were classified as Tambaqui and one as PF1H. The
Tambacu were identified as seven Piracu (Ppirapitiga x
Jdpacu) and three PF1H. Tambatinga were also identified
as one Paqui and eight advanced hybrids.

In the leave-one-out process to impute the genetic
composition of animals with known genetic composi-
tion, based on body weight and morphometric measure-
ments, the correlation ranged from 0.54 to 0.56 between
the true genotypes and the imputed genotypes (Table 3).

With regard to the information provided by fish
farmers about the genetic composition and that imputed
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by the mixture model according to the evaluated traits,
the genetic composition reported by the farmers was
significantly correlated with the genetic composition im-
puted to head length only. This result evidenced a low
level of consistency between the genetic composition im-
puted for the traits and that reported by farmers (Table
4). There was also a significant and positive correlation
between genetic compositions obtained by imputation,
with 40 % moderate correlations (0.3 < r < 0.7) and 60
% high correlations (r > 0.7), indicating concordance in
the imputation of the genetic composition of fish for the
different variables used.

Figure 2 shows the relationship of the animals
used in this experiment with their parental species. Fish
were identified by number from 1 to 83, and up to num-
ber 55, molecular analysis was considered to infer the
relationship of animals with their parents, while above
number 55, the information imputed by the mixed nor-
mal mixture models was used.

Most fish that had their genetic composition imput-
ed showed a high probability of belonging to known geno-
types (Figure 2 and Table 5). Three animals with imputed
genetic composition were highly likely to be Tambaqui
(56, 64 and 69), one animal (78) with imputed genetic
composition was highly likely to be a simple hybrid be-
tween Pacu and Pirapitinga, and one fish was considered
highly likely to have the genetic composition of % Pira-
pitinga and % Tambaqui (82) (Table 5). Animals identified
as numbers 58, 59, 65 and 76, which were white in color,
were assigned with a low probability of belonging to the
cross between Pacu and Pirapitinga, since they had proba-
bilities below 90 % (Figure 2). Thus, it cannot be affirmed
that these animals belonged to this cross.

The likelihood ratio test of the values obtained
from the imputation showed the following genotypes:
two simple hybrids of Pirapitinga and Tambaqui (67 and

Table 3 — Pearson correlation using Mantel test between true
genotype and genotype imputed for each trait.

Genotype imputed
Weight SL HL BH BW
True genotype 0.56* 0.55* 0.54* 0.55* 0.54

SL = standard length; HL = head length; BH = body height; BW = body width;
*significant at 5 % probability.

Traits

Table 4 — Pearson correlation using Mantel test between the genetic
composition matrix reported by farmers and matrices imputed for
each trait.

Traits SL HL BH BW FAR

Weight 0.88* 0.69* 0.86* 0.76* 0.02m
SL - 0.57* 0.75* 0.81* 0.05m
HL - - 0.73* 0.50* 0.34*
BH - - - 0.64* 0.08
BW 0.11m

SL = standard length; HL = head length; BH = body height; BW = body width;
FAR = farmers;*significant at 5 % probability; ns = not significant.

Table 5 - Likelihood ratio test (LRT) for imputed genotypes.

Genotype LRT
Number Pacu Pirapitinga Tambaqui p-value
3 - - 100 -
1 50 50 - -
2 - 50 50 0.55
13 25 50 25 0.28
4 75 25 - 0.60
1 - 25 75 -

83), thirteen three-way cross hybrids (% Pacu + % Tam-
baqui and %2 Pirapitinga) (57, 60, 61, 62, 63, 66, 68, 72,
73,74, 75,77, 81) and four hybrids of Pacu with Pirapit-
inga, back-crossed with Pacu (3% Pacu + % Pirapitinga)
(numbers 70,71, 79 and 80) (Figure 2 and Table 5).

Discussion

The high misclassification rate by the fish farmers
exhibited in the present work can be ascribed to the dif-
ficulties in making this classification based on morpho-
logical visualization only, which is the most widely used
technique for assignment of species of fish. Depending
on the type of gene action, maternal and paternal ef-
fects, cultivation environment, and the interaction of all
these factors, the hybrids may phenotypically resemble
their parents, resulting in erroneous identification. Mis-
classification of Serrasalmidae purchased from commer-
cial fish farms in Brazil was also reported by Gomes et
al. (2012) and Hashimoto et al. (2014). Hashimoto et al.
(2014) used multiplex-PCR and PCR-RFLP, and report-
ed that juvenile Pacu, Tambaqui and Tambatinga were
wrongly marketed as Tambacu in the states of Minas
Gerais, Sdo Paulo and Sergipe. Tambaqui is also being
marketed as Tambacu in the states of Para and Piaui, and
also as Tambatinga in Pard (Gomes et al., 2012).

Likewise, Gomes et al. (2012) stated that fish farms
in the states of Para and Piaui are selling Tambaqui erro-
neously. In fact, they are Tambacu and Tambatinga. The
same authors also found that Tambaqui had been sold as
Tambacu in the state of Parad. Thus, hybrid animals are
traded in Brazil as pure species or other types of inter-
specific hybrids. When using the molecular markers of
Pintado (Pseudoplatystoma coruscans) and Cachara (Pseu-
doplatystoma reticulatum), it has also been observed that
morphological evaluation is not efficient: in fish farms,
post-F1 hybrid fish are used as breeders (Hashimoto et
al., 2013). Misconception in the classification of exotic
fish species, like tilapia and carp, has also promoted the
use of hybrid animals as breeders (Mair, 2007; Mia et al.,
2005). Thus, the identification of the genetic composi-
tion of fish by species based on morphological visualiza-
tion only, routinely done by fish farmers, has not proven
to be effective.

Recent studies using molecular markers suggest
that a minimum of four nuclear markers are necessary
to correctly identify hybrid animals when introgressive

Sci. Agric. v.74, n.6, p.443-449, November/December 2017
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hybridization occurs (Boecklen and Howard, 1997; Sanz
et al., 2008; Hashimoto et al., 2014). Tests using different
numbers of markers have demonstrated that the varia-
tion in these numbers is directly related to the differ-
entiation between loci among parental species (Sanz et
al., 2006; Bohling et al., 2013); that is, the greater the
difference, the smaller the number of markers required
in the analysis. This was confirmed in this study, where
the markers were 100 % fixed between species and were
useful for detecting even introgressive hybridization.

It was possible to discern five genetic groups (three
pure species and two hybrids) as well as post-F1 hybrids
(Table 2). The mixed normal mixture models proved to
be a complementary technique applicable to molecular
analysis, aiming to infer the genetic composition of ani-
mals when the molecular approach was not sufficiently
informative, as observed by the correlations obtained
(0.54 to 0.56) between the true and the imputed geno-
types.

Moreover, the fish classified as post-F1 hybrids by
means of molecular analysis showed a high probabil-
ity of belonging to known genotypes. This was because
where molecular analysis classified fish as post-F1, it
was possible to allocate these individuals with a high
probability to known groups. Furthermore, the imputa-
tions were highly concordant for different types of traits
(0.72 mean correlation). This high concordance between
results for various traits evidences the effectiveness of
the adopted imputation strategy, showing high repeat-
ability in the allocation of animals into groups. There-
fore, the application of mixed normal mixture models
provides further reliability in the description of animals
whose genetic composition is unknown, being more reli-
able than the use of morphological visualization only.

The lack of correlation between the genetic com-
position matrix reported by farmers and that imputed
for most traits was expected, due to the high error rate
in the classification of the genetic composition of the ani-
mals by farmers, i.e., the farmers' difficulty in correctly
identifying hybrid individuals. The presence of signifi-
cant moderate to high correlation between genetic com-
positions imputed between the evaluated traits can be a
function of these characteristics as correlation is found
in fish (Reis Neto et al., 2012; Melo et al., 2013).

As for the classification of animals that had their
genetic composition imputed by the mixture models, a
number of these animals were highly likely to be three-
way cross hybrids or back-crossed hybrids. In some
studies, it has also been found that Serrasalmidae fish
hybrids are fertile, such as Tambacu (¢ tambaqui x &
pacu), Tambatinga (@ tambaqui x & pirapitinga), and
Patinga (9 pacu x & pirapitinga) (Hashimoto et al.,
2014). The presence of fertile hybrids is worrisome from
the biological point of view. It can pose a threat to pure
species if they reach the natural stocks by escape or op-
erating error, since they have higher genetic variability,
which enhances their adaptation to different environ-
ments (Porto-Foresti et al., 2013; Hashimoto et al., 2014).

Sci. Agric. v.74, n.6, p.443-449, November/December 2017

The imputation process indicated that three fish
were likely to be Tambaqui. By means of molecular anal-
ysis, these animals were classified as advanced hybrids.
Thus, these fish can be derived from an absorbent cross
at the advanced stage of Tambaqui with one or more spe-
cies. The imputation of a hybrid of Pacu with Pirapitinga
and two simple hybrids of Pirapitinga with Tambaqui
may be due to the mating of F, hybrids, causing them to
show the same genetic composition as simple hybrids.

The results of the differentiation of parental spe-
cies and their hybrids demonstrated that the combined
use of different techniques can be an excellent alterna-
tive, and can provide data for characterizing other hy-
brids currently produced in Brazilian fish farming. Thus,
the combination of these two strategies has great poten-
tial for identifying genetic composition when crosses
are unknown. Mixed models of mixtures proved to be
a useful technique in imputing the genetic composition
of fish species of the family Serrasalmidae based on the
phenotypes assessed in this work. Thus, it can be con-
cluded that the technique described here combined with
molecular determination can be used to make inferences
about genetic makeup in fish.
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