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RESUMEN

DE LOS RIOS PEREZ LIDIA. Efectos de consanguinidad sobre caracteristicas de
crecimiento y supervivencia en una poblacion seleccionada de camaron blanco del Pacifico
Penaeus (Litopenaeus) vannamei. (Dirigida por: HUGO HORACIO MONTALDO
VALDENEGRO, GABRIEL RICARDO CAMPOS MONTES Y HECTOR CASTILLO
JUAREZ).

En poblaciones animales sometidas a seleccion, la limitacion del tamaiio efectivo produce
incrementos en los niveles del coeficiente de consanguinidad, lo que a su vez puede
deteriorar diversas caracteristicas asociadas con la eficacia bioldgica y la productividad. El
crecimiento y la supervivencia determinan de manera importante la rentabilidad de las
empresas dedicadas al cultivo de camaron. El objetivo de este estudio fue investigar el
efecto de la consanguinidad sobre el peso corporal a la cosecha (130 dias de edad) y la tasa
de supervivencia (65-130 dias de edad) en la poblacion de un nicleo genético bajo un
programa de seleccion para caracteristicas de crecimiento y supervivencia en camaron
blanco del Pacifico Penaeus (Litopenaeus) vannamei. Se disefid un experimento para
generar familias consanguineas producto del apareamiento entre hermanos, asi como
grupos de familias con diferentes coeficientes de consanguinidad en tres generaciones
sucesivas. Se analizé la informacion obtenida a partir de 16,361 organismos provenientes
de 320 familias. Los coeficientes de consanguinidad obtenidos variaron entre 0 y 60.4 %.
La informacion fue analizada con modelos lineales mixtos y el método de maxima
verosimilitud restringida, incluyendo las relaciones genéticas aditivas. Se encontrd una
relacion negativa significativa entre el peso corporal y la consanguinidad. El cambio
estimado para peso corporal por cada 10 % de incremento en el coeficiente de
consanguinidad fue -2.19 £ 0.41 % (P < 0.001) con respecto a la media predicha de los
organismos no consanguineos (19.63 g). El cambio estimado para tasa de supervivencia por
cada 10 % de incremento en el coeficiente de consanguinidad fue -0.009 + 0.006 % (P =
0.108) con respecto a la media predicha de los organismos no consanguineos (81.72 %). La

ausencia de efectos de consanguinidad sobre la tasa de supervivencia puede deberse a que
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la seleccion esté actuando en contra de la fijacion de genes deletéreos, purgando la carga
genética y evitando la depresion consanguinea para esta caracteristica. Los programas de
seleccion estan disefados para incrementar el mérito genético de una poblacion. Por lo
tanto, el seguimiento y control de la consanguinidad son temas clave durante la ejecucion

de los programas de mejoramiento genético en organismos acuicolas.

Palabras clave: Coeficiente de consanguinidad, Peso corporal, Supervivencia, Penaeus

(Litopenaeus) vannamei, Modelo lineal mixto



ABSTRACT

DE LOS RIiOS PEREZ LIDIA. Effects of inbreeding on growth and survival traits in a
selected population of Pacific white shrimp Penaeus (Litopenaeus) vannamei. (Directed by:
HUGO HORACIO MONTALDO VALDENEGRO, GABRIEL RICARDO CAMPOS
MONTES Y HECTOR CASTILLO JUAREZ).

In animal populations undergoing selection, the limited effective population size increases
the inbreeding coefficient level, which can deteriorate traits associated with biological
efficiency and productivity. Growth and survival are determinant traits of the profitability
of companies dedicated to shrimp farming. The objective of this study was to investigate
the effect of inbreeding on body weight at harvest size (130 days of age) and on grow-out
survival rate (65-130 days of age) in a nucleus breeding population undergoing a selection
program for growth and survival traits in the Pacific white shrimp Penaeus (Litopenaeus)
vannamei. An experiment was designed to generate inbred families based on sibling
matings, as well as groups of families with different inbreeding coefficients in three
successive generations. Information obtained from 16,361 organisms from 320 families was
analyzed. Inbreeding coefficients varied between 0 and 60.4 %. Data was analyzed using
mixed linear model methodology and restricted maximum likelihood methods, including
the use of the additive genetic relationship. A significant negative relationship between
body weight and inbreeding was found. Estimated change in body weight per 10 % increase
on the inbreeding coefficient was -2.19 + 0.41 % (P < 0.001) relative to the mean of non-
inbred shrimp predicted from the model (19.63 g). Estimated change in survival rate per 10
% increase on the inbreeding coefficient was -0.009 = 0.006 % (P = 0.108) relative to the
mean of non-inbred shrimp predicted from the model (81.72 %). The absence of effects of
inbreeding on survival rate may be due to the fact that selection is acting against the
fixation of deleterious genes, purging the genetic load and avoiding inbreeding depression
for this trait. Selection programs are designed to increase the genetic merit of a population.
Therefore, the monitoring and control of inbreeding are key issues for the implementation

of breeding programs in aquaculture organisms.
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Key words: Inbreeding coefficient, body weight, survival, Penaeus (Litopenaeus)

vannamei, linear mixed model.
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INTRODUCCION

En poblaciones animales sometidas a seleccion, la limitacion del tamafio efectivo de la
poblacion obliga a utilizar como reproductores a organismos genéticamente relacionados a
través del pedigri, lo que produce incrementos en los niveles de consanguinidad. Esto a su
vez puede deteriorar diversas caracteristicas asociadas con la eficiencia biologica y la
productividad (Falconer and Mackay 1996). Con el fin de mejorar la produccion y
rentabilidad de los cultivos de camardn del género Penaeus, el desarrollo de poblaciones
domesticadas y la implementacion de programas de mejoramiento genético se ha vuelto
comun (Bentsen and Olesen 2002; Preston and Clifford 2002; Gjedrem et al. 2012). Los
programas de mejoramiento genético utilizan la selecciéon como una de las principales
herramientas para mejorar las caracteristicas de interés. El uso de programas de seleccion
implica que s6lo una parte de la poblacion aporta los genes que se transmiten a la siguiente
generacion, reduciendo el tamafio efectivo de la poblacion (Vela-Avitta ef al. 2013). Esta
reduccion implica un incremento en la probabilidad de aparecamiento entre individuos
emparentados, incluso si se toman medidas conducentes a reducir el incremento de la
consanguinidad, tales como limitar la co-seleccion de hermanos o mediohermanos,
mantener numeros adecuados de reproductores o hacer apareamientos de minimo

parentesco basados en el pedigri (Falconer and Mackay 1996; Ponzoni ef al. 2010).

La consanguinidad comunmente provoca una disminucion en la media fenotipica de
algunas caracteristicas, principalmente aquellas relacionadas con la aptitud y la eficiencia
fisiologica, fendmeno conocido como depresion consanguinea (Falconer and Mackay 1996;
Lynch and Walsh 1998). El efecto de la consanguinidad ha sido estudiado para
caracteristicas de importancia econdémica en distintas especies acuicolas. Sin embargo, en
nuestro conocimiento, existe poca informacién acerca de los efectos de la consanguinidad
en camarones del género Penaeus. Dicho género es el de mayor produccion a nivel
mundial, siendo el camaroén blanco del Pacifico Penaeus (Litopenaeus) vannamei la especie

de camaron mas comercializada (FAO, 2012; FAO, 2014).



En P. vannamei, el crecimiento y la supervivencia son caracteristicas que determinan
de manera importante la rentabilidad de las empresas dedicadas a su cultivo, por lo que el
conocimiento acerca de los efectos de la consanguinidad en caracteristicas de importancia
econdmica en el camaron es necesario para el disefio de programas de mejoramiento mas

eficientes.

El objetivo del trabajo que se presenta en esta tesis fue determinar el efecto de la
consanguinidad sobre el peso a la cosecha (130 dias de edad) y la tasa de supervivencia

(65 - 130 dias de edad) en P. vannamei.



CAPITULOI

REVISION DE LITERATURA

1.1 Produccion mundial de camaréon

El cultivo de camardon se desarrolld por primera vez a principios de 1970 (Benzie,
2009), por lo que, en comparacion con la mayoria de las producciones animales, es una
industria joven (Preston y Clifford, 2002). El camardn es, en términos de valor econdémico,
el principal producto pesquero, constituyendo el 15 % del valor total de los productos
pesqueros comercializados a nivel internacional, predominando el camardn blanco del
Pacifico Penaeus (Litopenaeus) vannamei (FAO, 2012; FAO, 2014). En el 2010, la
produccion mundial de camardn blanco cultivado se estimé en 2.5 millones de toneladas, lo
que representd el 71.8 % de la produccion mundial de todas las especies de camaron
marino cultivado; siendo China, Tailandia, Vietnam e Indonesia los paises con la mayor
produccion. México se ubica en la sexta posicidn con una participacion del 3.8% de la

produccion mundial de camaron cultivado (FAO, 2010; FAO, 2012).

1.2 Produccion nacional de camaron

En México la produccion de camardn es una actividad econdmica relevante con una
tasa media de crecimiento anual entre 2003 y 2012 de 2.71 %. La produccion estimada para
el 2012 fue de 161,852 toneladas; de las cuales, el 38.02 % fueron obtenidas mediante
captura y 61.98 % mediante cultivo. Los principales estados productores de camaron son
Sinaloa y Sonora, con una aportacion del 39.46 % y 29.11 % de la produccion nacional,
respectivamente. Los ingresos generados superaron los 7 mil millones de pesos, colocando
al camardén en segundo lugar en volumen de produccion pero en primer lugar en valor con
respecto al resto de las especies pesqueras. Como producto de exportacion el camaron

ocupa el cuarto lugar de las especies pesqueras, siendo los Estados Unidos, Francia y Japon



sus principales destinos (CONAPESCA, 2012). El camar6n blanco del Pacifico Penaeus
(Litopenaeus) vannamei es la especie mas cultivada debido a su capacidad de adaptacion,
tolerancia a altas densidades de siembra, sus altas tasas de crecimiento y supervivencia, y

aceptacion en el mercado internacional (Arredondo-Figueroa, 2002).

1.3 Consanguinidad (F)

La consanguinidad es el resultado del apareamiento entre individuos emparentados.
Todas las poblaciones finitas experimentan determinado grado de consanguinidad, basado
en el numero de individuos que contribuyen a la siguiente generacion. La probabilidad de
que dos alelos sean idénticos en cualquier locus de un individuo y desciendan de un mismo
ancestro, es expresada como el coeficiente de consanguinidad (£). Un individuo puede ser
homocigoto en un locus determinado debido a que sus genes se originaron a partir de la
replicacion de un unico gen en una generacion previa, lo que se conoce como idéntico por
descendencia, y contribuye a la consanguinidad; o bien debido a que se trata de genes
iguales pero que no provienen de un ancestro comun, lo que se conoce como idéntico en

estado (Bowman, 1974; Falconer y Mackay, 1996).

La consecuencia mds importante de la consanguinidad desde el punto de vista de
produccion animal es la reduccion en el valor de las medias fenotipicas de caracteristicas
econdmicamente importantes, lo que se conoce como depresidon consanguinea, afectando
negativamente en mayor medida, rasgos como la supervivencia, la reproduccion y el
crecimiento, o incrementando la presencia de deformidades y otras enfermedades (Falconer
y Mackay, 1996; Gjedrem, 2005). Se considera que esto se debe a un incremento en la
proporcion de individuos homocigoticos recesivos, bajo un modelo en el cual los efectos de
dominancia son favorables. La depresion consanguinea se refiere al efecto de la
consanguinidad normalmente medido como la reduccion en el rendimiento de la
caracteristica de interés, y que se estima como la diferencia entre el rendimiento promedio
de una poblacion consanguinea y una no consanguinea (Kincaid, 1983). La magnitud de la

depresion consanguinea varia de acuerdo a la caracteristica, siendo mayor para las que



presenten mayores desvios por dominancia y epistasis. En términos generales, en caracteres
de menor heredabilidad, en los cuales los componentes de dominancia y epistasis tienen

mayor importancia, la depresion consanguinea es mayor (Falconer y Mackay, 1996).

1.4 Estudios de efectos de consanguinidad en organismos acuaticos

El efecto de la consanguinidad ha sido estudiado para las caracteristicas de peso
corporal y supervivencia en diversas especies acuicolas. En trucha arcoiris (Oncorhynchus
mykiss), Pante et al. (2001) estimaron un efecto negativo significativo para peso corporal a
la cosecha, que vari6 entre -1.6 a -5.0 % por cada 10 % de incremento en el coeficiente de
consanguinidad, con niveles de consanguinidad promedio que variaron entre 0.7 y 2.0 % en
tres poblaciones a través de cinco generaciones. En la misma especie, Su ef al. (1996) no
observaron efecto significativo de la consanguinidad en el peso corporal de 160 a 252 dias
de edad ni de 280 a 336 dias de edad, con niveles de consanguinidad que variaron entre 0 y
19.5 %. En salmoén del Atlantico (Salmo salar) Rye y Mao (1998) estimaron un efecto
negativo significativo para peso corporal, que vario entre -0.6 y -2.6 % por cada 10 % de
incremento en el coeficiente de consanguinidad, con niveles de consanguinidad que
variaron entre 3.2 y 4.8 % para cuatro subpoblaciones estudiadas. En bagre de canal
(Ictalurus punctatus) Bondari y Dunham (1987) estimaron un efecto negativo significativo
para peso corporal de -5.1 % por cada 10 % de incremento en el coeficiente de
consanguinidad con niveles de consanguinidad que variaron entre 0 y 37.5 %; sin embargo,

no observaron efecto significativo de la consanguinidad sobre la tasa de supervivencia.

1.5 Estudios de efectos de consanguinidad en camarones del género Penaeus

En un experimento para investigar los efectos de la consanguinidad en P. vannamei
durante las etapas de eclosion a postlarva 8 (PL8) (18 dias post-eclosion) y de engorda en
estanques (PL8 a PL60), en familias consanguineas (25 y 37.5 %) obtenidas mediante el
apareamiento de dos generaciones de hermanos, y no consanguineas (0 %), Moss et al.

(2008) estimaron efectos significativos de la consanguinidad en la tasa de eclosion, la



supervivencia de la eclosion a PL8, y la supervivencia de PL8 a PL60, con cambios de
-12.3 £ 10.1 % (P < 0.05),-11.0 £ 5.7 % (P < 0.01) y -3.8 £ 2.9 % (P < 0.05) (por cada 10
% de incremento en F) respectivamente, mientras que para crecimiento, cuando los
camarones fueron sembrados con pesos de entre 1 y 2 g y cosechados entre los 12y 15 g, el
efecto no fue significativo (P > 0.05). Estos resultados no concuerdan con los estimados en
un estudio con consanguinidad pasiva (generada de manera no intencional) realizado en la
misma poblacion (Moss et al., 2007), en el cual estimaron un cambio de -2.6 a -3.9 % por
cada 10 % de incremento en el coeficiente de consanguinidad para crecimiento (con peso a
la cosecha de 15 a 25 g) (P < 0.05), y un valor no significativo (P > 0.05) para
supervivencia. En un estudio realizado para cuantificar el efecto de la consanguinidad en el
crecimiento de PL30 a PL156 y la supervivencia de PL30 a PL156 en camardn japonés
Penaeus (Marsupenaeus) japonicus utilizando familias consanguineas (F = 28.13 y 30.56
%) y no consanguineas (F' = 6.25 y 9.38 %), Keys et al. (2004) estimaron un cambio de
-3.34 £2.55 % por cada 10 % de incremento en F para crecimiento y de -3.43 + 3.59 % por
cada 10 % de incremento en F para supervivencia; sin embargo estos valores no fueron

estadisticamente diferentes de cero (P>0.05).



CAPITULO II

EFECTOS DE CONSANGUINIDAD SOBRE EL PESO CORPORAL A
LA COSECHA Y TASA DE SUPERVIVENCIA EN UNA POBLACION
SELECCIONADA DE CAMARON BLANCO DEL PACIFICO Penaeus

(Litopenaeus) vannamei.
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Abstract

The objective of this study was to investigate the effect of inbreeding on body weight
at harvest size (130 days of age) and grow-out survival rate (65-130 days of age) in a

nucleus breeding population of Penaeus (Litopenaeus) vannamei. An experiment was

designed to generate inbred families the product of sibling matings, as well as groups
of families with different inbreeding coefficients in three successive generations. The
families came from a broodstock line selected for growth and survival. Inbreeding
coefficients varied between 0 and 60.4 %. A total of 16,361 shrimp from 320 families
were produced. Data was analyzed using mixed linear model methodology and
restricted maximum likelihood methods. Estimated change on body weight per 10 %
increase on the inbreeding coefficient was -2.19 = 0.41 % (P < 0.001) relative to the
mean of non-inbred shrimp predicted from the model (19.63 g). Regression coefficient
for grow-out survival rate on inbreeding was not significant. Estimated change in
survival rate per 10 % increase on the inbreeding coefficient was -0.009 = 0.006 % (P
= 0.108) relative to the mean of non-inbred shrimp predicted from the model (81.72

%). It is important to control inbreeding level in breeding programs.

In order to improve production and profitability in penaeid shrimp aquaculture, the use of
domesticated stocks and breeding programs is becoming more common (Bentsen and
Olesen 2002; Preston and Clifford 2002; Gjedrem et al. 2012). The use of selection
programs implies that only a portion of the population contributes genes that are
transmitted to the next generation, reducing effective population sizes (Vela-Avitaa et al.
2013). This reduction implies an increased probability of mating between relatives, even if
the mating between related animals is kept under control, making unavoidable a certain
degree of increase on inbreeding over time (Falconer and Mackay 1996; Ponzoni et al.
2010). Inbreeding is often associated with a reduction in mean phenotypic values of some
traits, mainly those related to fitness and physiological efficiency, a phenomenon known as
inbreeding depression (Falconer and Mackay 1996; Lynch and Walsh 1998).

Inbreeding depression has been reported for body weight and grow-out survival for

different aquaculture species. In rainbow trout (Oncorhynchus mykiss) Pante et al. (2001),



estimated a significant detrimental effect for body weight at harvest, ranging from -1.6 to
-5.0 % per 10 % increase on inbreeding coefficients with average inbreeding levels ranging
from 0.7 to 2.0 % in 3 populations across 5 generations. In the same species, Su et al.
(1996) found no effect of inbreeding on body weight from 160 to 252 days of age, nor from
280 to 336 days of age, with an inbreeding level ranging from 0 to 19.5 %. In Atlantic
salmon (Salmo salar) Rye and Mao (1998) estimated a significant detrimental effect for
body weight ranging from -0.6 to -2.6 % per 10 % increase on inbreeding coefficients with
average inbreeding level varying from 3.2 to 4.8 % for four sub-populations studied. In

channel catfish (Ictalurus punctatus) Bondari and Dunham (1987) estimated a significant

detrimental effect for body weight of -5.1 % per 10 % increase on inbreeding coefficients
with the inbreeding level varying from 0 to 37.5 % and found no effect of inbreeding on
survival rate.

Little is known about the effects of inbreeding in penaeid shrimp on economically
important traits, including the Pacific white shrimp. Moss et al. (2007), in a retrospective
analysis of P. vannamei pedigreed data, reported a small but highly significant effect of
inbreeding on growth (-2.6 to -3.9 % per 10 % inbreeding) and no effect on grow-out
survival. In an experimental study, Moss et al. (2008) found no effect of inbreeding on
grow-out but a significant detrimental effect on grow-out survival (-3.8 % per 10 %
inbreeding). In_P. japonicus, Keys et al. (2004) estimated negative regression coefficients
of growth and survival on inbreeding level, but they were not statistically significant. In

Fenneropenaeus chinensis, Luo et al. (2014) in an experiment with inbreeding levels of 0,

25, 37.5 and 50 %, estimated a significant inbreeding effect on growth that ranged from
-8.86 to -23.68 % and found no effect of inbreeding on survival. Therefore, estimates of
inbreeding effects on traits in penaeid shrimp are limited to a few experiments based on
relatively small populations and with differing results across studies, even some of them
within the same population. Knowledge about inbreeding effects on economically

important traits in shrimp will allow the designing of more efficient breeding programs.
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The objective of this study was to investigate the effect of inbreeding on body weight at
harvest size (130 days of age) and on grow-out survival rate (65-130 days of age) in a

nucleus breeding population of P. vannamei.

Materials and Methods

This experiment was conducted in the Mexican hatchery Maricultura del Pacifico (Los
Pozos, Sinaloa, Mexico) over the years 2010 to 2012 with three successive generations of
families being produced. The experiment was designed in order to generate inbred families
the product of sibling matings in successive generations, as well as groups of families with
different inbreeding coefficients, including families with relatively low inbreeding level.
Mating was done so as to obtain families in the inbreeding level range between 0 to 60.5 %.
The number of families obtained per group in each year is shown in Table 1. A total of
16,361 shrimp from 320 families were produced. Inbred families were mainly the product
of mating between siblings and cousins (Fig. 1), while the rest of the families were the
product of several mating schemes between individuals with different level of genetic
relationship involving several generations. All mating were performed using artificial
insemination (Al). Inbreeding coefficients were calculated using the pedigree information,
which comprises 11 generations (2002-2012), and were estimated using the software
ENDOG (Gutiérrez and Goyache 2005).

Shrimp used in this experiment came from one breeding line formed in 2007 with the aim
of conserving genetic variability. In this line, selection was mainly performed within
families and therefore inbreeding level increase across the years was low. This line was
derived from an original selected line formed in 1998 from wild shrimp from the Mexican
Pacific Ocean and aquaculture shrimp from Colombia, Ecuador, Venezuela, and the United
States. From 1998 to 2002, the selection was based on (1) full-sib family phenotypic means
of body weight at harvesting around 130 days of age, and (2) within-family selection for
weight at 130 days of age. From 2003 to 2007, the selection criteria were family predicted
breeding values (using BLUP) and within family information for body weight at 130 days

of age.
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In 2007, this conservation line incorporated about 7 % of non-related families from other
populations. From 2008 onwards, a selection index including mean family predicted
breeding values (FBV) was included. It was calculated as (1/2)0; + (1/2) G4, where 0 and Gy
are the predicted breeding values of the sire and the dam of every family. This index
considered survival from 65 to 130 days of age and body weight at 130 days of age with
relative weights 5:1. Approximately the top 95 % of the families were selected each
generation. Within-family selection was also performed based on individual body weight at
three stages (approximately 85, 100, and 145 days of age), keeping at the last stage
approximately 20 % of heaviest shrimp. It is important to mention that within-family
selection procedure is carried out on a second group of full-sibs kept in separated family
cages in the genetic nucleus. In other words, selected broodstock are full-sibs of those
evaluated in the ponds at 130 days of age. In this population Al (one spermatophore per
female) and till year 2010, directed mating was performed, so the expected progeny
inbreeding coefficient did not exceed 3.25 %. Pedigree information used for inbreeding

coefficient estimation began in 2002.

Broodstock management and family production

For the production of the families, mature broodstock selected in each production cycle
were individually tagged using numbered rings placed in one ocular peduncle and were
stocked into maturation tanks at a density of 8 shrimp/m®. Maturation tank dimensions were
12 x 3 m with a water column of 0.35 m, kept at 2829 C with a salinity of 34 g/L and daily
water exchange rate of 400 %. Broodstock diet was based on commercial pellets containing
35 to 40 % protein and fresh food consisting of a mixture of squid, mussel, polychaetes,
crustaceans of the genus Euphausia, paprika and vitamin C to promote gonadal
development. Mature and ready to spawn female breeders were Al using 1:1 sire:dam
mating ratio. Inseminated females were placed in individual 200 L spawning tanks, where
they remained for a period of 6 h for spawning and then placed back into maturation tanks.
Eggs were collected in 15 L tanks, washed with 96 g/L iodine, and placed back into another
15 L tanks with continuous aeration. Spawns with less than 25,000 estimated nauplii were

discarded.
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Larvae culture
At the stage of nauplii V, each family was seeded in two 200 L tanks at a density of 50
shrimp/L. Water conditions consisted of continuous aeration, salinity of 33 g/LL and average
temperature of 33 C. Diet was adjusted according to the larvae growth stage, being based

on Chaetoceros spp microalgae, Spirulina spp, Artemia spp and commercial micro-pellets

containing 40-50 % protein, and 8—10 % fat.

Post larvae management from 28 to 130 days of age

At 28 days of age families were transferred into cages of 1.5 x 0.5 x 0.85 m, the cages were
placed in tanks of 24 x 3.5 m with a water column of 0.35 m. Tanks were maintained with
continuous aeration, water exchange rate of 300 % every 24 hours and average temperature
of 30 C. Animals were fed with commercial pellets containing between 35 % and 40 %
protein, particle size and percentage of protein was adjusted according to the shrimp age.
Between 45 and 60 days of age, random samples of 25 to 40 shrimp of each family were
tagged using three elastomers of six different colors that were injected in three anatomical
areas, one at each side of the last abdominal segment of the shrimp, and the other one in the
dorsal area of this segment. Combination of colors and positions represented the code to
identify each family. After tagging, families were seeded in growth ponds of 0.2 ha at a
density of 15 shrimp/m? in the years 2010 and 2012 and densities of 10 and 30 shrimp/m®
in 2011. Contemporary untagged animals from a multiplication line were used to adjust the
density. Growth ponds were kept with a water column of 1.4 m, average temperature of 32
C, average salinity of 33 ppm, and water exchange rate of 5 to 20 %, depending on the
water quality. Shrimp were fed with commercial pellets containing between 35 % and 40 %
protein according on the growth stage of the shrimp, daily diet consisted of 3 % of the

biomass of the pond.

Collection and edition of body weight at 130 days of age data

Between 11 and 12 weeks after seeding, all shrimp in each pond were harvested. Family
origin and sex were identified in tagged shrimp and were examined to identified individuals

that were dead, molting, flaccid, or with evident deformities. Animals with the latter
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conditions or with tagging code misidentification, or undefined sex information were
discarded from the final edited file. The records discarded represented 0.36 % of the initial

dataset.

Survival rate from 65 to 130 days of age

Shrimp survival from 65 to 130 days of age was considered as a binary trait in the analysis
and its value (0, 1) was determined based on the number of seeded and harvested PL from

each family in the pond.

Statistical analysis

To estimate the effect of inbreeding on body weight at harvest size (BW) and grow-out
survival rate (SR), data was analyzed using mixed linear model methodology and restricted
maximum likelihood (REML) methods with ASReml software (Gilmour et al. 2002).
Model specification was based on results from previous research made on the same
population for the studied traits (Castillo-Juarez et al. 2007; Campos-Montes et al. 2009;
Montaldo et al. 2012; Campos-Montes et al. 2013). Single trait mixed linear models used in
the analysis of BW and SR were:

y=Xf+Zu+Wc+e,

where

y is the vector of observations (BW or SR),

p is the vector of fixed effects,

u is the vector of random animal additive genetic effects, u~N(0, 62 A),

¢ is the random effect common to full-sibs, ¢~N(0, 62 I)

e is the vector of residual environmental random effects, e~N(0, o2 I)

X is a known incidence matrix relating observations to fixed effects. For BW the effects
included in vector f# were: the combined effect of grow-out pond, year and sex, age at
harvest as a covariate, and inbreeding coefficient (F) as covariate. For SR the effects
included in vector f were: the combined effect of grow-out pond and year, age at seeding as

a covariate, and inbreeding coefficient (F) as covariate.
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Z and W are known incidence matrices relating observations to random u and ¢ effects,

respectively.

The complete pedigree data set (2002 — 2012) was used to generate the additive genetic
relationship matrix (A) with 29,027 organisms so that animal models were fitted. Total
number of measured organisms was 13,355 for BW and 16,361 for SR, from a total of 320

families.

Results

The mean (SD) for the inbreeding level of the study population was 9.80 (13.58) %, with a
minimum of 0 % and a maximum of 60.4 %. As sire: dam ratio in the analyzed data was
1:1, animal additive genetic effect and the effect common to full sibs may be partially
confounded within generations. All the mixed model analyzes which contained both
effects converged, showing that some statistical separation between these effects was
possible through the use of pedigreed data from several generations (Campos-Montes et al.
2013). Heritability estimates for BW and SR obtained here (Table 2) were approximately
similar to estimates from the production line of the same hatchery (Campos-Montes et al.
2013).

There was a significant negative relationship between BW and F. Estimated change on BW
per 10 % increase on the inbreeding coefficient was -2.19 £ 0.41 % (P < 0.001; Table 3)
relative to the mean of non-inbred shrimp predicted from the model (19.63 g). Regression
coefficients for SR were not significant (Table 3). Estimated change in SR per 10 %
increase on the inbreeding coefficient was -0.009 + 0.006 % (P = 0.108) relative to the
mean of non-inbred shrimp predicted from the model (81.72 %).

For BW and SR, analysis to determine the existence of a quadratic effect for F, age at
seeding, and age at harvesting were performed, as well as, analysis within year - grow-out
pond, however, not significant effects were found (P > 0.05). Therefore, there was no
evidence for the existence of any non linear effect of F' on the studied traits, or for the

existence of genotype-environment interaction.
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Discussion
Inbreeding is unavoidable in closed populations undergoing selection programs. In the
genetic management of a single breeding line, inbreeding is in general considered harmful,
and breeders try to avoid levels that produce inbreeding depression (Falconer and Mackay
1996). The magnitude of inbreeding depression varies depending on the genetic
characteristics of the population, such as the allele frequencies, and the level of inbreeding
achieved, therefore it is trait and population specific (Bentsen and Olesen 2002; Kristensen
and Sorensen 2005).
Studies about the effect of inbreeding in aquaculture species support that inbreeding
depression is of general concern (Bondari and Dunham 1987; Su et al. 1996; Rye and Mao
1998; Pante et al. 2001; Evans et al. 2004), including penaeid shrimp (Keys et al. 2004; De
Donato 2005; Moss et al. 2007; Moss et al. 2008; Luo et al. 2014).
In the present study, inbreeding had a significant negative effect on body weight at harvest
size (130 days of age) with an estimated effect of -2.14 % of the phenotypic mean per 10 %
increase on inbreeding coefficient. This is consistent to the estimated by Luo et al. (2014)
in an experiment in F. chinensis with inbreeding levels of 0, 25, 37.5 and 50 %, were
inbreeding had an effect on growth in three post-larval stages (PL80, PL100, and PL140)
that ranged from -3.06 to -4.74 % per 10 % increase on inbreeding coefficient. Our results
differed from those obtained in the experiments by Moss et al. (2008) in P. vannamei and
those by Keys et al. (2004) in P. japonicus, were inbreeding has no effect on grow-out.
However, Moss et al. (2007) in a retrospective observational study in P. vannamei,
estimated a significant inbreeding effect on growth that ranged from -2.6 to -3.9 % of the
phenotypic mean per 10 % increase on inbreeding coefficient, which is similar to our
findings. Contradictory results observed in these studies may be due to the use of a
relatively low number of families in the experiments reported, where estimation errors
might be large. The experimental design of our study allowed to have a greater statistical
power and to reduce the probability of under or over estimating inbreeding effects by
analyzing a large number of families and observations.
Survival is a fitness trait, and inbreeding is considered to affect these types of traits

(Falconer and Mackay 1996). However, our results showed that inbreeding had no effect on
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grow-out survival rate. Estimated change in grow-out survival rate was -0.009 % per 10 %
increase on the inbreeding coefficient. This is consistent with the results estimated by Moss
et al. (2007) in P. vannamei, which indicate that grow-out survival was unaffected by
inbreeding in shrimp that were stocked at 1-3 g and harvested at 15-25 g with an estimated
inbreeding effect on survival that ranged from —0.1 to 0.5 % per 10 % increase on
inbreeding coefficient. Similarly, Keys et al. (2004) found no effect of inbreeding on
survival in P. japonicus at three different growth stages (PL30-PL80, PL80- PL124 and
PL124-PL156) with a non significant estimated inbreeding effect of -3.3 % per 10 %
increase on inbreeding coefficient. Likewise, Luo et al. (2014) found a non-significant
estimated inbreeding effect on survival in F. chinensis that ranged from -0.85 to -2.49 %
per 10 % increase on inbreeding coefficient. In contrast, Moss et al. (2008) found a
significant effect of inbreeding on grow-out survival in P. vannamei that were seeded at 1-2
g and harvested at 12-15 g with an estimated inbreeding effect of -3.8 % of the phenotypic
mean per 10 % increase of inbreeding coefficient. Non significant effects of inbreeding on
grow-out survival rate may be due to the fact that selection may act against fixation of
deleterious genes, purging the genetic load and avoiding inbreeding depression for this trait,
but not for body weight (Charlesworth and Charlesworth 1999, Frankham et al. 2001;
Keller and Waller 2002).

The relationship between inbreeding and inbreeding depression is not always linear (Gjerde
et al. 1983). In the present study, the existence of non-linear relationships was tested and
found non significant, suggesting that the relation between inbreeding and body weight or
grow-out survival rates is linear. Previous studies in Penaeus shrimp do not mention
whether they tested or not for the existence of non-linear relationships (Keys et al. 2004;
Moss et al. 2007; Moss et al. 2008; Luo et al. 2014).

Selection programs are designed to increase the genetic merit of a population and to control
inbreeding. Slowly accumulated inbreeding allows selection to act over several generations,
so this type of inbreeding is not expected to be as harmful as the inbreeding resulting from
mating closely related individuals in designed experiments (Hedrick 1994; Reed 2003). A
decrease of fitness due to inbreeding depression and an increase of fitness due to selection

balance one to another (Meuwissen and Woolliams 1994). In our study, the effect of
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selection was accounted by using an animal model for the analysis (Henderson 1984;
Mrode 2005).

In this population an increase of inbreeding of 1 % per generation (year) would lead to a
decrease in the average harvest body weight of approximately 0.2 % of its mean.
Therefore, the maintenance of a relatively large effective population size (> 50 organisms)
per generation and the monitoring and control of inbreeding are key issues during the
implementation of breeding programs to limit inbreeding depression (Ponzoni et al. 2010).
In conclusion, inbreeding depressed body weight at harvest size (130 days of age) but it did
not have an effect on grow-out survival rate (65-130 days of age) in a genetic selected

population of P. vannamei.
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Tables

TABLE 1. Number of families and organisms by inbreeding group for years 2010 to 2012.

F 2010 2011 2012 Total Total
No. No. No. No. No. No.
(%) families organisms
families  organisms families  Organisms families  organisms
0.0-3.25 53 1949 65 4547 70 2887 188 9383
3.26-5.0 4 152 14 962 12 475 30 1589
5.1-10.0 0 0 12 814 17 712 29 1526
10.1-20.0 0 0 5 314 6 244 11 558
20.1-30.0 10 373 10 700 10 446 30 1519
30.1 - 40.0 4 146 13 890 6 257 23 1293
40.1 - 60.5 3 113 5 344 1 36 9 493
Total 74 2733 124 8571 122 5057 320 16361
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TABLE 2. Variance components and genetic parameter estimates for body weight

and survival.

Parameter Body weight Survival
o5 7.45 0.1496
o2 1.48 0.0020
0?2 1.17 0.0047
h? 0.20+0.05 0.0131 £0.0075
c? 0.16 £ 0.02 0.0314 £ 0.0051

Gf,: phenotypic variance; 62: additive genetic variance; 6%: common environmental
variance; h?: heritability; c?: proportion of phenotypic variance due to common

environmental variance.
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TABLE 3. Predicted mean of non-inbred shrimp, regression coefficient estimates, and
percentage inbreeding effect (PIE) expressed as percent change in non-inbred mean per 10

% increase in F.

Predicted mean of

Trait b PIE
non-inbred
BW (g) 19.63 + 0.30 - 0.043 £ 0.008** -2.19+£0.41%**
SR (%) 81.72+1.19 - 0.0007 £ 0.0005 - 0.009 £ 0.006

BW: body weight at harvest size (130 days of age); SR: survival rate (65-130 days of age)
PIE: [(b / Predicted mean of non-inbred) x 100] x 10

**P <0.001
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Figure caption

FIGURE 1. Examples of mating between siblings and cousins and approximate levels of
inbreeding (F) obtained (%).
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CAPITULO III

DISCUSION GENERAL

El incremento en los niveles de consanguinidad en poblaciones animales sometidas a
procesos de seleccion es inevitable. En el manejo genético de una sola linea de cria, la
consanguinidad es en términos generales considerada perjudicial, y los productores tratan
de evitar niveles de consanguinidad que produzcan depresién consanguinea (Falconer and
Mackay, 1996). La magnitud de la depresion consanguinea varia de acuerdo a la
caracteristica y poblacion estudiada, ya que dependerd de las frecuencias alélicas de la
poblacion y el nivel de consanguinidad alcanzado (Bentsen and Olesen, 2002; Kristensen
and Sorensen, 2005). La base genética de la depresion consanguinea es explicada por dos
hipotesis principales. La primera hipdtesis, la hipotesis de dominancia, explica que la
depresion consanguinea es causada por la expresion de alelos recesivos deletéreos en
individuos homocigotos. Dado que la consanguinidad incrementa la frecuencia de
homocigotos, los alelos recesivos deletéreos ocultos en los heterocigotos, se expresaran en
mayor proporcion. La segunda hipotesis, la hipotesis de la sobredominancia, explica que
los heterocigotos son superiores a ambos homocigotos, y una frecuencia reducida de
heterocigotos, debido a la consanguinidad, reducira las oportunidades de expresar esta

sobredominancia (Charlesworth and Charlesworth, 1999; Kristensen and Sorensen, 2005).

En el presente estudio la consanguinidad tuvo un efecto negativo significativo en el
peso corporal a la cosecha (130 dias de edad), con un efecto estimado de -2.14 % de la
media fenotipica por cada 10 % de incremento en el coeficiente de consanguinidad. Este
resultado es consistente con lo estimado por Luo et al. (2014) en un experimento en F.
chinensis con niveles de consanguinidad de 0, 25, 37.5 y 50 %, en donde la consanguinidad
tuvo un efecto en el crecimiento en tres etapas post larvarias (PL80, PL100, and PL140)
que vario entre -3.06 y -4.74 % por cada 10 % de incremento en el coeficiente de

consanguinidad. Los resultados en este estudio fueron diferentes a los obtenidos en los
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experimentos realizados por Moss et al. (2008) en P. vannamei y por Keys et al. (2004) en
P. japonicus, en donde el efecto de la consanguinidad sobre el crecimiento no fue
significativo. Sin embargo, Moss ef al. (2007) en un estudio observacional retrospectivo en
P. vannamei, estimaron un efecto significativo de la consanguinidad sobre el crecimiento
que varid entre -2.6 y -3.9 % de la media fenotipica por cada 10 % de incremento en el
coeficiente de consanguinidad, lo que es similar a los resultados obtenidos en nuestro
estudio. Los resultados inconsistentes observados entre estudios pueden deberse a el uso de
un nuamero relativamente bajo de familias en los experimentos descritos, donde los errores
de estimacion pueden ser grandes. El disefio experimental de nuestro estudio permitio tener
una mayor potencia estadistica y reducir la probabilidad de subestimar o sobreestimar los
efectos de la consanguinidad al analizar un mayor nimero de familias y observaciones

comparado con estudios previos.

La consanguinidad comunmente provoca una disminucién en la media fenotipica de
caracteristicas relacionadas con la aptitud, como la supervivencia (Falconer and Mackay,
1996; Lynch and Walsh, 1998). Sin embargo en el presente estudio el efecto de la
consanguinidad sobre la tasa de supervivencia (65-130 dias de edad) no resultd
estadisticamente significativo, siendo de -0.009 % por cada 10 % de incremento en el
coeficiente de consanguinidad. Estos resultados son consistentes con los obtenidos por
Moss et al. (2007) en un estudio con P. vannamei en el cual no observaron efecto de la
consanguinidad sobre la supervivencia en camarones sembrados entre 1 y 3 g y cosechados
entre 15 y 35 g, con un efecto estimado no significativo que vario entre -0.1 y 0.5 % por
cada 10 % de incremento en el coeficiente de consanguinidad. De igual manera, Keys ef al.
(2004) no observaron efecto de la consanguinidad sobre la supervivencia en P. japonicus en
tres etapas larvarias (PL30-PL80, PL80- PL124 and PL124-PL156) con un efecto estimado
no significativo de -3.3 % por cada 10 % de incremento en el coeficiente de
consanguinidad. Asi mismo, Luo ef al. (2014) no observaron efecto de la consanguinidad
sobre la supervivencia en F. chinensis con un efecto estimado no significativo que varid
entre -0.85 y -2.49 % por cada 10 % de incremento en el coeficiente de consanguinidad.

Contrario a esto, Moss ef al. (2008) en P. vannamei encontraron un efecto significativo de
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la consanguinidad sobre la supervivencia en camarones sembrados entre 1 y 2 gy
cosechados entre 12 y 15 g, con un efecto estimado de -3.8 % de la media fenotipica por
cada 10 % de incremento en el coeficiente de consanguinidad. En términos generales, se
espera que la depresion consanguinea sea mayor en caracteristicas de menor heredabilidad,
en las cuales los componentes de dominancia y epistasis tienen mayor importancia
(Falconer y Mackay, 1996); sin embargo, el efecto no significativo de la consanguinidad
sobre la tasa de supervivencia puede deberse al hecho de que la seleccion esté actuando en
contra de la fijacion de los genes deletéreos. Es decir, que los alelos recesivos estén siendo
purgados de la poblacion. Esto puede haber ocurrido en cualquier etapa previa a la edad de
reproduccion, evitando la depresion consanguinea para esta caracteristica (Charlesworth
and Charlesworth, 1999; Frankham et al., 2001; Keller and Waller, 2002). Por lo tanto, la
disminucion de la aptitud debido a la depresion consanguinea y el incremento en la aptitud
debido a la seleccion generan un balance (Meuwissen and Woolliams, 1994). Esto
comprueba que es dificil generalizar acerca del efecto de la consanguinidad a partir de los

valores de los parametros genéticos.

Los programas de seleccion son disefiados para incrementar el mérito genético de una
poblacion y controlar la consanguinidad. La consanguinidad acumulada de manera pasiva
permite a la seleccion actuar sobre varias generaciones, por lo que este tipo de
consanguinidad podria no ser tan perjudicial como la resultante de apareamientos entre
individuos estrechamente relacionados (Hedrick, 1994; Reed, 2003). Para disefiar
programas eficientes de mejoramiento genético en camaron es necesario cuantificar los
efectos de la consanguinidad e incorporar esta informacion de manera que nos permita

balancear adecuadamente la respuesta a la seleccion y la depresion por consanguinidad.
En conclusioén, la consanguinidad tuvo un efecto negativo sobre el peso corporal a la

cosecha (130 dias de edad), pero no sobre la tasa de supervivencia (65 - 130 dias de edad)

en una poblacion seleccionada de P. vannamei.
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