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ABSTRACT

Objective. Covariance functions for additive genetic and permanent environmental effects and,
subsequently, genetic parameters for test-day milk (MY), fat (FY) protein (PY) yields and mozzarella
cheese (MP) in buffaloes from Colombia were estimate by using Random regression models (RRM)
with Legendre polynomials (LP). Materials and Methods. Test-day records of MY, FY, PY and MP
from 1884 first lactations of buffalo cows from 228 sires were analyzed. The animals belonged to
14 herds in Colombia between 1995 and 2011. Ten monthly classes of days in milk were considered
for test-day yields. The contemporary groups were defined as herd-year-month of milk test-day.
Random additive genetic, permanent environmental and residual effects were included in the model.
Fixed effects included the contemporary group, linear and quadratic effects of age at calving, and
the average lactation curve of the population, which was modeled by third-order LP. Random additive
genetic and permanent environmental effects were estimated by RRM using third- to- sixth-order LP.
Residual variances were modeled using homogeneous and heterogeneous structures. Results. The
heritabilities for MY, FY, PY and MP ranged from 0.38 to 0.05, 0.67 to 0.11, 0.50 to 0.07 and 0.50 to
0.11, respectively. Conclusions. In general, the RRM are adequate to describe the genetic variation
in test-day of MY, FY, PY and MP in Colombian buffaloes.

Key words: Cattle, genetics, zootechnics (Source: EuroVoc).

RESUMEN

Objetivo. Fueron estimadas funciones de covariancia para los efectos genéticos aditivos y de ambiente
permanente, y posteriormente fueron estimados los parametros genéticos para la produccién de
leche en el dia del control (PDC) para leche (MY), grasa (FY), proteina (PY) y produccion de queso
mozzarella (MP), usando modelos de regresion aleatoria (RRM) mediante Polinomios Ortogonales de
Legendre (LP) en bufalos de Colombia. Materiales y Métodos. Fueron analizados 1884 registros de
PDC de primeras lactancias para MY, FY, PY y MP, hijas de 228 reproductores. Los registros procedian
de 14 rebafios entre 1995 y 2011. Para las PDC fueron consideradas 10 clases mensuales de dias
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en lactancia. Los grupos contemporaneos fueron definidos como rebafio-afio-mes de control. Fueron
incluidos en el modelo efectos aleatorios genético aditivo, de ambiente permanente y residual. Los
efectos fijos incluidos fueron grupo contemporaneo, efecto lineal y cuadratico de edad al parto, y
curva promedia de la lactancia de la poblacidn, la cual fue modelada por un LP de tercera orden. Los
efectos aleatorios genético aditivo y de ambiente permanente fueron estimados por RRM mediante LP
de tercero a sexto orden. Las variancias residuales fueron modeladas usando estructuras homogéneas
y heterogéneas. Resultados. Las heredabilidades para MY, FY, PY y MP variaron de 0.38 a 0.05,
0.67 a 0.11, 0.50 a 0.07 y 0.50 a 0.11, respectivamente. Conclusiones. En general, los RRM son
adecuados para describir la variacion genética para la PDC de MY, FY, PF y MP en bufalos de Colombia.

Palabras clave: bovino, genética, zootecnia (Fuente: EuroVoc).

INTRODUCTION

Buffalo milk is mainly used for the production
of milk derivatives due to the composition and
physicochemical quality of its components (1).
The nutritional quality and economic value of
mozzarella cheese does not only depend on
the quantity of milk produced, but also on its
relationship with fat and protein (1,2).

Random regression models (RRM) can be applied
to test-day milk yield as an alternative to standard
procedures used for the genetic evaluation of
longitudinal traits in dairy cattle. According to El
Faro et al (3), in dairy cattle of different breeds,
heritabilities of 0.15 t0 0.48, 0.13 t0 0.28 and 0.16
to 0.28 were estimated for milk (MY), fat (FY) and
protein (PY) yield, respectively, using RRM (4-7).

Studies estimating heritabilities for mozzarella cheese
production (MP) with RRM are scarce. The objetive of
this study was to estimate covariance functions for
additive genetic and permanent environmental effects
and, subsequently, genetic parameters for MY, FY, PY
and MP in buffaloes from Colombia using RRM with
Legendre polynomials (LP).

MATERIALS AND METHODS

Description of the data. In the study, test-day
MY, FY, PY and MP from 1884 first lactations of
buffalo cows aged 26 to 49 months, from 228
sires, were analyzed. The animals belonged to
14 herds that comprise the database of Faculty
of Agricultural Sciences, University of Antioquia,
Colombia and Colombian Buffaloes Breeders
Association. Calvings occurred between 1995 and
2011. Lactations were considered when the first
control was between 5 and 45 d. Test-day yields
were divided into monthly classes of lactation
(1 to 10 classes) and animals with at least three
test-day records were included in the analysis.
The contemporary groups (CG) were defined as
herd-year-month of milk test, with the restriction
that each group should contain at least three
animals. A pedigree file containing 7.090 animals
was used in all analyses.

INTRODUCCION

La leche de bufalo se utiliza principalmente para
la produccién de derivados lacteos, debido a
la composicion y calidad fisicoquimica de sus
componentes (1). La calidad nutricional y el valor
econdémico del queso mozzarella no depende
Unicamente de la cantidad de leche producida,
sino también de su relacion con la grasa y la
proteina (1,2).

Es posible aplicar modelos de regresion aleatoria
(MRA) a la produccién de leche del dia de control
como una alternativa a los procedimientos estandar
utilizados para la evaluacion genética de caracteristicas
longitudinales en bovinos lecheros. De acuerdo con El
Faro et al (3), en los bovinos lecheros de diferentes
razas, se estimaron las heredabilidades de 0.15
a 0.48, de 0.13 a 0.28 y de 0.16 a 0.28 para la
produccién de leche (MY), grasa (FY) y proteina (PY),
respectivamente, utilizando los MRA (4-7).

Las estimaciones obtenidas en estudios de las
heredabilidades para la produccion de queso
mozzarella (MP) via MRA son escasas. El objetivo
del presente estudio fue estimar las funciones de
covarianza para los efectos genéticos aditivos y
de ambiente permanente y, posteriormente, los
parametros genéticos para MY, FY, PY y MP en
bufalos de Colombia utilizando MRA con polinomios
de Legendre (LP).

MATERIALES Y METODOS

Descripcion de los datos. En el estudio fueron
analizados los registros productivos de MY, FY, PY
y MP en el dia de control de primeras lactancias de
1.884 bufalas de 26 a 49 meses de edad, hijas de 228
reproductores. Los animales pertenecian a 14 rebafios
que conforman la base de datos de la Facultad de
Ciencias Agrarias, Universidad de Antioquia, Colombia
y la Asociacion Colombiana de Criadores de Bufalos.
Los partos ocurrieron entre el afio 1995 y el 2011.
Fueron consideradas lactancias cuando su primer
control estuvo entre el dia 5 y 45. La produccion en
el dia de control se dividié en clases mensuales de
lactancia (clases de 1 a 10) y se incluyeron en el
analisis los animales con al menos tres registros de
dia de control. Los grupos contemporaneos (CG) se
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MP was estimated using the mozzarella index
proposed by Borghese and Mazzi (8), which is
based on MY, %FY and %PY. This index is adopted
in genetic and animal breeding programs in Italy
and is calculated as follows:
MP(kg)=MY*{[(3.5*%P)+(1.23*%F)-0.88]/100}.

Statistical method. Single-trait RRM were
used for the analysis of MY, FY, PY, and MP.
Random additive genetic effects, permanent
environmental effects of the animal, and residual
effects were included in all models. The fixed
effects were CG, linear and quadratic effects
of the covariate age of dam at calving, and
the average lactation curve of the population
modeled by a third-order orthogonal polynomial.
The matrix representation of the model is given
as:

v=Xb+Za+Wap + ¢

Where

y = vector of observations;

b = vector of fixed effects (CG and age of dam
at calving and average curve of the population
covariates);

a = vector of solutions for additive genetic
random regression coefficients;

ap = vector of solutions for permanent
environmental random regression coefficients;
e = vector of residual effects, and

X,Z,W = incidence matrices for fixed,random
additive genetic and permanent environmental
effects, respectively.

The dimension of vector “a” consists of k, x N,
coefficients, where k_ corresponds to the order of
the polynomial and N, is the number of animals
in the relationship matrix. The dimension of
vector ap consists of kapx N, coefficients, where
kap corresponds to the order of the polynomial
and N, is the number of animals with records.

For analysis, it was assumed that the records
were distributed with mean XB and the random
effects were assumed to be normally distributed
with:

a 0||K,®4 0 0
ap|~N[|0,| 0 Kap®INd 0
e 0 0 0 R
Where

K, and K, are covariance matrices between
additive genetic and permanent environmental
random regression coefficients, respectively;

A is the relationship matrix between individuals;
I, is the identity matrix of dimension N ;

® is the Kronecker product between matrices,
and R is a block diagonal matrix containing
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definieron como rebafo-afio-mes de control, con la
restriccion que cada grupo debe contener al menos
tres animales. Se utilizd un archivo del pedigri de
7.090 animales en todos los analisis.

La MP fue estimada utilizando el indice de mozzarella
propuesto por Borghese y Mazzi (8), el cual se basa
en MY, %FY y %PY. Este indice ha sido adoptado en
programas de genética y reproduccion animal en Italia
y se calcula de la siguiente forma:

MP(kg)=MY*{[(3.5*%P)+(1.23*%F) - 0.88]/ 100}.

Método estadistico. Se utilizaron MRA univariados
para el analisis de MY, FY, PY y MP. Se incluyeron
los efectos aleatorios fueron genéticos aditivos, de
ambiente permanente y los efectos residuales de
los animales en todos los modelos. Los efectos fijos
fueron CG, los efectos lineales y cuadraticos de la
edad como covariable al momento del parto y la curva
promedia de lactancia de la poblacién, modelada por
medio de un polinomio ortogonal de tercer orden. La
representacion matricial del modelo es la siguiente:

v=Xb+Za+Wap + ¢

Donde

y = vector de observaciones;

b = vector de efectos fijos (CG y las covariables edad al
momento del parto y curva promedio de la poblacion);
a = vector de soluciones para los coeficientes de
regresion aleatoria genético aditivo;

ap = vector de soluciones para los coeficientes de
regresion aleatoria de ambiente permanente;

e = vector de efectos residuales, y

X,Z,W = matrices de incidencia para los efectos fijos,
aleatorios genético aditivo y de ambiente permanente,
respectivamente.

La dimensién del vector “a” se compone de k, x
N, coeficientes, donde k, corresponde al orden del
polinomio y N, al niimero de animales en la matriz de
relaciones. La dimensidn del vector “ap” consiste de kap
x N, coeficientes, donde kap corresponde al orden del
polinomio y N, al nimero de animales con registros.

Para el andlisis se asumio que los registros tenian una
distribucion con media XB y se asumid que los efectos
aleatorios tenian una distribucién normal:

a 0||K,®4 0 0
ap|~N|[|0],] O Kap®[Nd 0
e 0 0 0 R
Donde

K,y K,, corresponden a las matrices de covarianza
entre los coeficientes de regresion aletorios del
efecto genético aditivo y de ambiente permanente,
respectivamente;

A es la matriz de relaciones entre los individuos;

I, es la matriz identidad de dimensién N;
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residual variances. It was assumed that the
residuals are independent.

The random additive genetic and permanent
environmental effects were modeled using
third- to sixth-order LP. A homogeneous (R) and
a heterogeneous (r) structure with 10 classes
(each month was considered to be a different
class) were adopted for residual variances. In
addition, heterogeneous variances with smaller
classes were also considered, which were divided
according to similarity between variances based
on the 10 residual classes. Thus, test-day records
for MY were divided into four classes (1%, 2™ to
4th 5t to 8% and 9 to 10" month). The residual
variance structure for FY was defined by four
classes (1, 29, 37 to 8™ and 9 to 10*" month).
For PY, residual variance was modeled using four
classes (1, 2" to 7™, 8™ and 9 to 10*" month).
Residual variance for MP was modeled using
four classes (1%t to 2", 3™ to 7%, 8™ and 9 to
10* month).

The general RRM is given as LEGk .k, R or LEGK,.
k.t where k_ and k_ correspond to the order of
the covariance function for additive genetic and
permanent environmental effects, respectively,
and R or ris the structure of residual variances.
The covariance functions were estimated by the
restricted maximum likelihood method using the

WOMBAT program (9).

The different models were compared using the
logarithm of the likelihood function (log L), the
likelihood ratio test (LRT) at 1% probability,
restricted maximum likelihood Akaike’s (AIC)
and Schwarz Bayesian (BIC) Information Criteria,
and examination of variances and correlations
estimated for the traits. The information criteria
can be described as: 4IC=-2logL+2p and
BIC = 2log L + plog(N —r(X)), Where p is
the number of parameters estimated, N is the
number of data, r(X) is the rank of the incidence
matrix of fixed effects in the model, and log
L is the logarithm of the restricted maximum
likelihood function.

RESULTS

The mean test-day MY data followed a typical
lactation curve for buffaloes, starting with 3.69
kg and increasing until peak yield in the third
month (4.14 kg), followed by a decrease until
the end of lactation (2.34 kg). The mean test-
day FY, PY and MP were 0.24, 0.14 and 0.75 kg,
respectively, with a standard deviation of 0.11,
0.07 and 0.33 kg and coefficient of variation of
46.58, 45.89 and 44.41% (Table 1).

® es el producto de Kronecker entre las matrices,

y R es una matriz diagonal que contiene las
varianzas residuales. Se asume que los residuos son
independientes.

Los efectos genético aditivo y de ambiente
permanente fueron modelados usando LP de tercer
a sexto orden. Se adoptd una estructura homogénea
(R) y heterogénea (r) con 10 clases (se considerd
que cada mes correspondia a una clase diferente)
para varianzas residuales. Ademas, también se
consideraron las varianzas heterogéneas con clases
mas pequefias, las cuales fueron divididas segun su
similitud entre las varianzas en base a las 10 clases
residuales. Por lo tanto, los registros del dia de control
para MY se dividieron en cuatro clases (1°, 2° a 49,
50 a 89y 99 a 10° mes). La estructura de la varianza
residual para FY se definié de acuerdo a cuatro clases
(19, 20, 30 3 89 y 90 3 10° mes). Para PY, la varianza
residual fue modelada usando cuatro clases (19, 2°
a 7%, 89y 99 a 10° mes). La varianza residual para
MP fue modelada usando cuatro clases (1°a 29, 3° a
70, 8%y 99 3 10° mes).

El MRA general se define como LEGk .k, R o LEGK,.
k.t donde k, y k,, corresponden al orden de la
funcion de covarianza para los efectos genético
aditivo y de ambiente permanente, respectivamente,
y R o r es la estructura de las varianzas residuales.
Las funciones de covarianza fueron estimadas por el
método de méxima verosimilitud restringida utilizando
el programa WOMBAT (9).

Los diferentes modelos fueron comparados mediante
el logaritmo de la funcién de verosimilitud (log L),
la prueba de razén de verosimilitud (LRT) con una
probabilidad del 1%, los criterios de informacion de
Akaike (AIC) y Bayesiano de Schwarz (BIC), y por medio
del examen de las correlaciones y varianzas estimadas
para las caracteristicas. Los criterios de informacion
pueden describirse como: AIC=-2logl+2p vy
BIC = -2log L + plog(N —r(X)), donde p es el
ndmero de parametros estimados, N es el nimero de
datos, r(X) es el rango de la matriz de incidencia de
los efectos fijos en el modelo, y log L es el logaritmo
de la funcién de maxima verosimilitud restringida.

RESULTADOS

Los datos promedios del dia de control para MY siguieron
una curva de lactandia tipica para los bufalos, iniciando
con 3.69 kg y aumentando hasta el pico de la produccion
en el tercer mes (4.14 kg), seguido por una disminucion
hasta el fin de la lactancia (2.34 kg). Los valores promedio
del dia de control para FY, PY y MP fueron, 0.24, 0.14 y
0.75 kg, respectivamente, con una desviacion estandar
de0.11,0.07 y 0.33 kg y con un coeficiente de variacion
de 46.58, 45.89 y 44.41 (Tabla 1).
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Table 1. Description of milk yield (MY), fat yield (FY), protein yield (PY) and mozzarella production (MP) across first

lactation of buffaloes.

Test day N MY N FY PY MP
Mean SD cv Mean sD cv Mean SD cv Mean SD cv
1 711 3.69 1.33 36.1 100 0.27 0.12 44.93 0.17 0.07 39.72 0.89 0.35 39.56
2 764 4.08 1.39 34.2 118 0.27 0.13 49.21 0.17 0.08 46.68 0.90 0.41 45.77
3 808 4.14 1.34 32.2 133 0.27 0.11 40.64 0.17 0.06 39.06 0.87 0.33 38.18
4 758 4.01 1.25 31.1 141 0.24 0.10 42.06 0.15 0.05 35.06 0.78 0.29 36.59
5 749 3.82 1.14 29.7 138 0.24 0.09 38.94 0.14 0.05 37.32 0.75 0.27 36.13
6 707 3.66 1.21 32.9 123 0.23 0.11 48.28 0.14 0.06 43.26 0.73 0.32 43.16
7 705 3.37 1.14 33.8 134 0.21 0.10 47.37 0.11 0.05 48.05 0.63 0.29 46.37
8 626 3.08 1.08 35.2 88 0.18 0.08 45.23 0.10 0.04 40.98 0.54 0.22 40.70
9 536 2.78 0.97 34.99 47 0.17 0.07 42.31 0.09 0.03 34.21 0.50 0.18 35.40
10 426 2.34 0.98 41.96 14 0.15 0.07 43.03 0.08 0.03 32.35 0.46 0.17 36.31

N: number of observations; SD: standard deviation; CV (%): coefficient of variation.

Milk component yields remained constant during
early lactation until the third month (0.27 kg
for FY and 0.17 kg for PY). Production declined
after the fourth month with increasing number
of days in milk until the end of lactation (0.15
kg for FY and 0.08 kg for PY). In contrast, MP
increased from early lactation (0.89 kg) to the
second month (0.90 kg), followed by a decline
after the third month to the end of the lactation
(0.46 kg). In general, a greater variation in FY,
PY and MP was observed at the end of lactation.

The LEG3,3_4 model should be used for MY,
PY and MP, and the LEG3,3_6 or LEG3,3_4
models should be used for FY, with the biological
interpretation of this trait being easier with
the LEG3,3_4 model because of the smaller
number of parameters (Table 2).

RRM with LP require the definition of the most
appropriate order for each random effect included
in the model. For MY, FY, PY and MP (Table 3),
improvement of the log L (p>0.01 by the LRT)
and AIC criteria was generally observed when the
order of fit was increased from three to four for
additive genetic variance combined with an order
of six for permanent environmental variance.

Table 4 shows the eigenvalues associated with
the matrix of random regression coefficients for
additive genetic and permanent environmental
effects obtained for the best models for MY, FY,
PY and MP according to the BIC. As can be seen,
lower-order RRM permit to model most part of
the additive genetic variation in MY, FY, PY and
MP, with a fourth coefficient being associated
with an eigenvalue of zero, in contrast to the
permanent environmental effect. The first
eigenvalue analyzed was responsible for at least
62% of the data variation in MRA adjusted to the
traits studied.

La produccién para componentes lacteos
permanecieron constantes al inicio de la lactancia
hasta el tercer mes (0.27 kg para FY y 0.17 kg para
PY). La produccién disminuyd después del cuarto mes
con un mayor numero de dias de lactancia hasta el
final de la misma (0.15 kg para FY y 0.08 kg para
PY). En contraste, el MP aumentd desde al inicio de
la lactancia (0.89 kg) hasta el segundo mes (0.90
kg), seguido por un descenso después del tercer mes
hasta el final de la lactancia (0.46 kg). En general, se
observé una mayor variacion en FY, PY y MP al final
del periodo de lactancia.

El modelo LEG3,3_4 fue utilizado para MY, PY y MP
y el modelo LEG3,3_6 o LEG3,3_4 fueron utilizados
para FY, dado que la interpretacién bioldgica de este
rasgo es mas facil con el modelo LEG3,3_4 debido al
menor nimero de parametros (Tabla 2).

El MRA con LP requiere de la definicion del orden mas
apropiado para cada efecto aleatorio incluido en el
modelo. Para MY, FY, PY y MP (Tabla 3), se observo
de manera general una mejora en los criterios log L
(p>0.01 por el LRT) y AIC cuando el orden de ajuste
se aumento de tres a cuatro para la varianza genética
aditiva, en combinacidon con un orden de seis para la
varianza de ambiente permanente.

En la tabla 4, son presentados los valores propios
asociados con la matriz de los coeficientes de
regresion aleatoria para los efectos genético aditivo y
de ambiente permanente obtenidos para los mejores
modelos de MY, FY, PY y MP de acuerdo con el BIC.
Como puede observarse, un MRA con un orden
menor permite modelar la mayor parte de la variacién
genética aditiva en MY, FY, PY y MP, con un cuarto
coeficiente asociado con un valor propio de cero, en
contraste con el efecto de ambiente permanente. El
primer valor propio analizado fue responsable de por
lo menos el 62% de la variacion en los datos en el
MRA ajustado a los rasgos objeto de estudio.
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Table 2. Number of parameters estimated (P), logarithm
of the maximum likelihood function (log L),
Akaike information criterion (AIC), Schwarz
Bayesian Information Criterion (BIC) and
Likelihood Ratio Test (LRT) for the models used
to compare the number of residual variance
classes for milk yield (MY), fat yield (FY), protein
yield (PY), and mozzarella production (MP) in

buffaloes.
Modelr P logl AIC BIC LRT®
MY
1)LEG3,3 1 13 -3185.27 639654  6484.98 (1)
2)LEG3,3_3 15 -3097.33 6224.66  6326.71 (3-2) 7.83 **
3)LEG3,3.4 16 -3089.50 6211.01  6319.86 (4-3)6.95™
4) LEG3,3_10 22 -3082.55 6209.11  6358.78 -

FY
1) LEG3,3_1 13 1831.22 -3636.44

-3572.67 (2-1) 6.74%*

2) LEG3,3_4 16 1837.95 -3643.89  -3565.40 (3-2) 1.55™
3) LEG3,3_6 18 1839.50 -3642.99  -3554.69  (4-3) 2.14™
4) LEG3,3_10 22 1841.64 -3639.27  -3531.34 -
PY
(2-1)
1) LEG3,3_1 13 2389.90 -4753.80  -4690.18 16 975
2) LEG3,3_4 16 2406.87 -4781.73  -4703.44  (3-2) 7.14"
3) LEG3,3_10 22 2414.00 -4784.01  -4676.35 -
MP
1) LEG3,3_1 13 762.05 -1498.10  -1434.44 (z-1)
- : : : 15.06%*
2)LEG3,3_4 16 777.11 -1522.22  -1443.87 (3-2) 2.72"
3) LEG3,3_10 22 779.83 -1515.65  -1407.93 -

° LEGk,k,, R or LEGK_k_ _r: functions of Legendre polynomials (LEG)
where k, and k, correspond to the order of the covariance function for
additive genetic and permanent environmental effects, respectively, and
R and r indicate the structure of residual variance (homogeneous or
heterogeneous, respectively).

5 Likelihood ratio test between hierarchical models. **p<0.01; ": not
significant.

The first three eigenvalues explained most of the
additive genetic and permanent environmental
variability (over 90%). On the basis of the results
of the eigenvalues, the dimension of the three
random effects can be reduced without the loss
of information, disagreeing with the log L and
AIC criteria for additive genetic and permanent
environmental effects and agreeing with the BIC
criterion for the additive genetic effect.

The estimates of additive genetic, permanent
environmental, residual and phenotypic variances
for test-day MY (LEG3,5_4), FY (LEG3,4_4), PY
(LEG3,4_4), and MP (LEG3,4_4) are shown in
figure 1. In general, the additive variances for the
traits were higher in the first month, decreased
until the eighth month, and then increased in the
ninth and tenth month.

The estimates of permanent environmental
variance for MY were practically constant across
lactation and were higher than the additive
variances. Residual variance was declined from
the fifth to the tenth month (Figure 1). For PY, the
additive genetic variances showed the same trend
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Table 3. Number of estimated parameters (P), logarithm
of the maximum likelihood function (log L),
Akaike Information Criterion (AIC), Schwarz
Bayesian information criterion (BIC) and
Likelihood Ratio Test (LRT) for models used
comparing the number of classes for the
residual variance of Milk (MY), fat (FY), protein
(PY) yields and mozzarella production (MP) in
buffaloes.

Model® P logL AIC BIC LRT®
MY

1) LEG3,4_4 20 -3051.38 6142.77 6278.83 (2-1) 28.73%*

2) LEG3,5_4 25 -3022.66 6095.32 6265.40 £ (3-2) 24.35%*

3) LEG3,6_4 31 -2998.31 6058.62¢ 6269.52 -

4)LEG4,4_4 24 -3049.33 6146.66 6309.94 (5-4) 28.25%*

5) LEG4,5_4 29 -3021.08 6100.16 6297.45 (6-5) 24.92%*

6) LEG4,6_4 35 -2996.16 6062.32 6300.26 -
7) LEG5,5_4 34 -3013.89 6095.78 6327.09 (8-7) 24.24**
8) LEG5,6_4 40 -2989.65 6059.30 6331.43 -

FY
1) LEG3,4_4 20 1819.91 -3639.82¢ -3541.7¢ (2-1)3.06"
2) LEG3,5_4 25 1811.85 -3623.69 -3501.05 (3-2)7.99"
3) LEG3,6_4 31 1813.85 -3627.69 -3475.61 -
4) LEG4,4_4 24 1803.98 -3607.95 -3490.21 (5-4) 14.54%**

5) LEG4,5_4 29 1813.51 -3627.03 -3484.76 (6-5) 2.9
6) LEG4,6_4 35 1810.45 -3620.89 -3449.19 -
7) LEG5,5_4 34 1807.38 -3614.76 -3447.96 (8-7) 3.14"

8) LEG5,6_4 40 1804.52 -3609.04 -3412.81 -

PY
1) LEG3,4_4 20 2386.79 -4733.58 -4635.71¢ (2-1)9.55 "
2) LEG3,5_4 25 2396.34 -4742.68 -4620.34 (3-2) 12.59™
3) LEG3,6_4 31 2408.93 -4755.87 ¢ -4604.13 -
4) LEG4,4_4 24 2392.47 -4736.94 -4619.50 (5-4) 2.21"
5) LEG4,5_4 29 2394.68 -4731.37 -4589.45 (6-5) 1.64"™
6) LEG4,6_4 35 2396.32 -4742.65 -4591.37 -
7) LEG5,5_4 34 2386.2 -4704.39 -4538.01 (8-7) 10.43"
8) LEG5,6_4 40 2396.63 -4713.25 -4517.50 -

MP
1) LEG3,4_4 20 777.36 -1514.72¢-1416.78% (2-1) 0.97™

2) LEG3,5_4 25 778.32 -1506.64 -1384.23  (3-2) 5.00"
3) LEG3,6_4 31 783.29 -1504.57 -1352.77 -
4) LEG4,4_4 24 776.85 -1505.70 -1388.18 (5-4) 2.86"
5) LEG4,5_.4 29 779.71 -1501.41 -1359.41 (6-5) 5.58"
6) LEG4,6_4 35 785.29 -1500.57 -1329.19 -
7) LEG5,5_4 34  779.95 -1491.90 -1325.41 (8-7) 4.07"

8) LEG5,6_4 40  784.02 -1488.04 -1292.17 -

£ Indicates the best model according to the AIC and BIC.

° LEGk,,k,, R or LEGk,k__r: functions of Legendre polynomials (LEG)
where k_ and k_ correspond to the order of the covariance function for
additive genetic and permanent environmental effects, respectively,
and R and r indicate the structure of residual variance (homogeneous or
heterogeneous, respectively).

b Likelihood ratio test between hierarchical models. **p<0.01; ": not
significant.

Los tres primeros valores propios explican la mayor
parte de la variabilidad aditiva genética y de ambiente
permanente (mas del 90%). En base a los resultados
de los valores propios, es posible reducir la dimensién
de los tres efectos aleatorios sin sufrir ninguna pérdida
de informacion, en desacuerdo con los criterios de
log L y AIC para los efectos aditivos genéticos y de
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Figure 1. Estimates of additive (¢), permanent

environmental (m), residual (A ) and phenotypic
(x) variance for milk yield LEG3,5_4 (A), fat yield
LEG3,4_4 (B), protein yield LEG3,4_4 (C), and
mozzarella production LEG3,4_4 (D).
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Table 4. Percentage of variance explained by the
eigenvalues of the matrix of additive genetic
and permanent environmental random
regression coefficients for the models selected.

Random regression coefficient

Traits
1 2 3 4 5
MY LEG3,5_4
Additive 84.92 15.06 0.02 -
Permanent environmental 69.94 19.93 7.12 2.35 0.67
FY LEG3,4_4
Additive 79.36  15.48 5.16 -
Permanent environmental 82.10 12.66 2.92 2.32
PY LEG3,4_4
Additive 62.65 22.60 14.75 -
Permanent environmental 62.87 16.25 11.14 9.74
MP LEG3,4_4
Additive 88.90 10.43 0.67 -

Permanent environmental 97.52 1.79 0.45 0.24

ambiente permanente y de acuerdo con el criterio BIC
para el efecto genético aditivo.

En la figura 1 se muestran las estimaciones de
las varianzas aditivas genéticas, de ambiente
permanente, residuales y fenotipicas para el dia
de control para MY (LEG3,5_4), FY (LEG3,4_4),
PY (LEG3,4_4) y MP (LEG3,4_4). En general, las
varianzas aditivas de los rasgos fueron mayores en el
primer mes y disminuyeron hasta el octavo mes para
luego aumentar en el noveno y décimo mes.

Las estimaciones de la varianza de ambiente
permanente para MY fueron practicamente constantes
a lo largo del periodo de lactancia y fueron mas
altas que las varianzas aditivas. La varianza residual
disminuyé desde el quinto al décimo mes (Figura 1).

Para PY, las varianzas genéticas aditivas mostraron
la misma tendencia que las varianzas fenotipicas,
observandose valores mas altos al final de la lactancia.
Para FY y MP, las varianzas genéticas aditivas
mostraron la misma tendencia que las varianzas
fenotipicas y residuales y fueron mayores al final del
periodo de lactancia. Estas estimaciones mas altas
para FY, PY y MP pueden ser causadas por numero
de registros encontrados o debido al alto contenido
de grasa y proteina al final de la lactancia (Figura 1).

Las heredabilidades para MY, FY, PY y MP variaron de
0.38a0.05,de 0.67a0.11,de 0.50a 0.07 y de 0.50
a 0.08, respectivamente (Figura 2).

En la figura 3 se muestran las estimaciones de
las correlaciones genéticas y fenotipicas en el dia
de control para MY, FY, PY y MP. Las correlaciones
genéticas para estos rasgos variaron de -0,56 a 0,96.
Las correlaciones fenotipicas de los rasgos estudiados
fueron menores a medida que se incremento el
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Figure 2. Estimates of heritability (h?, A) and proportion of phenotypic variance due to the permanent environment (c?,
B) for milk yield LEG3,5_4 (¢), fat yield LEG3,4_4 (m), protein yield LEG3,4_4 (A), and mozzarella production

LEG3,4_4 (X).

as the phenotypic variances, with the observation
of higher values at the end of lactation. For FY
and MP, the additive genetic variances showed
the same trend as the phenotypic and residual
variances and were higher at the end of lactation.
These higher estimates for FY, PY and MP might
be due to the number of records found or to
the high fat and protein content at the end of
lactation (Figure 1).

The heritabilities for MY, FY, PY and MP ranged
from 0.38 to 0.05, 0.67 to 0.11, 0.50 to 0.07
and 0.50 to 0.08, respectively (Figure 2).

The estimates of genetic and phenotypic
correlations for test-day MY, FY, PY and MP are
shown in figure 3. The genetic correlations for
these traits ranged from -0.56 to 0.96. The
phenotypic correlations of the traits studied
were lower as the interval between test days
increased (Figure 3). In general, the phenotypic

7
g

kY

¢ M

intervalo entre los dias de control (Figura 3). En
general, las correlaciones fenotipicas tuvieron una
magnitud menor que las correlaciones genéticas.

DISCUSION

La evaluacion del mejor ajuste para la varianza
residual (Tabla 2) mostré aumentos en log
L (p<0.01), que fueron significativos por el
LRT, con un aumento en el nimero de clases
heterogéneas. De acuerdo con los criterios
utilizados para la evaluacién de la bondad de
ajuste (AIC y BIC), se considerd que el modelo
que incorpora la homogeneidad de las varianzas
residuales era inapropiado. Este hecho indica
un comportamiento distinto de las varianzas
residuales a lo largo del periodo de lactancia y la
necesidad de considerar estructuras de varianza
heterogénea para los efectos residuales. La
heterogeneidad de las varianzas residuales puede
atribuirse a factores como la etapa de prefiez, la

<P T
S

0y

Figure 3. Estimates of genetic (top row) and phenotypic (bottom row) correlations for test-day milk yield (first
column), protein yield (second column), fat yield (third column), and mozzarella production (fourth
column) obtained by single-trait random regression.
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correlations were of lower magnitude than the
genetic correlations.

DISCUSSION

Evaluation of the best fit for residual variance
(Table 2) showed increases of log L (p<0.01),
which were significant by the LRT, with increasing
number of heterogeneous classes. According to
the criteria used for the assessment of goodness-
of-fit (AIC and BIC), the model considering
homogeneity of residual variances was found
to be inappropiate. This fact indicates a distinct
behavior of residual variances across lactation
and the need to consider heterogeneous
variance structures for residuals effects. The
heterogeneity of residual variances can be
attributed to factors such as stage of pregnancy,
body condition, duration of the lactation interval
and management conditions, since these factors
are not easily incorporated into models analyses
because of the lack of information (6-7).

The changes in log L were of small magnitude and
nonsignificant by the LRT (p>0.01), indicating
that four residual classes would be sufficient
to obtain a good fit of residual variance for
MY, PY, FY, and MP. This would avoid the use
of superparameterized models which generally
present parameter estimation problems (7).

The BIC, which is more rigorous because of
parameterization, indicated that LEG3,5_4,
LEG3,4_4, LEG3,4_4 and LEG3,4_4 were
the best fitted models for MY, FY, PY and MP,
respectively. Therefore, these models would
be more adequate to describe the biological
variation in yield traits across lactation.

Specifically for PY and FY, the increases seen
in late lactation may be related mainly to the
small number of records available for this period
(Table 1) or may have been due to computing
artifacts rather than biology (8). In addition,
fitting RRM at the beginning and end of lactation
is difficult, resulting in parameter estimation
problems (3-4). The results might be explained
by the fact that buffalo breeding programs are
only starting in Colombia and the population
therefore presents small selection rates for
the traits studied. In addition, the low yields in
early and late lactation are related to the lack
of feeding and management strategies during
these periods.

The trends of additive and permanent
environmental variances across lactation
obtained for the traits studied (MY, PY and FY)
are comparable to those reported by Jamrozik
and Schaeffer (4) and Silvestre et al (5), who

condicién corporal, la duracién del intervalo de
lactancia y las condiciones de manejo, ya que
estos factores no pueden incorporarse facilmente
en el analisis de los modelos debido a la falta de
informacion (6-7).

Los cambios en log L fueron de una magnitud
pequefia y no significativa por medio de LRT
(p>0.01), lo que indica que seria suficiente
utilizar cuatro clases residuales para obtener
un buen ajuste de la varianza residual para
MY, PY, FY y MP. Esto evitaria el uso de
modelos superparametrizados que generalmente
presentan problemas en la estimacion de los
parametros (7).

El BIC, el cual es mas riguroso debido a la
parametrizacién, indicé6 que LEG3 LEG3,5_4,
LEG3,4_4, LEG3,4_4 y LEG3,4_4 fueron los
modelos con el mejor ajuste para MY, FY, PY y
MP, respectivamente. Por lo tanto, estos modelos
serian mas adecuados para describir la variacién
bioldgica de las caracteristicas productivas a lo
largo de la lactancia.

Especificamente para PY y FY, los aumentos al
final de la lactancia pueden estar relacionados
principalmente con un menor niimero de registros
disponibles para este periodo (Tabla 1) o pueden
ser causado por problemas computacionales
en lugar de la biologia (8). Ademas, resulta
dificil realizar el ajuste del MRA al inicio y al
final de la lactancia, lo que ocasiona problemas
en la estimacion de los parametros (3-4). Los
resultados pueden explicarse por el hecho de
que los programas de cria de bufalos hasta ahora
estan empezando en Colombia y por lo tanto,
la poblacion posee tasas pequefias de seleccion
de caracteristicas estudiadas. Adicionalmente, la
baja produccion al inicio y al final de la lactancia
se relacionan con la falta de estrategias de
alimentaciéon y manejo durante estos periodos.

Las tendencias de las varianzas aditivas y de
ambiente permanente a lo largo de la lactancia
obtenidas para MY, PY y FY son comparables con
aquellas reportadas por Jamrozik y Schaeffer (4)
y Silvestre et al (5), quienes estimaron varianzas
aditivas y de ambiente permanente mas altas al
principio y al final de la lactancia para MY, PY y
FY en bovinos lecheros.

Las heredabilidades para MY oscilaron entre 0,38
(primer mes) y 0.05 (séptimo mes). Sesana
et al (7) encontré estimaciones mas altas,
particularmente en los extremos de la curva
de lactancia, un hallazgo que puede atribuirse
al hecho de que los autores utilizaron registros
semanales. Las heredabilidades para FY variaron
entre 0.67 (primer mes) y 0.11 (séptimo
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estimated higher additive and permanent
environmental variances at the beginning and
end of lactation for MY, PY and FY in dairy cows.

The heritabilities for MY ranged from 0.38 (first
month) to 0.05 (seventh month). Sesana et al
(7) found higher estimates, particularly at the
extremes of the lactation curve, a finding that
might be attributed to the fact that the authors
used weekly records. The heritabilities for FY
ranged from 0.67 (first month) to 0.11 (seventh
month), whereas the heritabilities for PY ranged
from 0.50 (first month) to 0.07 (ninth month).
Similar results have been reported for dairy
cattle using RRM, with high estimates for FY and
PY at the beginning and end of lactation (4-6,
9-11). Aspilcueta et al (6) reported heritabilities
of lower magnitude using finite dimension
models for monthly records of FY and PY in dairy
buffaloes. The heritabilities for MP ranged from
0.50 (first month) to 0.08 (ninth month). Rosati
and Van Vleck (12) reported a heritability for
MP of 0.13 for 270-day lactation in the Italian
buffalo population. In general, the heritability
estimates for MY, PY, FY and MP showed a similar
trend across lactation, with the observation of a
marked increase at the end of this period (Figure
2). Similar trends have been reported for dairy
cattle (4-5).

For MY, the fractions of phenotypic variance due
to permanent environmental effects were higher
than the heritability estimates across lactation.
The fractions of phenotypic variance for FY and
PY were higher in the first month and between
the fourth and seventh month of lactation,
respectively. For MP, the fraction of phenotypic
variance due to permanent environmental effects
remained constant across lactation.

The estimates were higher between adjacent
test days (early lactation) and decreased with
increasing distance between test days, especially
between tests performed at the beginning and
end of lactation. Negative and near to zero genetic
correlations between milk tests performed at
the beginning and end of lactation have been
reported for dairy cattle (13-14). Sesana et al
(7) and Breda et al (15) reported similar trends
in genetic correlations for buffaloes.

The correlations, variances and heritabilities
obtained for the traits studied are probably due to
the difficulty in modeling yields in early lactation,
a phase during which the buffalo cow suffers
from postpartum stress, as well as negative
energy balance and nutritional deficiencies. In
addition, genetic breeding programs of dairy
buffaloes are only starting in Colombia and the
herds and environment where the animals are

mes), mientras que las heredabilidades para
PY oscilaron entre 0.50 (primer mes) y 0.07
(noveno mes). Se han reportado resultados
similares para bovinos lecheros usando MRA con
estimaciones altas para FY y PY al principio y al
final de la lactancia (4-6, 9-11). Aspilcueta et al
(6) reportd las heredabilidades de una menor
magnitud utilizando modelos de dimensiodn finita
para registros mensuales de FY y PY en bufalos
lecheros. Las heredabilidades para MP variaron de
0.50 (primer mes) a 0.08 (noveno mes). Rosati
y Van Vleck (12) reportaron una heredabilidad
para MP de 0.13 para un periodo de lactancia de
270 dias en la poblacién de bufalos de Italia. En
general, las estimaciones de la heredabilidad para
MY, PY, FY y MP mostraron una tendencia similar
durante la lactancia, observando un aumento
marcado al final de este periodo (Figura 2). Se
han reportado tendencias similares para bovinos
lecheros (4-5).

Para MY, las fracciones de la varianza fenotipica
debido a efectos de ambiente permanente fueron
mas altas que las estimaciones de heredabilidad
a lo largo de la lactancia. Las fracciones de la
varianza fenotipica para FY y PY fueron mas altas
en el primer mes y entre el cuarto y séptimo
mes de lactancia, respectivamente. Para MP, la
fraccion de la varianza fenotipica debido a efectos
de ambiente permanente se mantuvo constante
durante la lactancia.

Las estimaciones fueron mayores entre dias
de control consecutivos (inicio lactancia) y
disminuyeron al aumentar la distancia entre los
dias de control, especialmente entre los controles
realizados al principio y al final de la lactancia. Se
han reportado correlaciones genéticas negativas
y cercanas a cero entre el control de leche
realizado al principio y al final de la lactancia
para bovinos lecheros (13-14). Sesanaetal (7) y
Breda et al (15) informaron tendencias similares
en correlaciones genéticas de bufalos.

Las correlaciones, varianzas y heredabilidades
obtenidas para las caracteristicas estudiadas
son causadas posiblemente a la dificultad de
modelar la produccidén al inicio de la lactancia,
una fase durante la cual la bufala sufre de estrés
postparto, asi como un balance energético
negativo y deficiencias nutricionales. Ademas,
los programas de mejoramiento genético en
bufalos lecheros, hasta ahora estan iniciando
en Colombia y el ambiente donde se crian los
animales y los rebafios, asi como las bajas
tasas de seleccion y un numero pequefio de
observaciones, puede influir en las etapas
tempranas y tardias de la lactancia. Esto sugiere
el uso de periodos mas cortos de lactancia para
las poblaciones de bufalos cuando los programas
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raised, as well as the low selection rates and
small number of observations may influence the
early and late stages of lactation. This suggests
the use of shorter lactation periods for buffalo
populations in which selection programs are
only started. De Roos et al (10) suggested the
need to model fixed curves since the estimates
of genetic variances at the beginning and end of
lactation are increased if fixed herd curves are
not modeled independently.

In conclusion, the RRM using LP are appropiate
to describe the genetic variation in test-day MY,
FY, PY and MP of buffaloes. Problems with the
estimation of genetic parameters were observed
at the beginning and at the end of the lactation
curve, indicating that the traits studied may
be affected by the number of available records
at the extremes of the curve or by the high
content of fat and protein, or may have been
due to computing artifacts rather than biology
(8). Residual variances varied across lactation
and can be modeled by forming heterogeneous
classes using low-order LP, explaining the
changes in genetic variation according to days
in milk.
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