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RESUMO

O presente estudo teve como objetivos comparar: (i) modelos de regresséo
aleatdria ajustados por polinbmios de Legendre considerando diferentes de
registros de producdo no dia do controle por lactacao, (ii) qualidade do ajuste
dos modelos de regressao aleatoria e modelos de lactacdo aos 305 dias para
producao de leite(iii) qualidade do ajuste dos modelos de regressédo aleatoéria e
modelos de lactagdo aos 305 dias para producgéo de gordura e proteina. Foram
usados dados de producdo de vacas de primeira lactagcdo coletados pelos
Servicos de Controle Leiteiro e Genealogico da Associacdo Brasileira de
Criadores de Bovinos da Raca Holandesa (ABCBRH) compreendidos entre
1990 e 2011. Foram formadas quatro estruturas de dados ao restringir vacas
com pelo menos 4, 6, 8 e 10 e maximo de 11 registros de producao de leite no
dia do controle por lactacdo. Nessas estruturas foram usados modelos de
regressao aleatéria com polindmios de Legendre de terceira a quinta ordem.
Paralelamente, uma base ou estrutura com pelo menos 6 registros de producéo
de leite, de gordura e proteina por lactacdo e uma base com registro de
producdo de leite, gordura e proteina em até 305 dias da lactacdo foram
formados, sendo usados modelos de regressao aleatéria de quarta e quinta
ordem e modelos de lactagdo aos 305 dias, respectivamente.Todas as analises
foram realizadas por meio da maxima verossimilhanca restrita pelo programa
REMLF90 nos sistemas IBM, ICE e SGI do CENAPAD-SP. Os valores de AIC,
BIC, -2LogL e variancia residual foram menores para os modelos de quinta
ordem, porém os primeiros trés ou quatro autovalores explicaram mais de 99%
da variacdo total nos modelos com quarta e quinta ordem, conforme a estrutura
de dados. Correlagcdes de Spearman dos valores genéticos para P305 entre
modelos com diferentes ordens polinomiais variaramde 0,99 a 1,00.
Confiabilidades médias de valores genéticos de touros foram de 0.82, 0.80,
0.80 e 0.64 para estruturas com 4, 6, 8 e 10 registros. O ganho médio na
confiabilidade dos valores genéticos para touros foi de 4% a 17% (leite), de 3%
a 16% (gordura), e de 6 a 26% (proteina) maiores do que aqueles estimados
pelo modelo de lactacdo. A diferenciacdo nas estruturas de dados alterou a
confiabilidade dos valores genéticos de touros, conforme aumentou a restricdo
nos dados. Modelos de regressao aleatdria sdo mais acurados que modelos de
lactacdo para ajustar registros de producdo de leite, gordura e proteina de
animais da raca Holandesa no Brasil.

Tese de Doutorado em Zootecnia - Produg¢do Animal, Faculdade de Agronomia, Universidade Federal do
Rio Grande do Sul, Porto Alegre, RS, Brasil. ( 116 p.) Janeiro, 2015.
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ABSTRACT

This study aimed to compare: (i) random regression models adjusted for
Legendre polynomials considering different test day records by lactation, (ii)
goodness of fit of random regression and lactation models for estimating
breeding values for 305day milk yield, (iii) goodness of fit of random regression
models and lactation models for estimating breeding values for 305day fat and
protein yield.Thus data consisted of milk yield collected by the technicians of the
Milk Control and Genealogy of the Brazilian Association of Holstein Breeders
(ABCBRH) between 1990 and 2011.Four structures of subsets were formed by
restricting cows with at least 4, 6, 8 and 10 test day milk yield records in
lactation.For these structures, random regression models with Legendre
polynomials of third to fifth orders were used. At same time, a base with 6 test
day milk yield records for fat and protein in lactation and a base with records of
total lactation yield of milk, fat and protein yields at 305 days. For these bases,
random regression models of fourth and fifth order Legendre polynomials and
305 day-lactation models were used, respectively. All analyzes were performed
using restricted maximum likelihood by REMLF90 program in IBM, ICE and SGiI
CENAPAD-SP systems. The values of AIC, BIC, -2LogL and residual variance
were lower for fifth order Legendre polynomials but three or four eigenvalues
explained over 99% of total variation in models of fifth and fourth orders,
according to the structures of data. Spearman correlations of beeding values for
Y305 between models with different polynomial orders were 0.99 and 1.00. The
average reliability of breeding values of bulls was 0.82, 0.82, 0.80 and 0.64 for
structures 4, 6, 8 and 10 test-days, respectively. The average gain in reliability
of breeding values of bulls was between 4% and 17% (milk), 3% and 16% (fat),
6 and 26% (protein) higher than that estimated for the 305-day lactation model.
The differentiation in the structures of data influenced the reliability of breeding
values of bulls, according to the increasing in the restriction of test days.
Random regression models are more accurate than lactation models to adjust
milk, fat and protein yield records of Holstein cattle in Brazil.

"Doctoralthesis in Animal Science, Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brazil. (116 p.) Janeiro, 2015.
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1. CAPITULOI






1.1 INTRODUCAO GERAL

A producéo leiteira, no Brasil, cresceu mais de 37% na Ultima
década (FAO, 2014) em parte devido a melhorias no padrdo genético animal.
Se, por um lado, a média nacional € de aproximadamente 5 litros por vaca por
dia (ANUALPEC, 2011), por outro, ha vacas da raca Holandesa cuja producéo
pode chegar a mais de 40 litros (Aikman et al., 2008), o que significa,
comparativamente, sair de um potencial de aproximadamente 2.000 para em
torno de 10.000 litros de leite numa Unica lactacdo (Dobson et al., 2007). O
aumento da eficiéncia dos sistemas de producéo na raca Holandesa depende
muito das metodologias utilizadas para avaliacdo genética dos animais.

A avaliacdo genética nacional dos animais da raca Holandesa, assim
como em outros paises, ainda é realizada por um modelo animal que utiliza
registro de producéo de leite acumulada aos 305 dias, ou seja, pelo modelo de
lactacdo aos 305 dias (Kim et al., 2009; Bilal & Khan, 2009; Biassus et al.,
2011; Costa et al., 2012). No entanto, ha alguns paises que ja vem utilizando
modelos que utilizam registros de producdo de leite no dia do controle, via
metodologia da regressao aleatdria (Muir et al., 2007). A regressao aleatoria,
cuja estrutura de covariancia entre producées no dia do controle € ajustada por
polindbmios de Legendre, tem sido avaliadapor varios pesquisadores e €
atualmente apresentada como a melhor metodologia paraavaliacdo genética de
bovinos leiteiros (Strabel et al., 2004; Muiret al., 2007; Dzomba et al., 2010;
Khorshidie et al., 2012; Cankaya et al., 2014).

As principais vantagens do modelo que utiliza regressao aleatoria
quando comparada com o modelo de lactacdo aos 305 dias séao a flexibilidade
de levar em consideracdo 0os componentes genéticos e aditivos do formato da
curva de lactacdo sem a necessidade de uso de fatores de extenséo/projecéo
para lactacdes incompletas e a possibilidade da avaliacdo de caracteristicas
como a persisténcia da lactacdo (Strabel et al., 2004; Costa et al., 2008).
Apesar dessas vantagens em relacdo ao modelo de lactagcdo aos 305 dias,
ainda ndo had um consenso na literatura sobre autilizagdo de lactacbes
incompletasou em cursona analise (ou de niumero minimo de controles leiteiros
por lactacdo na analise), sobre a melhor medida de persisténcia, sobre a
utilizacao de registros de contagem de células somaticas ou sobre a ordem dos
polindmios de Legendre mais apropriados para serem adotados na avaliacao
genética da raca Holandesa no Brasil (Melo et al., 2007; Biassus et al., 2010;
Cobuci et al., 2012).

Assim, o foco da pesquisa foi comparar modelos de regresséo
aleatdria na predicdo de valores genéticos, utilizando diferentes estruturas de
bases de dados ao restringir na base original vacas que continham pelo menos
4, 6, 8 e 10 registros de producao de leite por lactagdo, comparar diferentes
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modelos de regressao aleatdria ajustados por polindmios de Legendre com o
modelode lactagdo aos 305 dias atualmente utilizado no Brasil, para
caracteristicas de producao de leite, gordura e proteina.



1.2 REVISAO BIBLIOGRAFICA
1.2.1 Modelos para avaliagdo genética da raca Holandesa

Os servicos de controle leiteiro no mundo registram como
informacédo basica a producdo de leite e componentes (gordura e proteina)
produzidos por uma vaca durante 24 horas em um dado dia da lactacdo, o que
€ chamado de producdo no dia do controle. Segundo Mrode et al. (2013), no
Canada, o governo canadense possuia dois planos de registro: registrar todas
as producdes diarias, gerando altos custos, ou registrar a cada 30 dias. De
qualquer forma, as producdes no dia do controle eram padronizadas por meio
de formulas cumulativamente aos 305 dias, mesmo para vacas com lactacdes
incompletas ou em curso.

No Brasil, o controle leiteiro oficial tem sido realizado mensalmente a
intervalos de 15 a 45 dias, sendo que o primeiro controle da lactacdo é
realizado entre o 6° e 75° dia do parto (BRASIL, 1986; Costa et al., 2012). A
Associacao Brasileira de Criadores de Bovinos da Racga Holandesa (ABCBRH)
foi fundada em 1934 e, por meio dos técnicos do Servico de Classificacao
Linear, Controle Leiteiro e Genealdgico, tem coletado dados para serem
usados na avaliacdo genética da raca Holandesa (Costa, 2005; Ferreira et al.,
2002; BRASIL, 1986; Costa et al., 2012). Cada pesagem mensal de leite, com
seu respectivo resultado da analise de componentes (gordura ou proteina) ou
contagem de células somaticas sdo denominados registros no dia do controle.
Os registros no dia do controle de uma vaca, que normalmente numa lactacéo
completa pode conter aproximadamente 10 registros, sdo entdo padronizados
num unico registro aos 305 dias, que representa toda a producéo de leite de
uma lactacdo por meio de fatores de correcao/projecao, como os detalhados
por Everett & Carter (1968). Esses dados padronizados de producdo aos 305
dias (P305) tém sido usados num modelo animal de lactacdo para avaliagcéo
genética oficial de animais Holandés em paises como Brasil ou Coréia, por
exemplo. Os fatores de correcdo costumam superestimar a producéo de leite
acumulada até o primeiro controle, assim como para 305 dias, por isso, alguns
autores propuseram a utilizagdo de novos fatores de correcdo numa tentativa
de diminuir o viés (Ferreira et al., 2002; Morais Junior et al., 2002; Cilek, 2008).
Além disso, conforme sugerido por Cilek (2008), fatores propostos para uma
situacdo ndo deveriam ser usados para outros rebanhos, racas ou climas
diferentes daqueles para os quais foram propostos, devendo, portanto ser
calculados novos fatores para cada caso. Em segundo lugar, cada producao no
dia do controle é afetada por diferentes fatores (Bilal e Khan, 2009), tais como
raca, regido do pais, grupo contemporaneo ou de manejo dentro de rebanho
(Reents et al., 1995; Jamrozik et al., 1997a), dia do ano, nimero de lactacdes
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(Jamrozik et al., 1997b; De Roos et al., 2001), idade ao parto (Kaya et al.,
2003), més de parto (Bormann et al., 2003), dias em lactacdo (Hamed, 1995;
Kaya et al., 2003) e numero de ordenhas diarias (Wiggans, 1986). O modelo de
lactagdo para avaliar a P305 ndo leva em consideragdo as mudangas no
ambiente durante a lactacdo até atingir os 305 dias. Além disso, lactacdes
incompletas, por quaisquer motivos, sdo projetadas até os 305 dias ou
truncadas caso ultrapassem esse periodo (Bilal e Khan, 2009).

No mundo todo, outras propostas tém sido desenvolvidas para
analisar dados de producéo no dia do controle, sem pré-ajustamentos, numa
nova abordagem metodoldgica (Ptak e Schaeffer, 1993). Dentre as abordagens
relatadas na literatura (Togashi et al., 2004; Sawalha et al., 2005; Hollanda et
al., 2011), podemos citar os seguintes:

a) Analise unicaracteristica ou univariada com modelo de
repetibilidade: assume variancias genéticas constantes sobre as
idades e correlacdo genética de uma unidade (1) entre os registros
tomados em diferentes idades;

b) Analise multicaracteristica ou multivariada: cada registro de
producdo em idades diferentes €& tratado como caracteristicas
diferentes ou arbitrariamente divide a amplitude de idades em
intervalos e trata as medidas de diferentes intervalos como
caracteristicas diferentes.

c) Ajustam a curva de lactacdo aos dados e analisam os parametros da
curva como caracteristicas diferentes;

d) Aplicam modelo de repetibilidade autorregressivo: assume uma
estrutura de covariancia simétrica composta entre as producdes no
dia do controle;

e) Aplicam modelos de regresséo fixos e/ou aleatorios: assumem que
as variancias entre registros tomados em idades diferentes
apresentam correlacdes diferentes e menores que uma unidade.

f)  Funcgdes spline (polinbmios segmentados): A lactacdo € dividida em
seccOes, assumidas domo tendo mudanca linear, por localizacbes
denominadas de nos (knots).

Modelos que considerama produc¢éo no dia do controle (ou Test-Day
Models) tém sido aceitos como substitutos do modelo tradicional de lactacdo
aos 305 dias (Muiret al., 2007; Kim et al., 2009; Cankaya et al., 2014).
Diferentes PLDC tém sido propostos para avaliar dados longitudinais, conforme
revisado por Jensen (2001). Modelos de producdo no dia do controle ja eram
usados desde 1985 na Australia para criar indices para vacas (Mrode et al.,
2013). Em 1990, o modelo animal foi implementado no Canadé devido aos
computadores terem ficado menos caros e se tornado mais comum (Mrode et
al., 2013). Em 1982, Henderson (1982), propds o uso de modelos de regressao
aleatéria para avaliagcbes genéticas de caracteristicas medidas ao longo do
tempo. Em 1994, Schaeffers e Dekkers (1994) introduziram o conceito do
modelo de regressao aleatoria. A regressao aleatoria significa que cada vaca
tem sua propria curva de lactacdo com sua forma propria, a qual € comparada
a curva de regressao fixa correspondente a subclasse de efeitos fixos (Mrode,
2005). Jamrozik et al. (1997) e Werf et al. (1998) relataram que modelos de
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regressao aleatdria foram mais apropriados para estimar parametros genéticos
no dia do controle para leite comparado aos modelos de repetibilidade.
Schaeffer (2004) revisou as aplicacdes dos modelos de regresséo aleatéria nas
avaliagbes genéticas. Assim, modelos de regresséo aleatoria ndo s6 tém sido
considerados mais promissores e sendo estudados como substitutos aos
modelos de lactagcdo aos 305 dias, mas também vem sendo empregados
oficialmente em programas de melhoramento de alguns paises (Muir et al.,
2007; Kim et al., 2009; Dzomba et al., 2010; Bignardi et al., 2011; Cobuci et al.,
2011; Yamazaki et al., 2013; Aliloo et al., 2014).

Esses modelos de regressdo apresentam muitas vantagens
comparativamente aos modelos pré-ajustados aos 305 dias e também aos
outros modelos que consideram a producdo no dia do controle, como por
exemplo:

a) Considera fatores ambientais que podem afetar diferentemente as
vacas durante a lactacdo, além de permitir considerar curva de
lactacéo diferente para cada vaca (Swalve, 2000; Zavadilova et al.,
2005), o que significa numa definicho mais precisa dos grupos
contemporaneos de animais (Costa et al., 2005);

b) Permite que vacas sejam avaliadas com base em qualquer nimero
de registros no dia do controle, o que significa avaliacdes de
lactagbes em curso ou parciais, reduzindo o intervalo de geracoes
(Swalve, 2000);

c) Evita a necessidade de pré-ajustamento da curva de lactagdo para
305 dias e os vieses decorrentes dessa abordagem (Kim et al.,
2009; Bilal & Khan, 2009);

d) Minimiza problemas associados com uma estrutura simplificada dos
modelos de repetibilidade ou a superparametrizacdo nos modelos
multicaracteristica (Jamrozik & Schaeffer, 1997; Meyer, 1998a; Pool
et al., 2000; Swalve, 2000).

No entanto, ndo ha consenso sobre a estrutura de covariancia entre
0s registros no dia do controle que melhor modelam as curvas de lactacéo,
assim como o0 numero de registros necessarios para uma analise precisa, pois
podem diferir conforme as condi¢cdes de cada programa de avaliacdo genética
de cada pais, dependendo da raca e da quantidade de dados de animais
registrados disponiveis.

O ajustamento da trajetéria ao longo do tempo pode ser realizado
por meio de diferentes funcdes continuas (Pereira et al., 2010; Bignardi et al.
2009). As fungdes que se destacam na literatura apresentam varios tipos de
abordagens, destacando-se:

a) Funcao gama incompleta de Wood (Wood, 1967; Wasike et al., 2011) —
Largamente usada depois de sua introducdo. Ha somente trés
parametros que correspondem a interpretacdes bioldgicas. As curvas, no
entanto, ndo eram suaves, mas apresentavam problemas relacionados
com a forma da curva que nao seguiam a funcdo de Wood.
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b) Funcéo exponencial de Wilmink (Wilmink, 1987) — funcéo linear dos dias
em lactacdo com trés parametros. Nao possui uma interpretacao
bioldgica tao clara quanto a de Wood;

c) Funcao logaritimica de Ali e Schaeffer (Ali & Schaeffer, 1987) — fungéo
logaritmica que usa cincoparametros;

d) Curvasnao-paramétricas como a spline cubica natural e B-splines (White
et al., 1999; Bohmanova et al., 2008; Abdullahpour et al., 2013) — curva
de lactacdo dividida em noés, localizados onde se assume haver
mudanca linear. Aqui o desafio € determinar o numero de nés e sua
localizag&o ao longo da curva (Jamrozik et al. 2010).

e) Polinbmios ortogonais de Legendre (Kirkpatrick et al., 1991,
Brotherstone et al., 2000, Costa et al., 2008): foi proposto o uso de
funcdes de covariancia para dados longitudinais. O usuario deve decidir
a ordem que melhor ajusta a curva de lactagéo.

Vérios estudos tém sido conduzidos com o objetivo de determinar a
estrutura de covariancia mais adequada e o uso de bases de dados com
nameros diferentes de registros no dia do controle. Uma preocupagédo dos
pesquisadores estd em torno do baixo numero de registros de producéo no dia
do controle, que pode influenciar as estimativas de valores genéticos dos
animais (Pool & Meuwissen, 2001; Melo et al., 2007; Costa et al., 2005; Kim et
al., 2009; Zavadilova et al. 2011; Torshizi et al., 2012). Para isso é necessario
que melhores modelos de regressdo sejam ajustados para assim minimizar
problemas nos extremos da trajetoria provocados pelo menor numero de
registros e alta flutuacdo nas variancias e valores genéticos no inicio e fim dos
dias em lactacao (Costa et al., 2005; Melo et al., 2005; Torshizi et al., 2012).

Pool et al. (2000) aplicaram modelos de regressao aleatéria com
polinbmios de Legendre de até sexta ordem, ou seja, com seis polinbmios de
Legendre para ajustar lactacdes completas de vacas holandesas. Os autores
relataram que polinGmios de quarta ordem ou superior modelaram a forma das
curvas de variancia ao longo dos dias em lactacdo com suficiente acuracia.
Entretando os mesmos autores também sugerem que um posto de trés para
matrix de covariancia genética e quatro para matriz de ambiente permanente
permite uma fungdo de covariancia mais simples com um menor numero de
parametros, baseado em resultados de autovalores e autovetores.

Um estudo com o intuito de encontrar o melhor método para predizer
valores genéticos aos 305 dias de vacas da raca Holandesa na Mongolia
concluiu que um modelo de regressado aleatéria ajustado por polinbmios de
Legendre de quarta ordem foram mais acurados ao utilizar mais de quatro
registros de controle leiteiro por lactagdo (Naranchuluum et al., 2011).
Zavadilova et al. (2005, 2011) utilizaram modelos de regressao aleatéria e
ajuste de polinbmios de quarta ordem sobre dados de escore de células
somaticas (logaritmo da contagem de células somaticas) contendo entre 8 a 10
registros no dia do controle por lactacdo para estimar parametros genéticos em
vacas da raca Holandesa na Republica Tcheca. No Ird, Torshizi et al. (2012), ao
utilizarem 3 a 10 registros de producéo de leite no dia do controle de vacas da
raca Holandesa relataram que modelos de regressao aleatdria com polinbmios
de Legendrede terceira ordem e funcdo matemética de Ali e Schaeffer foram
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considerados 6timos e parcimoniosos modelos para 0 ajustamento das curvas
de producao devido a limitagdo computacional. Ao compararem modelos com
polindbmios de Legendre de terceira e quarta ordem com modelo de Ali e
Schaeffer apresentaram resultados semelhantes.

Mohammadi e Alijani (2014) compararam modelos de regresséo
aleatoria ajustados por diferentes ordens de polinémios de Legendre de 2 a 6
para efeitos genético aditivo e de 2 a 6 para permanente de ambiente, usando
dados de vacas com 5 registros de producéo de leite, gordura e proteina no dia
do controle de vacas da raca Holandesa no Ird. Nesse trabalho, foi concluido
gue os modelos de regressdo com polindbmios de Legendre para efeitos
genético aditivo e para ambiente permanente foram de ordem 2 e 6 para
producdo de leite e de 5 e 6 para producdo de gordura e proteina,
respectivamente. O uso de funcbes diferentes para efeito genético aditivo e
para efeito de ambiente permanente tem sido proposto e utilizado por varios
autores como uma alternativa para ajustar modelos polinomiais de Legendre
(Liu et al., 2006; Cankaya et al., 2014; Takma & Akbas, 2007, 2009).

Em alguns paises, modelos de regressao aleatéria ja sdo usados
nas avaliacfes genéticas hd algum tempo. Modelos de regressao aleatoria com
polindmios de terceira ordem sdo usados na Alemanha (Liu et al., 2001), de
quarta ordem no Canada (Kistemaker, 2003) e na Italia (Muir et al., 2007) e de
guinta ordem no Reino Unido (Mrode et al., 2003) nos programas oficiais de
melhoramento dos respectivos paises. No Japdo, sao usados modelos de
regressao aleatoOria bicaracteristica e duas lactacbes com no minimo 7
controles leiteiros por vaca para avaliar touros e vacas da raca Holandesa,
utilizando-se inclusive uma medida de persisténcia na lactacdo (Yamazaki et
al., 2013).

No Brasil, varios estudos tém sido desenvolvidos com o intuito de
determinar o melhor modelo para substituir o modelo de lactagdo aos 305 dias
para a raca Holandesa nas condi¢des brasileiras, sendo que na maioria deles,
sdo consideradas como restricdes, vacas com pelo menos 4 (Costa et al.
2008), 6 (Biassus et al., 2011) ou 10 (Araujo et al., 2006) registros no dia do
controle. Costa et al. (2009) e Sawalha et al. (2005) compararam modelos
autorregressivos como alternativos aos de producéo 305 dias e concluiram que
0s modelos autorregressivos estimaram os valores genéticos de animais com
maior acuracia que o segundo. Melo et al. (2007) comparam modelos de
regressdo aleatdria ajustados pela funcéo polinomial de Ali Schaeffer (AS) e a
exponencial de Wilmink (W) com um modelo de repetibilidade e um modelo de
lactacdo aos 305 dias. Esses autores concluiram que o modelo de regressao
com a funcdo AS foi o melhor ajuste alternativamente ao ajuste aos 305 dias
para avaliagcdo genética dos animais da raca Holandesa no Brasil. Aradjo et al.,
(2006), Costa et al. (2008), Dorneles et al. (2009) e Biassus et al. (2011)
indicaram modelos de regressao aleatéria com polinbmios de pelo menos
quarta ordem sdo adequados para avaliacbes genéticas para leite, gordura e
proteina de vacas da ra¢a Holandesa no Brasil.
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1.2.2 Comparacéao entre modelos

A definicdo dos melhores modelos de regressao aleatdria para uso
numaracadependerd da utilizacdo de testes estatisticos, estimacdo de
parametros genéticos e de valores genéticos (Takma & Akbas, 2009; Aliloo et
al., 2014). Os testes estatisticos mais comumente utilizados para avaliar a
qualidade do ajuste dos modelos de regressao aleatéria sdo o Critério de
Informacdo de Akaike, AIC (Akaike, 1973), Critério de Informacdo Bayesiano,
BIC (Schwarz, 1978), o valor da variancia residual (VR) e o valor do -2logL da
funcdo da maxima verossimilhanca. Menores valores obtidos por esses
critérios indicam modelos com melhor qualidade de ajuste (Faro &
Albuquerque, 2005; Liu et al., 2006; Cankaya et al., 2014). Os valores de AIC,
BIC e RV permitem comparar modelos ndo aninhados e penalizam modelos
com maior numero de parametros, sendo que o BIC atribui uma penalidade
mais rigorosa (Nunez-Anton & Zimmerman, 2000; Bignardi et al., 2009).

Os testes AIC e BIC sdo computados como:

AIC= -2logL + 2p
BIC=-2logL + p log(A)

Onde p é o numero de parametros. Usando o método REML, A=n-
r(X), em que n € igual ao niumero de registros e r(X) igual ao posto da matriz de
incidéncia dos efeitos sistematicos.

Adicionalmente, sdo utilizados outros testes como o teste da razéo
da verossimilhanca (LRT) cuja distribuicdo de qui-quadrado (x?) indica se dois
modelos com diferentes numeros de parametros ou diferentes ordens de
polindbmios de Legendre sao significativamente diferentes (Cankaya et al.,
2014). A comparacdo dos valores observados com os valores preditos é
baseada na estatistica G, dada pela seguinte equacao:

verossimilhanca sem avariavel

G =-2In — —
verossimilhanga com avariavel

Ou ainda:
G = —-2In(Ly) + 2In(L,),
Onde Ls é a verossimilhanca do modelo sem a variavel e L. € a
verossimilhanca do modelo com a variavel. A hipGtese nula que se quer testar é

se a inclusdo da variavel, com distribuicdo qui-quadrado difere
significativamente:
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Ho: [31:0
Hy: B1#0

A hipétese a ser testada é se os dois modelos sao equivalentes (Hp). Se o valor
do teste for maior do que o valor critico do nivel de significancia a hipétese sera
rejeitada (Tholon & Queiroz, 2011). No LRT, a diferenca entre os LogL é
testada, usando o ghi-quadrado com os graus de liberdade determinados como
0 numero de parametros diferencas entre modelos (Huelsenbeck & Bull, 1996).

Em geral, esses testes indicam os modelos mais complexos como
aqueles que melhor ajustam os registros no dia do controle ao longo dos dias
em lactacdo, porém diferentes testes também podem indicar resultados
conflitantes e tornar a escolha dos modelos uma tarefa dificil (Biassus et al.,
2010; Aliloo et al., 2014). Com o intuito de diminuir problemas com resultados
divergentes, Liu et al. (2006) e Aliloo et al. (2014) propuseram a utilizacao de
um indice que reune varios testes estatisticos num uanico valor, conforme
equacgao seguinte:

INDEX = TRV + log(L) + AIC + BIC + ICOMP — PRRC

TRV é a variancia residual total, que é dada por TRV = Y322 52 (t);
log(L) € o log da funcdo de verossimilhaca; AIC é o Critério de Informacgéo de
Akaike (Akaike, 1973); BIC é o Critério de Informacdo Bayesiano (Schwarz,
1978); ICOMP é a medida de informagdo da complexidade do modelo
(Bozdogan, 2000), dado por ICOMP = —2logL + C,(2); PRRC é a percentagem
relativa da reducao de complexidade, dado por
PRRC = [(C1(Z}) — C1(Zkr))/(C1(ZK))]x100%; Z« e Zw sdo matrizes de
correlacdo e covariancia dos parametros do modelo k, sendo que C;(2) =
posto(X)log[posto(2)/posto(2)] —log(|2]).

No entanto, esse indice também pode indicar modelos mais
complexos como mais adequados para estimar as curvas ao longo da lactagéo
(Alilooet al., 2014). Alternativamente e/ou conjuntamente, varios pesquisadores
tém utilizado autovalores e autovetores das matrizes de covariancia dos efeitos
aditivos genéticos e de ambiente permanente para testar a qualidade dos
ajustes (Takma & Akbas, 2009; Torshizi et al., 2013; Cankaya et al., 2014).
Autovalores indicam quanto da variacdo € explicada pela autofuncéo
correspondente (Kirkpatrick et al., 1990). Em geral, os autovalores costumam
indicar modelos com menos parametros como os de melhor qualidade de
ajuste (Takma & Akbas, 2009; Torshizi et al., 2013; Cankaya et al., 2014).
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1.3 HIPOTESES

1. A diferenciacdo na estrutura da base de dados por meio de restricdes nos
registros no dia do controle por lactacdo contribui para alterar a
confiabilidade da predigdo dos valores genéticos dos animais;

2. O modelo de regressao aleatdria € mais acurado que o modelo de lactagcéo
aos 305 dias para predizer o valor genético dos animais;



27

1.4 OBJETIVOS

Predizer valores genéticos para subpopulacdes (base de dados) de
animais com pelo menos 4, 6, 8 e 10 registros por lactacdo, ajustados
pelos modelos de regresséo aleatdria com polinémios de Legendre de 32 a
52 ordem;

Estimar a confiabilidade dos valores genéticos de animais para producéo
de leite, gordura e proteina pelos modelos de lactacdo aos 305 dias e de
regressao aleatoria;



28



2. CAPITULO I

SELECTING THE SUITABLE RANDOM REGRESSION MODEL FOR
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Abstract

In Brazil, genetic evaluations of Holstein cattle may be improved by replacing the
current 305-day lactation model by the best random regression model. Therefore,
test day milk yield records from first lactation collected by technicians of the Milk
Control and Genealogy Service of the Brazilian Association of Holstein Breeders
(ABCBRH) between 1991 and 2011 were used. Four subsets with different structures
by restricting, in the original data, cows with at least 4, 6, 8 or 10 test days (TD)
records and a maximum of 11 records in lactation, were edited. Random regression
models with third (M3), fourth (M4) and fifth-order (M5) Legendre polynomial were
used to fit test days of each subset. Residual variances were considered
homogeneous. Single trait random regression animal models were performedby
REMLF90 software.AIC, BIC and -2LogL and residual values decreased with the

increasing in the polynomial orders for structure with 8 and 10 TD. For structure with
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4 and 6 TD, M4 and M5 showed the lowest values.The first three or four additive
genetic eigenvalues accounted for more than 99% of total variation in models M3, M4
and M5 in structures with 4, 6, 8 and 10 TD. Additive genetic correlations between
test-days ranged from -0.45 to 1.00, from 0.00 to 0.99 and from -0.06 to 0.99 for
models with third, fourth and fifth orders of polynomials.Heritability on days in milk
ranged from 0.24 to 0.48 for M3 and from 0.17 to 0.31 for M4 and M5. Spearman
correlations of EBVs of bulls and cows between M3, M4 and M5 were higher than
0.99 in all structures. Average reliability of EBVs of bulls did not increase with the
increasing in the order of polynomials and were around 0.82, 0.82, 0.80 and 0.63 in
structures with 4, 6, 8 and 10 TD, respectively. Differences in the number of TD in
lactation influenced the reliability of EBVs for 305-day yield. A fourth-order Legendre
polynomial to fit datasets with at least 4 TD is recommended for genetic evaluations

of Holstein cattle in Brazil.

Keywords: Legendre polynomial, test day milk yield, heritability, genetic correlations

Implications

The adoption of a random regression model by replacing the current 305-day
lactation model also depends on the definition of the minimum number of test day
records to be considered in analysis. The use of a random regression model with a
fourth order Legendre polynomial is recommended and will be advantageous for
Brazilian Holstein breeding program mainly because of the increasing in the number
of cows and bulls considered in the genetic evaluations when cows with at least four

test days are considered in the data sets.
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Introduction

The estimated breeding values (EBVs) have been used as a traditional tool for
enabling the selection decision of best bulls and cows to produce the next generation
in dairy cattle. Thus the increasing in the efficiency of dairy breeding schemes
depends on the suitable models used for genetic evaluations in countries where
genomic evaluation is still not a reality.

In many countries, the estimation of EBVs has been implemented by means of a
305-day lactation model which uses the information of the cumulative milk, fat and
protein yield at 305 days (Bilal and Khan, 2009; Cobuci et al., 2011). Alternatively,
the directly use of test day records for the analysis of longitudinal data, mainly by
random regression models, have been officially adopted by Canada, United Kingdom
and ltaly, for example (Muir et al., 2007) as well as it has been recommended by
many studies in literature as the best approach for genetic evaluations (Strabel et al.,
2004; Dzomba et al., 2010; Khorshidie et al., 2012; Cankaya et al., 2014; Torshizi et
al., 2013). In Brazil, many researchers have developed studies based on populations
of Holsteins (Araujo et al., 2006; Dorneles et al, 2009; Biassus et al.; 2011) or based
on all Brazilian Holstein population (Costa et al., 2008) in order to found the most
suitable Legendre polynomial order to be used in random regression model.

Random regression models present many advantages when compared to the
lactation models as flexibility to account for the environmental and genetic
components of the shape of the lactation curve (Schaeffer and Dekkers, 1994; Costa
et al., 2008), possibility of the assessment of lactation persistency measures and
improvement of evaluation accuracy (Pool et al., 2000; Jakobsen et al., 2002;
Torshizi et al., 2013; Cobuci et al., 2011) and the evaluation of different number of

test day records without the use of factors to extend lactation in progress (Bilal and
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Khan, 2009). Milk yield performance is recorded at several times along lactation
(longitudinal data) and each cow is expected to present about 10 monthly records
during lactation. However, in literature, different restrictions have applied in datasets
in order to obtain the highest accuracy of EBVs in genetic evaluations, that is, only
cows with 8 (Zavadilova et al., 2011), 6 (Biassus et al., 2011) or 3 (Torshizi et al.,
2013) test days are considered in the datasets, for example. In one hand, applying
severe restrictions in datasets may bring a problem for genetic evaluations of
Brazilian breeding schemes once Brazil still may not account for a great amount of
animals recorded. On other hand, the accuracy of EBVs is crucial for enabling
selection decisions, decreasing in the generation intervals and increasing the genetic
gain.

Thus the purpose of the present study was to use random regression models fitted
by third, fourth and fifth order of Legendre polynomials indifferent structures or
subpopulations of bulls and cows by editing different subsets with Brazilian Holstein
cows with 4, 6, 8 and 10 test day (TD) records inlactationin order to compare the

effect of restrictions and models on the EBVSs, reliability and genetic parameters.

Material and methods

Data consisted of test day milk yield records collected by the technicians of the Milk
Control and Genealogy Service of the Brazilian Association of Holstein Breeders
(Associacao Brasileira dos Criadores de Bovinos da ragaHolandesa - ABCBRH) and
its state affiliates between 1991 and 2011.

The original data was edited for cows aged between 18 to 48 months. The test day
milk yield records were deleted if they were out of 2.5 standard-deviations.

Contemporary groups of herd-year-month of test that did not contain at least four
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animals and bulls with less than one daughter in two different herds were eliminated.
Monthly test day milk yield records from the first lactation were used from the original
data in order to prepare four subsets of the dataset (subpopulations) with different
structures by restricting, in the original data, cows with at least 4, 6, 8 or 10 test day
(TD) records and a maximum of 11 records in lactation, which will be designated as
structure with 4, 6, 8 and 10 TD (Table 1).

After the restrictions, four classes of age at calving (18 to 25, 26 to 27, 28 to 29 and
30 to 48 months) and four calving seasons (January through March, April through
June, July through September and October through December) were combined to
produce 16 age-season classes.

The genetic evaluations of animals of each structure (or subpopulations) were
performed by random regression models fitted by Legendre polynomials of third,
fourth or fifth orders, designated as M3, M4 and M5, respectively.

The Legendre polynomials are defined for range of -1 to +1, thus the days in milk

(DIM) values were transformed as below (Kirkpatrick et al., 1994),

2(DIM, — DIM ;)

DIM; = —1 + :
t DIM,, 4, — DIM i,

Where, DIMpin and DIMpax are minimum and maximum values for the days in milk

variable data.

For the t-th standardized days in milk (DIM’;), the k-th polynomials is given as follows,

k/2
@(DIM?)k = Zik ’2](2—-}-1 Z (-)™ (::l) (Zk:- 1) (DIM;)r_Zm
m=0
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Where k/2 = (k-1)/2 if k is odd and m is an index number needed to determine the k-
th polynomial.
The random regression model used to estimate breeding values and genetic

parameter were as follows:

nf nr nr

Yijki = HYM; + Z @ ixPr + Z @ jrujy + Z Dikpejr + €ijki
k=0 k=0 k=0

Where yiy is the I-th test day record of cow | made on day t within HYM (herd-year-
month of test) subclass i; Bk are fixed regression coefficients of test-day yield that
describes the regression fixed within calving age-season classes; HYM; = fixed effect
herd-year-month of testing; uy and pej are the K" random regression coefficients
that describe, respectively, the additive genetic effects and the permanent
environmental effects on cow j; D is the k™ Legendre polynomials (3" to 5™ order)
for the test day record of cow j made on day t; nf is the order of polynomials fitted as
fixed regressions; nr is the order of polynomials for animal and pe effects; and ejy is
the random residual.

It was assumed that:

u ARG 0 0
var[pe]z 0 I®XP O
e 0 0 R

G and P are covariance matrices of the random regression coefficients, R=lo% is a
diagonal matrix (residual) and ® is a Kronecker product between matrices.
The estimates of covariance matrices of random regression coefficients and standard

error prediction (SEP) were calculated by the Method of Restricted Maximum
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Likelihood (REML) using the REMLF90 software (Misztal, 2014). Estimated breeding

values (EBVs) of animal i on day t from random regression models was calculated

by:
kq—1
EBVl't =Z,tal' =Z ai]- ¢](D1Mt)
j=0

Where @i is a (kax1) vector of the estimates of additive genetic random regression
coefficients specific to the animal i, and z; is a (kax1) vector of Legendre polynomial
coefficients evaluated at day t, that are presented, for example, for a fifth order

polynomial:

The sum of EBVs at 305 days for animal i, considering a fifth order polynomial, was

obtained by summing the EBVs from 6 to 305 days in milk:

305
EBV; = Zt_6(&i0¢0t + Qi1 P1e + Aipdor + AisPae + Aiaar)

Reliability of EBVs were derived from PEV, as r* = 1-(SEP%/0%,), where 0%, was the
additive genetic variance for the trait, SEP was the square root of prediction error
variance (PEV) and r® is the correlation between the true breeding value and

estimated breeding values (Mistal, 2014).
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Models were compared according to the goodness of fit, using the Akaike’s
information criterion, AIC= -2 logL + 2 p, and Schwarz’'s Bayesian criterion, BIC= -2
logL + p log (A), where p is the number of parameters in the model. Using REML,
A=n-r(X), n being equal to the number of test day records and r(X) equal to the rank
of the systematic effects incidence matrix. The most suitable model is chosen based
on the lowest values of AIC and BIC. Eigenvalues of additive genetic and permanent
environmental covariance matrices were used to quantify contribution of higher order
of Legendrepolynomials. Additionally, Spearman correlations of EBVs for 305-day

milk yield and reliabilities of EBVs were used to compare models.

Results

The values of AIC, BIC and 2LogL for structures with at least 4 TDwere lower for M3
but RV was lower for M4 (Table 2). For structure with at least 6 TD, M5 showed the
lowest values of tests, which were followed by M3 and M4. AIC, BIC, -2LogL and RV
decreased with the increasing of parameters from M3 to M5 in structure with at least
8 and 10 TD. RV decreased with the increasing in the number of parameters in all
structures.

The first four additive genetic eigenvalues inthestructure withat least 10 TD
accounted for over 99% of total variancein M5 and in M4 the first three eigenvalues
accounted for 99% (Table 3). In structure withat least 8 TD, the four or five
eigenvalues explained it more than 99% for M4 and M5, respectively. In structures
with at least 6 and 4 TD, the first three eigenvalues accounted for over 99.3% in
models M3 and M4 and in model M5 the first four accounted for 99.7%. For the
eigenvalues of permanent environmental covariance matrix (Table 4), regarding all

structures, in model M3 the first two eigenvalues explained 100% of total variance. In
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models M4 and M5, the four or five eigenvalues, respectively, accounted for 100% of
total variance.

In order to synthesize the results, the additive genetic and permanent environmental
correlations between 11 selected test days from 6 to 305 days in milk were presented
by means of the average and standard deviations with minimum and maximum
values (Table 5). Model M3 showed similar average correlations values in structure
with at least4, 6, 8 and 10 TD with negative genetic correlations between first and
last test day (-0.45 and -0.73). Average genetic correlations of models M4 and M5
were very similar in different structures (between 0.68 £ 0.29 and 0.70 = 0.29) with
negative correlations (-0.01 to -0.06) between first and last test days for M4 and
close to zero but positive for M5. Permanent environmental correlations between test
days were very similar, considering different structures and ranged between 0.67 *
0.20 and 0.72 = 0.21 for models M4 and M5.

Heritability on days in milk ranged from 0.24 to 0.48 for M3 model in structures with
4, 6, 8 and 10 TD, showing a U shape form for the heritability curves along days in
milk (Figure 1). Models M4 and M5 presented values ranging from 0.17 to 0.31 for
test days along days in milk.

Spearman rank correlations of EBVs of bulls and cows for 305-day milk yield were
above 0.98 for bulls and cows, in regard to models with different order of Legendre
polynomials in different structures (Table 6).

The average, standard deviations with minimum and maximum values of reliabilities
of EBVs at 305 days were showed for the same group of 124 bulls in different
structures or subsets of data, considering only bulls with more than 10 progenies
(Table 7). In regard to the order of Legendre polynomials, average reliability of bulls

did not present differences and was around 0.82 + 0.12 for structure 4 and 6, around
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0.80 + 0.13 for structure 8 and around 0.64 = 0.17 for structure 10. In average,
average reliability values of EBVs of bulls in structure 10 was lower than those values

estimated in other structures.

Discussion

The results showed that models M3, M4 and M5 applied to structure with 10 test day
records had the lowest values of AIC, BIC and -2LogL, followed by the models
applied to structures with 8, 6 and 4 TD (Table 2).In regard to the order of Legendre
polynomials, AIC, BIC, -2LogL and RV indicated higher orders as the best fit when
cows with more than 8 TD were considered in datasets. For structure with 6 TD, AIC,
BIC and -2LogL showed conflicting results, indicating M5 as the best model and M3
as the second best fit but RV indicated models with more parameters. In structure
with 4 TD, AIC, BIC and -2logL indicated M3 as best model but RV was lower for M4.
In structures with 4, 6, 8 and 10, RV decreased in average between 11% and 15%
with the increasing in the order of Legendre polynomials. In general, the increasing in
the number of parameters decreased the RV around 24% to 7%, as observed in
studies of Biassus et al. (2011) with Brazilian Holsteins of Minas Gerais, studies of
Cankaya et al. (2014) with Jersey cows in Turkey and Takma and Akbas (2009) with
Holsteins in Turkey, for example. According to studies in literature, higher order
polynomials are required to fit lactation curves but it is also evident that the choice of
the best model is a hard task due to conflicting results (Bohmanova et al., 2008;
Biassus et al., 2011; Cobuci et al., 2011; Aliloo et al., 2014). It was expected that the
increasing in the order of polynomials was followed by a decreasing in the -2logL,
AIC, BIC and RV values (Takma and Akbas, 2007; Biassus et al., 2011; Aliloo et al.,
2014), however it was only observed in models with at least 8 and 10 test day

records (structures with 8 and 10). Biassus et al. (2011), using similar restrictions for
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a population of Brazilian Holsteins, that is, similar to structure with at least 6 TD in
this study, found a decreasing in the values of AIC, BIC and RV with the increasing in
the order of polynomials from third to sixth.

The optimal number of regression coefficients (the order of Legendre polynomial) can
also be defined as the total amount of variance explained in the correlation matrix
(Kirkpatrick et al., 1990; Torshizi et al., 2013). Models with higher order polynomials
have been indicated by AIC, BIC and -2LogL as best models but random regression
models with third and fourth order Legendre polynomials were sufficient for modeling
of test day milk yield records because the first four eigenvalues explained it more
than 99.0%, considering genetic covariance matrix (Table 3 and 4). The fifth
eigenvalue explained it less than 1% of additive genetic and less than 2% of
permanent environmental covariance matrix. Some comparisons in literature pointed
out models fitted by third order as best fit (Takma and Akbas, 2009; Torshizi et al.,
2013), which suggest that lower orders to fit test days may be considered for genetic
evaluations. Although the same order of polynomials was preferred for genetic and
permanent environmental effects in this study, the results suggested using lower
orders of polynomials for additive genetic and higher for permanent environmental
variances may be used for future researches. Pool et al. (2000), using data from
complete lactations of Dutch cows, determined that a fourth order was recommended
for genetic evaluations with sufficient accuracy for the genetic and permanent
environment effects. The authors, using eigenvalues and eigenvectors, also found
that a rank of four for genetic covariance matrix and of five for permanent
environment was an alternative function with a reduction in the number of

parameters.
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Estimates of genetic correlation between test day yields did not present differences in
regard to the estimates between structures with 4, 6, 8 or 10 TD (Table 5). In model
M4, correlations were higher between adjacent test days, close to 1, and decreased
as the distance between test-days increased. On other hand, M3 presented high
negative correlations between distant test-days because of the cubic adjustment of
the respective model. M5 also presented negative correlations, close to zero,
between distant test days. M4 presented positive correlations between test-days,
which indicate a better adjustment of the lactation curves. Biassus et al. (2011), using
data from Brazilian Holsteins from Minas Gerais State, estimated genetic correlations
by models fitted by third, fourth, fifth and sixth orders ranging, from 0.12 to 1.00, from
0.02 to 1.00, from 0.11 to 1.00 and from 0.18 to 1.00 for milk yield, which except the
third and sixth orders, was in agreement with this study. Cobuci et al. (2011),
comparing random regression models with fourth and fifth orders of Legendre
polynomial in Brazilian Holsteins, estimated higher correlations between test days
than that estimated in this study.

Estimates of heritability along days in milk were equal for model M3 in structures with
4, 6, 8 and 10 TD (Figure 1). Except for structure with 10 TD, the differences in the
structures with 4, 6 and 8 TD did not influence the estimates of heritability when M4
and M5 models were applied, however, the structure with 10 TD presented lower
heritabilities at the beginning of lactation and higher than the estimates at the final
part of lactation curves, compared to the estimates of M4 and M5. The estimated
heritability on days in milk for M3 presented a U shape with the highest values at the
extreme parts of lactation due to the quadratic adjustment of lactation curves.
Heritability estimates from M4 and M5, in general, were higher in mid-lactation and

lower mainly at the beginning of lactation. In literature, trajectories of heritability along
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days in milk presented low values at extreme parts of lactation and high at mid
lactation, whose values ranged from 0.15 to 0.46 for models fitted by fourth (Kim et
al., 2009) and fifth (Druet et al., 2003; Costa et al., 2008) orders to fit datasets with
three or four test days records. Biassus et al. (2011) and Dorneles et al. (2009),
using datasets with 6 test days, found heritabilities, ranging from 0.14 to 0.31, whose
trajectory increased along days in milk but with higher or lower values at the
beginning and end of lactation.

The estimates of breeding values for 305-day milk yield were not influenced by the
increasing in the order of polynomials or by the differentiation of structures promoted
by the restrictions in datasets (Table 6). Although the trajectory of genetic parameters
as heritability or the correlations between test days were influenced by the different
structures, the cumulative breeding values at 305 days (305-day milk yield) and the
reliabilities for a group of bulls were not influencied by the structures with different
number of test days in lactation (Table 7). The increasing in the order of polynomials
did not influence the reliability of EBVs for 305-day milk yield (Table 7). However,
reliability of EBVs for 305-day milk yield was very similar for structures with at least 4,
6 and 8 TD in lactation but structure with at least 10 TD presented the lowest
average reliability for the same group of bulls evaluated (Table 7). That result is
particularly important for Brazilian breeding schemes. When the restrictions are
applied in order to consider only cows with at least 10 TD (a complete lactation
recorded), there is a significant decreasing in the number of bulls and cows
considered in the datasets as may be observed in the Table 1, which may lead to the

decreasing in the reliability of EBVs for 305-day milk yield (Table 7).
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Conclusion

The reliability of breeding values for 305-day milk yield of bulls was lower when only
cows with complete lactations were considered in datasets, which may be attributed
to the low number of cows with 10 test days in lactation in Brazilian datasets of
Holstein cattle. The use of at least 4, 6 or 8 test day records did not influencie the
reliability of breeding values for 305-day milk yield of a group of bulls. Thus the use of
records of cows with at least 4 test day records in lactation is recommended for
genetic evaluations in Brazil. The increasing in the order of Legendre polynomials
from third to fifth order did not increase the reliability of EBVs for 305-day milk yield of
bulls. A fourth-order Legendre polynomial for additive genetic and permanent

environmental is recommended for genetic evaluations for Holstein cattle in Brazil.
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Table 1 Description of databases

Structure®
Trait
4 6 8 10

Number of records 893,094 837,155 707,466 167,949

Number of cows 103,894 93,424 75,741 16,763

Number of animals 162,490 149,344 126,069 40,006
Year of birth 1987-2008 1987-2008 1987-2008 1987-2008
Year of calving 1990-2010 1990-2010 1990-2010 1990-2010

Number of herds 787 704 578 236
Mean age of cow at 28.27+529 2816+519 27.97+500 27.26+4.49

calving (months)
Average daily yield (kg) 26.07+£6.89 26.13+6.82 26.22+6.65 27.25+6.37

'structures of sub-datasets (sub-populations) edited in order to contain cows with at least 4, 6, 8 and

10 and a maximum of 11 test day records per lactation

Table 2 Values of tests of goodness of fit obtained by random regression models in

different structures of datasets

Structure’  Model® p -2log L AIC BIC RV
4 M3 13 4701875.68 4701913.68 4702053.19 7.127
M4 21  4973974.76 4974016.76 4974261.50 6.163
M3 13 4613523.21 4613549.21 4613699.89 7.016
6 M4 21  4640286.66 4640328.66 4640572.06 6.059
M5 31  4317167.15 4317269.15 4317588.46 5.520
M3 13 3693750.98 3693788.98 3693925.51 6.909
8 M4 21  3652869.22 3652935.22 3653151.13 5.973
M5 31  3630396.04 3630498.04 3630812.21 5.430
M3 13 878249.93 878275.93 878362.28 7.463
10 M4 21 865926.59 865968.59 866108.02 6.285
M5 31 858107.47 858169.47 858375.20 5.606

p = number of parameters; -2LogL = logarithm of the likelihood function; AIC = Akaike’s information

criterion; BIC = Bayesian information criterion; RV = residual variance; * different structures of sub-

datasets edited in order to contain cows with at least 4, 6, 8 and 10 and a maximum of 11 test day

records per lactation; * random regression models fitted by Legendre polynomials of third to fifth order
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Table 3 Eigenvalues (Ai) of the additive genetic (co)variance matrix and the

proportion of total variance (%) estimated from random regression models

Structure’  Model? M A2 A3 M A5 n
A M3  10.97 (55.9) 8.03(40.9) 0.62(3.2) 3
M4  11.16 (80.6) 2.10(15.2) 0.48(3.5) 0.10(0.7) 3

M3  10.68 (55.4) 7.95(41.2) 0.65 (3.4) 3

6 M4  10.88(80.2) 2.06(15.2) 0.53(3.9) 0.09 (0.7) 3
M5  10.98 (80.1) 2.06(15.0) 0.53(3.9) 0.10(0.7) 0.04(0.3) 4

M3  10.09 (55.2) 7.59 (41.5) 0.62 (3.4) 3

8 M4  10.26 (79.0) 2.05(15.8) 0.54 (4.1) 0.13(1.0) 4
M5  10.33(79.4) 2.06(15.8) 0.50(3.8) 0.10(0.8) 0.03(0.2) 4

M3  10.23(58.4) 6.97(39.8) 0.32(1.8) 3

10 M4  10.64 (84.5) 1.52(12.1) 0.32(2.5) 0.11 (0.9) 3
M5  10.78(84.2) 1.53(11.9) 0.32(2.5) 0.13(1.0) 0.04(0.31) 4

! different structures of sub-datasets edited in order to contain cows with at least 4, 6, 8 and 10 and a

maximum of 11 test day records per lactation; *

random regression models fitted by Legendre
polynomials of third to fifth order; n=number of eigenvalues that accounted for over 99% of total

variance

Table 4 Eigenvalues (A;) of the permanent environmental (co)variance matrix and the

proportion of total variance (%) estimated from random regression models

Structurel Model2 M A2 A3 M A5 n
4 M3 21.15(92.6) 1.70(7.4) 0.0 2
M4 21.15(75.5) 4.29(15.3) 1.75(6.3) 0.82(2.9) 4
M3 20.16 (92.6) 1.61(7.3) 0.0 2
6 M4 20.18 (75.2) 4.19(15.6) 1.65(6.2) 0.81(3.0) 4
M5 20.23(73.7) 4.32(15.7) 1.68(6.1) 0.88(3.2) 0.34(1.2) 5
M3 18.57 (92.2) 1.57 (7.8) 0.0 2
8 M4 18.64 (74.9) 3.91(15.7) 1.59(6.4) 0.75(3.0) 4
M5 18.71 (73.1) 4.05(15.8) 1.65(6.5) 0.85(3.3) 0.33(1.3) 5
M3 16.87 (91.9) 1.48(8.1) 0.0 2
10 M4 17.05 (74.1) 3.73(16.2) 1.56(6.8) 0.68(3.0) 4
M5 17.17 (73.0) 3.82(15.5) 1.65(7.0) 0.76(3.2) 0.25(1.1) 5

! different structures of sub-datasets edited in order to contain cows with at least 4, 6, 8 and

10 and a maximum of 11 test day records per lactation; 2 random regression models fitted by
Legendre polynomials of third to fifth order; n=number of eigenvalues that accounted for over

99% of total variance
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Table 5 Average, minimum (min) and maximum (max) additive genetic (rq) and

permanent environmental (r,e) correlations between test days on 6 to 305 days in

milk
Ig Ioe

Structure Model' Mean + s.d. min max Mean + s.d. min max
4 M3 0.49+049 -0.73 1.00 0.89+0.12 0.62 1.00

M4 0.75+0.24 0.06 0.99 0.72+0.21 0.24 0.99

M3 0.50+£048 -0.68 0.98 0.89+0.12 0.63 1.00

6 M4 0.70 £ 0.29 0.00 0.99 0.70+£0.21 0.24 0.99

M5 0.68+£0.31 -0.06 0.99 0.68£0.20 0.28 0.98

M3 0.49+0.46 -0.55 0.99 0.89+0.11 0.63 1.00

8 M4 0.70 £ 0.27 0.08 0.99 0.70£0.21 0.23 0.98

M5 0.69+£0.30 -0.01 1.00 0.68 £0.20 0.27 0.97

M3 0.51+£043 -0.45 0.98 0.88+0.13 0.60 1.00

10 M4 0.72+0.28 0.06 0.99 0.68 +£0.21 0.21 0.98
M5 0.70+£0.30 -0.02 0.99 0.65+0.21 0.21 0.97

! different structures of sub-datasets edited in order to contain cows with at least 4, 6, 8 and 10 and a
maximum of 11 test day records per lactation; % random regression models fitted by Legendre

polynomials of third to fifth order

Table 6 Spearman rank correlations of breeding values (bulls/cows) for 305-day milk

yield between random regression models

Structurel Models2
4 M4
M3 0.99/0.99
M4 M5
6 M3 0.99/0.99 0.99/0.99
M4 1.00/1.00
M4 M5
8 M3 0.99/0.99 0.99/0.99
M4 1.00/1.00
M4 M5
10 M3 0.98/0.98 0.98/0.98
M4 1.00/0.99

! different structures of sub-datasets edited in order to contain cows with at least 4, 6, 8 and
10 and a maximum of 11 test day records per lactation; > random regression models fitted by

Legendre polynomials of third to fifth order
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Table 7 Average, standard deviations, minimum and maximum of reliabilities (r%) of
estimated breeding values for 305-day yield ofbulls with more than 10 progenies in

different structures

Structure® Model? r? s.d. Minimum Maximum
4 M3 0.82 0.12 0.28 0.98
M4 0.83 0.12 0.29 0.98
M3 0.82 0.12 0.28 0.98
6 M4 0.82 0.12 0.29 0.98
M5 0.82 0.12 0.29 0.98
M3 0.80 0.13 0.27 0.98
8 M4 0.80 0.13 0.27 0.98
M5 0.80 0.13 0.28 0.98
M3 0.63 0.17 0.12 0.94
10 M4 0.64 0.17 0.12 0.94
M5 0.64 0.17 0.12 0.94

1different structures of sub-datasets edited in order to contain cows with at least 4, 6, 8 and
10 and a maximum of 11 test day records per lactation; > random regression models fitted by

Legendre polynomials of third to fifth order
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Figure 1 Heritability of test days on days in milk estimated from random regression models

with Legendre polynomials from third to fifth order (M3, M4 and M5) applied to structures with

4,6,8and 10 TD
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ABSTRACT: The aim of this study was to compare two random regression models (RRM)
fitted by fourth (RRM,) and fifth-order Legendre polynomials (RRMs) with a lactation model
(LM) for evaluating of Holstein cattle in Brazil. Two datasets with the same restrictions and
animals were prepared for this study. To apply test-day random regression models and
lactation models, 262,426 test day records and 30,228 lactation records covering 305 days
were prepared, respectively. The lowest values of AIC, BIC and -2LogL were for RRMy.
Heritability for 305-day milk yield (305MY) was 0.23 (RRM,), 0.24 (RRMs) and 0.21 (LM).
Heritability, additive genetic and permanent environmental variances of test days on days in
milk was from 0.16 to 0.27, from 3.76 to 6.88 and from 11.12 to 20.21, respectively. Additive
genetic and permanent environmental correlations between test days ranged from 0.20 to 0.99
and from 0.07 to 0.99, respectively. Standard deviations of average estimated breeding values
(EBVs) for 305MY from RRM, and RRMs were from 11% to 30% higher for bulls and
around 28% higher for cows than that in LM. Rank correlations between RRM EBVs and LM
EBVs were between 0.86 to 0.96 for bulls and 0.80 to 0.87 for cows. Average percentage of
gain in reliability of EBVs for 305-day yield from RRM models increased from 4% to 17%

for bulls and around 28% for cows compared to LM. Random regression model fitted by
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fourth order Legendre polynomials is recommended for genetic evaluations of Brazilian

Holstein cattle because of the higher reliability in the estimation of breeding values.

Keywords: Legendre polynomials; 305-day milk yield; breeding values; reliability

INTRODUCTION

In Brazil, the current estimation of breeding values (EBVs) of production traits for dairy bulls
and cows in Brazilian selection programs are based on 305-day lactation model (LM). This
standard approach in estimating EBVs has some disadvantages when the available test day
records are projected to a 305-day lactation milk yield and the projection factors assume a
standard shape of the lactation curve (Sawalha et al., 2005; Bilal and Khan, 2009). On the
other hand, using test day records directly has become the most used approach in genetic
models designed to breeding value estimation of production traits in dairy cattle populations,
replacing the traditional 305-day lactation milk yield (305MY) evaluations (Muir et al., 2007,
Dzomba et al., 2010; Bignardi et al., 2011; Cobuci et al., 2011).

The statistical modeling of test day records has many advantages and within the common used
approaches, the random regression is the most appealing. Random regression models (RRM)
are used to fit a linear model to obtain random regression coefficients and from them the
estimation of genetic parameters and the prediction of breeding values (Jamrozik and
Schaeffer, 1997). Some advantages of RRM include more accuracy for accounting
environmental factors that affect cows at different stages of the lactation curve and increase of
the accuracy in genetic evaluations (Costa et al., 2008, Abdullahpour et al, 2010;
Naranchuluum et al. 2011). In addition, RRM permit to evaluate and rank animals (cows or
bulls) for each test-day by estimating a breeding value for each test day yield. These set of

breeding values define the genetic lactation curve for each animal as deviation from the
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average trajectory of the population (or groups of individuals), and may allow the selection of
animals whose lactation curves are more persistent (Cobuci et al, 2011).

Several studies have shown that there may be divergences between breeding values estimated
by LM and RRM (Lidauer et al., 2003; Melo et al., 2007) as well as between parameters
obtained by fitting RRM using different covariance functions (Kim et al., 2009; Cankaya et
al., 2014). Legendre polynomials (LP) have been the preferred function to fit RRM, but there
is not a consensus in literature about best order to use (Biassus et al., 2010; Cankaya et al.,
2014; Aliloo et al., 2014). Canada, Italy and United Kingdom are already using a fourth or
fifth order LP to fit RRM in their national genetic evaluations (Muir et al., 2007). The lack of
consensus about the most suitable models enforce the importance of defining the best
modeling of the covariance structure of RRM when using test day records for genetic
evaluation of dairy cattle populations.

The purpose of this study was to compare genetic parameters and breeding values estimates
obtained by fitting a traditional 305-day lactation model and random regression test day
models using Legendre Polynomials to predict breeding values for milk yield trait of Holstein

cattle in Brazil.

MATERIAL AND METHODS

Data consisted of milk yield collected by the Milk Recording Services of the Brazilian
Association of Holstein Breeders (ABCBRH) and its state affiliates between 1990 and 2011.
The data were edited to include only records of first lactation cows between 18 and 48 months
of age at calving, with full pedigree information and at least six test day records during 6 to
305 days of lactation. The records were removed from original data if 305-d lactation and test
day milk yields were out of the range of 3,400 to 11,525 kg and of 9.88 to 43.45 kg,

respectively.
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The contemporary groups (CG) were defined by cows calving at the same herd-year-season of
calving (LM) or the same herd-year-month of calving (RRM). The CG was edited to contain
at least four records of cows, progeny of bulls with at least two daughters in two different
herds. Four classes of age at calving (18 to 25, 26 to 27, 28 to 29 and 30 to 48 months) and
four calving seasons (January through March, April through June, July through September
and October through December) were combined to produce 16 age-season classes. Two
datasets including the same animals, belonging to 296 herds, consisted of 30,228 lactation
records totaling 262,426 test days records from daughters of 2,726 bulls were used in this
study. The pedigree file included 59,486 animals.

The 305-day lactation records were analyzed by a single trait animal model (LM) including
the fixed effects of herd-year-season of calving and age at calving (linear covariable) and the
random additive genetic animal and residual effects in order to estimate genetic parameters

and breeding values for 305-day milk yield (305MY), as follows:
Yij = HYSl + bnxi]' + ai]' + eij

where Y/ is the cumulative milk yield at 305 days of animal j on herd-year-season of calving
I, HYS; is the fixed effect of herd-year-season i, by, is the linear covariable for 305-day yield
as a function of age at calving, Xj; is the age of cow at calving, in months; aj; is the additive
genetic effect of animal j on herd-year-seasonof calving i, e;j; is the residual effect.

The test day milk yields (TDMY) were analyzed in order to obtain genetic parameters and

cumulative EBVs for 305-day milk yield (305MY) using the following model:

nf nr nr

Yijii = HYM; + Z @ ixPr + Z @ jrujy + Z Dikpeji + €ijki
k=0 k=0 k=0
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Where yiji is the I-th test day record of cow j made on day t within HYM (herd-year-month of
test) subclass i; Pk are fixed regression coefficients of test-day yield that describes the
regression fixed within calving age-season classes; HYM; is fixed effect herd-year-month of
testing; ujx and pej. are the k™ random regression coefficients that describe, respectively, the
additive genetic effects and the permanent environmental effects on cow j; Q@ju is the K"
Legendre polynomials (4™ and 5™ orders) for the test day record ofcow j made on day t; nf is
the order of polynomials fitted as fixed regressions; nr is the order of polynomials for animal
and pe effects; and ejjiq is the random residual. The RRM referring to the fourth and fifth
orders Legendre polynomials were designated as RRM, and RRMs, respectively. Many
studies in literature have pointed out these orders as recommended as well as they have
already been used in Canada, Italy and United Kingdom for genetic evaluations (Muir et al.,
2007).

It was assumed that:

u ARG 0 0
varlpe = 0 IRXP O
e 0 0 R

G and P are covariance matrices of the random regression coefficients, R=1c7% is a diagonal
matrix (residual) and & is a Kronecker product between matrices.
The Legendre polynomials are defined for the range of -1 to +1, thus the days in milk values

were transformed as below (Kirkpatrick et al., 1994),

2(DIM, — DIMp;)
DIM,yqy — DIM,yiy

DIM; = -1+

Where DIMpin and DIM ¢ are minimum and maximum values for the days in milk (DIM).
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For the t-th standardized days in milk (DIM"), the k-th polynomials is given as follows,

@(DIM;)k = ’Zk *1 Z( 1)m Zk + 1) (DIM})T—2m

Where k/2 = (k-1)/2 if k is odd and m is an index number needed to determine the k-th

polynomial.

Variance components, genetic parameters and EBVs for 305-day milk yield (305MY) from
RRM or LM models and the covariance matrices of random regression coefficients were
estimated by using REMLF90 software (Misztal, 2014) which uses the Method of Restricted
Maximum Likelihood (REML).

The EBV of animal i for test day t was calculated by:
kq—1
EBV, = 7@, = z ay by (DIM)
]:

Where ai is a (ksx1) vector of the estimates of additive genetic random regression
coefficients specific to the animal i, and z; is a (kax1) vector of Legendre polynomial
coefficients evaluated at day t. An example for fifth order polynomial was presented as

follow:
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7’305 = [212.132 -1.276756™"° 1.586427 2.529227E-15 2.144969]

The 305-day random regression breeding value of animal i was obtained by summing the
EBVs from day 6 to 305 days in milk, which was illustrated for example for a fifth order

Legendre polynomial as follows,

EBV; = ¥3%(@iotor + @irP1e + Rindar + QizPse + RiaPar)-

REMLF90 software (Misztal, 2014) was also used to estimate the standard error of prediction
(SEP) of EBVs. The SEP was calculated as the square root of the prediction error variance
(PEV). All reliabilitiy values were derived from standard errors (SE) of the EBVS, as r* = V(1-
(SE%/6%,)), where 6%, was the additive genetic variance for the trait and r® is the correlation
between the true breeding value and estimated breeding values (Misztal, 2005).

The models were compared according to the goodness of fit, using the Akaike’s information
criterion, AIC= -2logL + 2 p, and Schwarz’s Bayesian criterion, BIC= -2logL + p log (%),
where p is the number of parameters in the model. Using REML, A=n-r(X), n being equal to
the number of test day records and r(X) equal to the rank of the systematic effects incidence
matrix. The model is chosen based on the lowest values of AIC and BIC. Additionally, a log-
likelihood ratio test (LRT) of the likelihood was applied to test the significant differences

between models with different orders of Legendre polynomials.

RESULTS
The goodness of fit of random regression models showed lower values of of -2LogL, AIC and
BIC tests (Table 1) for RRM, and lower RV for RRMs. The difference in the -2LogL between

RRM, and RRMs tested by LRT was significant (P < 0.05) by the chi-square statistic.
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The heritability for the 305MY estimated by RRM, and RRMs were equal 0.23 and 0.24 and
slightly higher than 0.21, the value obtained for 305MY by LM (Table 2). Additive genetic
variances from RRM, (402,908.3 kg?) and RRM5 (400,119.7 kg?) were higher than the value
from LM (311,000 kg®). The estimates of heritability, additive genetic and permanent
environmental variances of test day yields from 6 to 305 days in milk ranged from 0.16 to
0.27, from 3.76 to 6.88 kg? and from 11.12 to 20.21 kg?, respectively (Figure 1).

Additive genetic and permanent environmental correlations among test days along days in
milk ranged from 0.20 to 0.99 and from 0.07 to 0.99 for RRM, and RRMs, respectively
(Figure 2). High additive genetic correlations were observed between adjacent test day milk
yields and were close to 1 mainly during mid-lactation, but decreased with the increasing of
distance between test days.

The standard deviations of average 305MY EBVs of bulls from RRM, and RRMs models
increased from 11% to 31%, when progeny sizes decreased from 200-399 to 10-24 (Table 3).
For cows, differences between standard deviations of 305MY EBVs from RRM, and RRM5
and 305MY EBVs from LM ranged from 26% to 31%, depending on number of test days.

The rank correlation between EBVs for 305MY from LM and EBVs for 305MY from RRM,
and RRM5s models for bulls increased from 0.86 to 0.95 with the increase in bulls’ progeny
size (Table 4). Rank correlations were higher than 0.80 for cows and, in general, increased
from 0.83 to 0.87 when the number of test days increased from 6 to 10.

The rank correlations between EBVs for 305MY from LM and RRM, and RRMs were equal
to 0.87 and 0.86 for all cows and 0.89 (for both RRM) for all bulls (Table 5). These
correlation estimates decreased from 0.89 to 0.69 when proportion of selection of top bulls
was of 10% and decreased to 0.85 when proportion of selection was of 1%. When the
proportion of selection was ranged from 60% to 10%, the rank correlation decreased from

0.78 to 0.57.
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The selection by EBVs for 305MY from RRM, and RRMs models and the respective ranks
of EBVs from LM were used to illustrate the differences between 305-day lactation and
random regression models (Table 6). Figure 3 depict the trajectories of EBVs of test days on
days in milk during lactation estimated by RRM, model for the top five bulls selected by
RRM.

The number of bulls within classes of reliability of EBVs estimated from RRM, and RRMs
models with percentage of difference (brackets) compared to the number of bulls within
classes estimated from LM was presented in Table 7. The increasing in the reliability from
0.40-0.49 to 0.90-0.99, there was an increasing in the number of bulls from 8% to 136%
compared to the LM model. In lower class of reliability (0.30-0.39), there was -8% of bulls
compared to LM.

The average percentage of gain in reliability of EBVs for 305MY from RRM4 and RRM5
models increased in average from 4% to 17% with the decrease in bulls’ progeny size
compared to the average of reliabilities estimated by LM, whose values ranged between 0.41
and 0.89 (Table 8). The gain of reliability in parentheses ranged from 8%-33% to 1-13% with
the decrease in progeny size. For cows, the average gain in reliability was between 23% and
24% for every class of TD. Moreover, the gain in reliability of cows of each class ranged from

11-49% for cows with 6 records to 0-102% for cows with 10 test days.

DISCUSSION

In a comparison between RRM, and RRMs models, AIC, BIC, -2LogL and LRT indicated
RRMy as the best fit of lactation curve (Table 1). In literature, models with higher orders of
Legendre polynomials were indicated as the best fit according to AIC, BIC, -2LogL and

residual values (Biassus et al., 2010; Aliloo et al., 2014). Although residual variance was
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lower for RRMs, the increasing in the order of polynomials did not affect breeding values and

their reliabilities as well as the estimates of genetic parameters in this study.



67

The heritability estimates for 305MY were equal to 0.23 and 0.24 from RRM, and RRMs and
slightly higher than 0.21 obtained by the LM model but the all values showed the same
magnitude (Table 2). Additive genetic variances for 305MY estimated by RRM4 and RRM5
were about 29% higher than that in LM model. The residual value decreased about 10% when
models were fitted by fourth (RRM,) and fifth (RRMs) order Legendre polynomial.
Similarly, Biassus et al. (2010) compared models fitted by Legendre polynomials from third
to sixth orders whose differences decreased from 14% to 5%. Cankaya et al. (2014) compared
models fitted from second to fourth orders and the results decreased from 24% to 10%.
Results of residual values presented by Takma and Akbas (2009) decreased from 30% to 7%
when adjusted models from second to sixth orders.

In general, heritabilities for selected test days on days in milk were higher than that estimated
from LM model, except in early lactation (6, 30 and 90 days in milk) (Figure 1). Heritability
estimates increased from 0.15 in the beginning up to 0.26 in mid lactation (210 days) and then
decreased to 0.22 in DIM 305. Kim et al. (2009) reported higher heritability along days in
milk from RRM (0.15 to 0.46) than from the LM (0.15) for Holstein cattle in Korea, which is
in agreement with the present study. Aradjo et al. (2006) for a population of Holstein cattle in
Minas Gerais, Brazil used random regression with Legendre polynomials of third, fourth and
fifth orders and estimated heritabilities 0.12 to 0.29 with an increasing in the trajectory during
lactation. Costa et al. (2008) using Holstein cattle data in Brazil found heritabilities ranging
from 0.27 to 0.42 with higher heritability in mid-lactation and lower at beginning and end of
curves. Dorneles et al. (2009) using arandom regression model of forth order estimated
heritability for Holstein cattle of Rio Grande do Sul State, Brazil, which increased from 0.14
to 0.20.

The trajectory of the additive genetic variance showed a sharp decrease in the beginning of

lactation and then increased for the remaining of the lactation (Figure 1). Permanent
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environmental variances from both RRM showed a typical U shape with higher variances at
the extremes of lactation. This trend is similar to those reported by Miglior et al. (2009) in
China and by Bignardi et al. (2009), Cobuci et al. (2011) and Pereira et al. (2013) in Brazil.
Additionally, the low heritability at the beginning of lactation curve (6 to 60 days) was
coincident with the lower additive genetic variance and higher permanent environmental
variances at the same period. The higher heritability in mid lactation (90 to 270 days)
coincided with the higher additive variances and the lower permanent environmental
variances but at 305 days heritability decreased, genetic variance increased and permanent
environmental variance increased.

As expected, higher genetic and permanent environmental correlations between adjacent test
days (close to 1) and lower ones between distant DIM were observed is this study (Figure 2)
and are in agreement with the pattern reported for Holstein cattle in Brazil (Dorneles et al.,
2009; Bignardi et al. 2009; Cobuci et al., 2011). The lowest correlations were observed
between early lactation (DIM 6) and the other test day milk yields. Except for DIM 6 and 30,
in general, permanent environmental correlations were lower than the genetic correlations
between DIM (Figure 2).

The standard deviations of EBVs for 305MY from RRM, and RRMs were higher than that
estimated from LM (Table 3). When bulls’ progeny size increased from higher classes of
progeny size (200-299) to lower classes (10-24), the increasing in the distribution of EBVs
were from 11 to 30% higher than that in the LM, which indicate that bulls with less
information presented larger changes in distribution of EBVs around the mean promoted by
random regression models. For cows, the change in the standard deviation of EBVs was
around 28% higher in RRM models compared to LM, considering 6, 7, 8, 9 or 10 TD by
lactation. Melo et al. (2007), using data from Brazilian Holsteins, found that standard

deviations of EBVs from RRM was 22% higher compared to the standard deviations from
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305-day lactation model for cows and the differences were up to 3% for bulls with progeny
size higher than 49 and up to 22% for bulls with lower progeny size. Lidauer et al. (2003)
reported an increasing about 9% for young bulls with at least 20 progenies and about 3% for
active bulls with 60 progenies of Finnish dairy cattle. Therefore the increasing in the standard
deviations of mean values of EBVs suggested that estimates from RRM changed the
distribution of values of EBVs of bulls and cows and consequently changed the ranking of top
bulls and cows.

In Table 4, the rank correlations of EBVs of bulls for 305MY estimated from LM with ranks
of EBVs fromRRM, and RRMs models increased from 0.86 to 0.96 according to the
increasing of the progeny size classes, which indicate that the increasing in the amount of
information approximate the estimation of EBVs of LM and RRM models. On other hand, as
the amount of information (progeny size) decreased, the differences were higher between
models, which suggest, in this case, that the re-ranking of bulls was higher for bulls with less
progeny size. For cows, there was a substantial difference in the correlations between RRM
models and LM in general, but, according to the number of TD, these differences were similar
for cows with 6, 7, 8, 9 or 10 TD. Thus these results confirm the assumption that random
regression models may change the ranking of top animals. These changes in ranking became
more evident when a selection of bulls and cows were applied by RRM,4 and RRMs EBVs of
cows and EBVs of bulls with progeny size higher than 49 (Table 5). The correlations
decreased from 0.87 to 0.57 when 10% of cows were selected by RRM EBVs and increased
as the proportion of selection decreased to 40% and 60% of cows. The selection of top bulls
by RRM, and RRMs EBVs decreased the rank correlation from 0.89 to 0.70 (10% of bulls)
and from 0.89 to 0.87 (1% of bulls). In order to illustrate the changes in the rankings of
animals, the top ten bulls from the 10% of best bulls were showed (Table 6). Although the

rank correlations between 10% of bulls were strong, the position of some bulls in relation to
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the other bulls may have large changes as observed for bulls S4, S8 and S9. The trajectory of
test-day EBVs on days in milk may show important information to explain why the
cumulative EBVs for 305MY from RRM models were higher compared to EBVs from LM,
which may be observed in the trajectory of the best five bulls selected for EBVs at 305 days
in Figure 3.For example, bull S3 was ranked as the first best bull by LM EBVs but it did not
present the best initial EBVs compared to EBVs for S1 (6 to 60 days in milk) or the best final
EBVs (150 to 305 days in milk), although the EBVs in mid-lactation (60 to 150 days) were
equal. Therefore the bull S1 was best than bull S3 in regard to the trajectories of TD EBVs
because RRM models were able to estimate the TD EBVs (and cumulative EBVs for 305MY)
with more precision and, consequently, it became more evident the differences between the
two bulls, which could not have been identified by LM.

The main advantage of RRM in comparison to LM was the reliability of EBVs of bulls and
cows (Table 7 and 8). There were a substantial increasing in the number of bulls whose EBVs
were classified in the classes of reliability mainly for classes above 0.70-0.79, which
suggested that RRM may promote an important increasing in the number of bulls with higher
reliability (Table 7). Moreover, when the classes of progeny size higher than 100-199 were
considered, the gain in reliability was around 4% and 5%, whichshowed the superiority of
RRM models even when the increasing in the amount of information of bulls’ progeny size
were larger (Table 8). However, the gain in reliability was higher for bulls in the classes of
progeny size lower than 50-99, whose percentage of gain in average were between 10% and
17%, whose ranges achieved 33%. In relation to cows, there were not differences in the
average percentage of gain in reliability with the increasing in the number of test days, which
may suggest that cows with lactations in progress may be evaluated earlier as well as the

respective sires, decreasing the generation intervals, which, in turn, increasing the genetic
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gain, with a decreasing in the costs of milk recording services for the Brazilian Holstein

breeding program.

CONCLUSION

Random regression models (RRM) may better explain the genetic variability of breeding
values of Holsteins in Brazil and estimate these breeding values with higher reliability
compared to the traditional 305-day lactation animal model. The RRM using a fourth order
Legendre polynomials is recommended to be used for genetic evaluations of Brazilian

Holstein cattle.
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Table 1. Number of parameters (p), estimates of the maximum of the likelihood function (-2
Log L), Akaike’s information criterion (AIC), Bayesian information criterion (BIC), residual
value (RV), likelihhod ratio test (LRT) and chi-square statistics (x°) for random regression

models using Legendre polynomials.

Model p  -2LogL AIC BIC RV LRT 7

RRM, 21  1,328,860.6 1,328,902.6 1,328,974.4 5.402 - -
RRMs 31  1,475,279.4 1,475,341.4 1,475,447.4 4.887 146,418.8* 18.30

* (P < 0.05); RRM, and RRM;s = random regression models fitted by fourth and fifth order Legendre

polynomials

Table 2. Estimates of additive genetic (6%,), residual (c%) and permanent environmental
(czpe) variance components and heritability coefficients (h?) for 305-day milk yield (305MY)

estimated from LM, RRM, and RRMs models

Model h? 0%, 0% czpe

RRM, 0.23 402,908.3 486,000.0 843,284.2

RRM; 0.24 400,119.7 439,830.0 849,730.5
LM 0.21 311,000.0 1,181,000 -

LM = 305-day lactation model; RRM, and RRM5s = random regression models fitted by fourth and fifth order

Legendre polynomials
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Table 3. Standard deviations (kg) of EBVs for 305MY estimated by RRM, and RRMs
models, and percentage of change (between brackets) with respect to standard deviations by

LM model for bulls and cows according to progeny size and number of test days

Bulls

Models
Progeny size Nu[)nukifsr of LM RRM, RRMs;
200 — 399 29 4247 462.3 (+8%) 467.1 (+10%)
100 - 199 74 476.8 530.9(+11%) 534.0 (+12%)
50-99 154 412.6 481.2(+16%) 484.7(+17%)
25-49 175 380.3 446.2(+17%) 446.6(+17%)
10-24 352 323.9 421.1(+30%) 424.0 (+31%)
Cows Models
Numk()jer of test Number of LM RRM. RRM:
ays COWS
10 9449 308.6 392.6 (+27%) 392.7 (+27%)
9 9569 309.1 395.5 (+28%) 396.2 (+28%)
8 5433 308.8 404.3 (+31%) 405.9 (+31%)
7 3534 327.8 418.8 (+28%) 420.8 (+28%)
6 2243 333.7 419.8 (+27%) 421.8 (+26%)

LM = 305-day lactation model; RRM, and RRM;s = random regression models fitted by fourth and fifth order

Legendre polynomials; 305MY = 305-day milk yield

Table 4. Spearman rank correlation between EBVs for 305MY estimated from LM and EBVs

for 305MY from RRM, and RRMs models for bulls and cows according to progeny size and

number of test days

Bulls Models
Progeny size Number of bulls RRM, RRM;
200 - 399 29 0.95 0.95
100 -199 74 0.97 0.97
50-99 154 0.92 0.92
25-49 175 0.92 0.92
10-24 352 0.86 0.86
Cows Models
Number of test days Number of cows RRM, RRM;
10 9449 0.87 0.86
9 9569 0.86 0.86
8 5433 0.86 0.85
7 3534 0.86 0.86
6 2243 0.83 0.83

LM = 305-day lactation model; RRM, and RRM;s = random regression models fitted by fourth and fifth order

Legendre polynomials; 305MY = 305-day milk yield



77

Table 5. Spearman rank correlation (p < 0.0001) between EBVs for 305MY estimated from

LM and EBVs for 305MY from RRM, and RRMs models for bulls with progeny size higher

than 49 and cows selected for 305MY

Animal Number of

selected bulls RRM, RRM;
All Bulls 2,726 0.89 0.89
10% bulls 273 0.70 0.69
1% bulls 27 0.87 0.85

Animal Number of RRM. RRM
selected COWS

All cows 56,760 0.87 0.86
60% cows 34056 0.78 0.78
40% cows 22704 0.71 0.70
10% cows 5676 0.57 0.54

LM = 305-day lactation model; RRM, and RRM5 = random regression models fitted by fourth and fifth order

Legendre polynomials; 305MY = 305-day milk yield

Table 6. Ranks of EBVs of the ten top bulls with progeny size higher than 49 selected by

EBVs for 305MY estimated from RRM, and RRMsand respective ranks from LM

Bull Progenysize RRM, RRM5 LM
S1 143 1 1 2
S2 64 2 2 3
S3 51 3 3 1
S4 80 4 4 16
S5 90 5 5 4
S6 235 6 6 5
S7 145 7 7 6
S8 162 8 8 20
S9 154 9 9 19
10 79 10 13 9

LM = 305-day lactation model; RRM, and RRM5 = random regression models fitted by fourth and fifth order

Legendre polynomials; 305MY = 305-day milk yield
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Table 7. Classes of reliability () of EBVs and the number of bulls for LM and for RRM, and
RRM;s models with percentage of increasing in the number of bulls in the respective class

(brackets) compared to LM

r° LM RRM, RRM;s
0.90 - 0.99 22 52 (+136%) 52 (+136.0%)
0.80 - 0.89 78 123 (+58.0%) 123 (+58.0%)
0.70-0.79 104 122 (+17.0%) 123 (+18.0%)
0.60 - 0.69 111 130 (+17.0%) 128 (+15.0%)
0.50 - 0.59 136 160 (+18.0%) 161 (+18.0%)
0.40 - 0.49 186 202 (+9.0%) 200 (+8.0%)
0.30-0.39 363 335 (-8.0%) 333 (-8.0%)

LM = 305-day lactation model; RRM, and RRM;s = random regression models fitted by fourth and fifth order
Legendre polynomials

Table 8. Reliabilities and their standard deviations of EBVs for 305MY estimated from LM
and the percentage of gain with range in brackets by RRM, and RRMs models for bulls and

cows according progeny size and number of test days

Bulls Models
Progeny size N“g“ut:fsr of LM RRM,2 RRM;?2
200 — 399 29 0.89 +0.06 +4% (1-13%) +4% (1-13%)
100 - 199 74 0.84 +0.05 +5% (2-14%) +5% (2-14%)
50 -99 154 0.71+0.11 +10% (4-24%) +10% (4-24%)
25-49 175 0.59+0.10 +13% (4-25%) +13% (4-25%)
10-24 352 0.41+0.12 +17 % (8-33%) +17% (8-33%)
Models
Numt()jer of test Number of LM RRM. RRM
ays COWS
10 9449 0.34 +0.08 +24% (0-102) +24% (0-102)
9 9569 0.34 £0.08 +24% (13-50) +24% (13-51)
8 5433 0.32+0.09 +24% (8-65) +24% (9-64)
7 3534 0.31+0.08 +23% (11-48) +23% (11-48)
6 2243 0.31+0.09 +23% (11-46) +23% (11-46)

LM = 305-day lactation model; RRM, and RRM5s = random regression models fitted by fourth and fifth order
Legendre polynomials; 305MY = 305-day milk yield; * average and standard-deviation of reliability of EBVs

from LM; 2 average percentage of gain (%) in reliability compared to lactation model (range in parenthesis)
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milk yields on days in milk estimated from random regression models fitted by fourth

(RRM,) and fifth (RRMs) order Legendre polynomials
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models fitted by fourth (RRM,) and fifth (RRMs) order Legendre polynomials
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ABSTRACT

The aim of this study was to compare random regression models fitted by fourth
and fifth Legendre polynomials with lactation models using fat and protein yield
records of Brazilian Holstein cattle. Two datasets were prepared. The first
contained 262,426 test-day fat and protein yield records and second one
contained 30,228 fat and protein yield lactation records at 305 days. Single trait
random regression models with Legendre polynomials and single trait 305-day
lactation models were applied. AIC, BIC, -2LogL values were lower for fourth
order polynomial. Heritability for 305-day yield from lactation models was of
0.24 (fat) and 0.17 (protein) and from random regression models was of 0.20
(fat) and 0.21 (protein). Spearman correlations of EBVs for 305-day yield
between lactation models and random regression models ranged from 0.86 and
0.97 for bulls and cows. In average, reliability of estimated breeding values
(EBVs) for 305-day vyield of bulls were from 2% to 16% (fat) and from 4% to
26% (protein) and of cows was from 24% to 38% (fat and protein) higher than in
the lactation models. Random regression model fitted by Legendre polynomials
of fourth order was recommended to improve genetic evaluations of Brazilian

Holstein cattle.

Key words: Legendre polynomial, breeding value, correlation

INTRODUCTION
One of the main objectives in dairy cattle breeding programs is the improvement
of milk yield traits as fat and protein yield. In Brazil, the genetic evaluations of

Holstein cattle for these yields have been realized by means of a 305-day
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lactation model. Alternatively, many other approaches proposed using the test
day records directly in test day models (TDM) instead of lactation models
(Jensen, 2001).

The main advantages of the alternative approachesare that test day models
permit to model the shape of the lactation curve (Schaeffer et al., 2000) and
account for environmental factors that affect cows at different stages of lactation
with more accuracy (Jensen, 2001). Within test day models, random regression
models have been proposed for genetic evaluations on traits measured over
time (Henderson, 1982; Schaeffer and Dekkers, 1994; Kirkpatrick et al., 1994),
using mainly Legendre polynomials to adjust lactation curves and, then the
differences between animals could be modeled as deviations of fixed lactation
curves (Brothestone et al., 2000). Germany, Canada, United Kingdom and Italy
have already adopted random regression models in their national genetic
evaluations, using Legendre polynomials of third, fourth or fifth orders (Muir et
al., 2007; Yamazaki et al., 2013). In Brazil, Costa et al. (2008), Biassus et al.,
(2011) and Cobuci et al. (2011), for example, studied the use of random
regression models with Legendre polynomials in order to determine the best
order for genetic evaluation of Holstein cattle in Brazil and then substitute the
current 305-day lactation model. However, there are few studies with
components of milk as fat and protein in tropical countries as Brazil, using
random regression models. Costa et al. (2008), using milk yield records,
suggested the use of a five Legendre polynomial order to model both genetic
and permanent environmental effects. Biassus et al. (2011) used the data of

milk, fat and protein yield of the population of Holstein of Minas Gerais State
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and suggested that, at least, a fourth order was recommended for genetic
evaluations.

The main objective was to compare genetic parameters and estimated breeding
values (EBV) for fat and protein yields based on traditional 305-day lactation
model and on random regression models in Brazilian Holstein cattle to be used

in future genetic evaluations.

MATERIAL AND METHODS

Data consisted of fat and protein milk yield collected by the technicians of the
Milk Control and Genealogy Service of the Brazilian Association of Holstein
Breeders (ABCBRH) and its state affiliates between 1990 and 2011.

Two datasets with the same animals were prepared. Test-day records obtained
between 6 and 305 days in milk were edited for cows aged 18 to 48 months in
the first parity. To apply the random regression models, 262,426 test-day fat
(TDF) and protein yield (TDP) records were prepared for first data set, which
comprised 6 test days in the lactation period. Test-day records were removed if
fat and protein yields were out of the range of 258.4 g to 1,510 g and of 312.0 g
to 1.314.8 g, respectively. Four classes of age at calving (18 to 25, 26 to 27, 28
to 29 and 30 to 48 months) and four calving seasons (January through March,
April through June, July through September and October through December)
were combined to produce 16 age-season classes. The second data set
comprised of 30,228 fat and protein lactation records at 305 days. The records
for lactation fat and protein yields at 305 days were deleted if out of the range of

102 to 392 kg and 106 to 349 kg, respectively. For the two datasets,
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contemporary groups of herd-year-season of calving (lactation records) and
herd-year-month of test (test day records) that did not contain at least four
records of cows, progeny of bulls with at least two daughters in two different
herds were eliminated. Pedigree data was checked for inconsistency and, after
edition, included 59,486 animals.

Milk traits considered in the present analyses were 305-day fat yield (305F) and
305-day protein yield (305P).

Legendre polynomials are defined for the range of -1 to +1, thus the days in

milk values were transformed as below,

2(d; — dpm
dZ:—l-}‘ (t mm),

dmax - dmin

Where dmin and dmax are minimum and maximum values for the days in milk
variable data.
For the t-th standardized days in milk (d’;), the k-th polynomials is given as

follows,

2k +1
ok =5 |2 Z( o (£) (F 1) @

Where k/2 = (k-1)/2 if k is odd and m is an index humber needed to determine
the k-th polynomial.
Test-day fat and protein yield records were used in single trait test day random

regression models to estimate EBVs for TDF and TDP from 6 to 305 days in
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milk and the cumulative EBVs for 305F and 305P. Models were named as
RRF4 and RRF5 for fat yield and RRP4 and RRP5 for protein yield fitted by
fourth and fifth orders, respectively. Many studies in literature have pointed out
these orders as recommended as well as they have already been used in
Canada, Italy and United Kingdom for genetic evaluations (Muir et al., 2007).

The random regression model used to estimate genetic parameters and EBVs

for 305F and 305P was as follows:

nf nr nr

Yijii = HYM; + Z @ ixPr + Z @ jrujy + Z Dikpejk + €ijki
k=0 k=0 k=0

Where yiu is the I-th test day record of cow j made on day t within HYM (herd-
year-month of test) subclass i; Bk are fixed regression coefficients of test-day
yield that describes the regression fixed within calving age-season classes;
HYM; = fixed effect herd-year-month of testing; uy and pej are the K" random
regression coefficients that describe, respectively, the additive genetic effects
and the permanent environmental effects on cow j; @ is the K" Legendre
polynomials (4™ and 5™ orders) for the test day record of cowj made on day t; nf
is the order of polynomials fitted as fixed regressions;nr is the order of
polynomials for animal and pe effects; and ey is the random residual.

It was assumed that:

ARG 0 0
0 IQP 0

u
var [pe] =
0 0 R
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G and P are covariance matrices of the random regression coefficients, R=lo%
is a diagonal matrix (residual) and & is a Kronecker product between matrices.

Records of 305-day lactation fat and protein yields were used in single trait
lactation animal models, named as LMF (fat) and LMP (protein), which included
effects of herd-year-season of calving as fixed effect, age at calving (linear
covariable) and additive genetic animal and residual effects. The model used to

estimate genetic parameters and EBVs for 305F and 305P was as follows:
Yij = HYSl + bnxi]' + ai]' + eij

Where Yj is the fat or protein milk yield records at 305 days of animal j on herd-
year-season of calving i, HYS; is the fixed effect of herd-year-season of
calvingi, b, is the linear covariable for 305-day yield as a function of age at
calving, x; is the age of cow at calving, in months; a; is the additive genetic
effect of animal j on herd-year-season of calving i, ejis the residual effect.

The analyses were performed by REMLF90 software (Misztal et al., 2014), by
the method of restricted maximum likelihood (REML), in order to estimate the
solutions and the covariance matrices of random regression coefficients.

The estimated breeding values (EBVs) of random regression models were
obtained by multiplying covariance matrices and vectors containing covariates

specific for each animal. The EBV of animal i for test day t was calculated by:

kq—1
BV =78 = ) | ay¢;(d)

j=0
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Where @i is a (kax1) vector of the estimates of additive genetic random
regression coefficients specific to the animal i, and z; is a (kax1) vector of
Legendre polynomial coefficients evaluated at day t, which may be illustrated for

a fifth-order Legendre polynomial:
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o

[¢Ot]
| e |

zZe = | P
$3e
PDat

The sum of EBVs at 305 days for animal i was obtained by summing the EBVs
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from day 6 to 305:

305
EBVi= ) (@ioor + nbre + @iabae + Aiabar + Auahue)
t=

The standard error prediction (SEP) of estimated breeding values (EBVs) for
305F and 305P estimated from 305-day lactation and random regression
models was supplied by REMLF90 software as the square root of the prediction
error variance (PEV) (Misztal, 2014). Reliability of EBVs were derived from SEP,
as r* = 1-(SEP?/0?,), where 0?, was the additive genetic variance for the trait
and r? is the correlation between the true breeding value and estimated

breeding values (Misztal & Wiggans, 1988).
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RESULTS

The goodness of fit for random regression models was given by AIC, BIC, -
2LogL and likelihood ratio test (LRT) in Table 1. AIC, BIC and -2LogL had the
lowest values (highlighted) for RRF4 and RRP4 models. Residual values
showed a decreasing of 4% (fat) and 5% (protein) with an increasing in the
order of Legendre polynomials. According to LRT, the changes in log likelihood
were significant (p < 0.05) in the increasing in the order of Legendre
polynomials from RRF4 to RRF5 and RRP5 to RRP5 models.

The first eigenvalue (A) accounted for 89.5% in RRF4 and RRF5 and for 88.7
and 89.0% in RRP4 and RRP5 of the total additive genetic covariance matrix,
and the first three eigenvalues explained it by 99.99% (Table 2). For permanent
environmental effect, the first eigenvalue accounted for about 70% of the total
permanent environmental variance in all models and the first four eigenvalues
explained it by 98%.

For 305-day vyield trait (Table 3), heritability from 305-day lactation models were
of 0.24 (LMF) and 0.17 (LMP) and random regression models presented
heritability of 0.21 (RRF4 and RRF5) and 0.20 (RRP4 and RRP5).

In regard to heritability of test-day yields on days in milk, (RRF4 and RRF5
models) showed an increasing from 0.13 (6 days in milk) to 0.23 (210 days in
milk) and then decreased to 0.14 (305 days in milk). RRP4 and RRP5 models
showed similar trajectory of heritability with an increasing from 0.10 (6 days in
milk) to 0.23 (210 days in milk) and then decreased to 0.13 (Figure 1). Additive
genetic variances of test days during days in milk ranged from 4,954.4 g to

7,115.6 g° for RRF4 and RRF5 and from 2,625.8 g° to 4.857.3 g* for RRP4 and
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RRP5. Permanent environmental variances ranged from 12,136.6 g> to
32,909.8 g® for RRF4 and RRF5 and from 9,093.8 g® to 19,702.0 g* for RRP4
and RRPS5.

RRF4 and RRF5 models presented similar results of correlations between test-
day fat yield records on days in milk (Figure 2). Additive genetic and permanent
environmental correlations ranged from 0.35 to 1.00 and from 0.22 to 0.97,
respectively.

For test-day protein correlations, RRP4 and RRP5 models presented similar
ranges from 0.20 to 1.00 for additive genetic and from 0.25 to 0.98 for
permanent environmental correlations (Figure 2). High genetic and
environmental correlations were found in adjacent test days (close to 1) and
decreased with the increasing of distance between test days.

The Spearman rank correlations of EBVs for 305-day fat yield between LMF
and RRF4 and between LMP and RRP4 were presented in Table 4. In general,
rank correlations for bulls increased from 0.86 to 0.97 with the increasing in
classes of bulls’ progeny size for fat and from 0.86 to 0.98 for protein (Table 4).
Spearman rank correlation between LMF and RRF4, in general, increased from
0.83 to 0.89 for groups of cows with 6 to 10 test days. Rank correlation between
LMP and RRF4 increased from 0.81 to 0.86 from 6 to 10 TD.

The average gain in reliability ranged from 3% to 16% for RRF4 and from 6% to
26% for RRP4 for bulls according to the decreasing in the classes of progeny
size compared to 305-day lactation models (LMF and LMP) (Table 5). For cows,

average gain of reliability was higher than 24% (RRF4) and 38% (RRP4) for
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cows compared to LMF and LMP with no differences due to the increasing in

the number of test days in lactation.

DISCUSSION

A reduction of the values of -2LogL, Akaike information criterion, AIC, and
Bayesian information criterion, BIC, as Legendre polynomial order decreases,
with a significant change in the log likelihood, indicated random regression
models of fourth order Legendre polynomials as the best fit but residual values
indicated fifth order as the model (Table 1). AIC, BIC and RV are criteria that
tend to indicate models with larger number of parameters (Ducrocq, 2000,
Lépez-Romero and Carabarfio, 2003; Biassus et al., 2011; Aliloo et al., 2014).
According to Liu et al. (2006) and Aliloo et al. (2014), the choice of the best
model is not an easy task because the use of different tests may indicate
different models. The authors proposed the use of an index as a tool to indicate
the best model. Thus besides AIC, BIC and RV, it was used eigenvalues of
genetic and permanent covariance matrices in order to have different methods
of comparison to indicate the best model for genetic evaluations. The first three
additive eigenvalues explained a sufficiently large proportion of the variances
for model RRF4 and RRP4 (Table 2). The highest values of permanent
environmental eigenvalues indicated that the permanent environmental effect
needed to be modeled with a fifth order Legendre polynomial compared to
genetic effect. Pool et al. (2000) used complete lactations for a genetic
evaluation of Dutch Holstein cattle to be evaluated by random regression with

Legendre polynomial from third to sixth order. The authors reported that a fourth
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order for genetic effect and a fifth order for permanent environmental effect
allow a simpler covariance function, reducing the number of parameters but as
equal orders were suggested in the literature, a fifth order was recommended.
Recently Mohamadi and Alijani (2014) conducted a study to compare random
regression models with lower orders of Legendre polynomials for genetic and
higher for permanent environmental effects. The authors inferred that lower
order polynomial for the additive genetic effect than for the permanent
environmental effect was better for modeling yield traits in Iranian Holsteins. In
Brazil, Araujo et al. (2006) and Biassus et al. (2011) in Minas Gerais State
suggested that the best random regression models should be fitted by at least a
fourth order Legndre polynomial in order to estimate genetic parameters and
breeding values for milk, fat and protein yields. Thus, based on the results, a
fourth order of Legendre polynomial for additive genetic and permanent
environmental effects for fat and protein yield traits in Brazilian Holsteins is
recommended.

Estimates of heritability showed that random regression models presented
similar values to the values estimated from 305-day lactation model (LMF and
LMP) for 305 day fat and protein yields (Table 3). In literature, the estimates of
heritability at 305 days from random regression models in Holstein cattle ranged
from 0.29 to 0.41 for fat and from 0.29 to 0.41 for protein yields (Jakobsen et al.,
2002; Bohmanova et al., 2008; Biassus et al., 2011; Kheirabadi & Alijani, 2014).
In relation to 305-day lactation model, heritability varied from 0.13 to 0.42 for fat
yield and from 0.12 to 0.40 for protein yield (Dematawewa & Berger, 1998;

Weller & Ezra, 2004; Kim et al. 2009).
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The heritability of test-days on days in milk for fat estimated from random
regression models presented similar values in mid lactation but lower values at
the extremes of lactation compared to lactation model (Figure 1). Heritability
estimates of protein test-day yields were higher only in the mid lactation (90 to
270 days in milk) than that in the 305-day lactation model. Kim et al. (2009)
found quite similar results in a population of Holstein in Korea and reported that
random regression models presented higher heritability of test days on days in
milk than in the 305-day lactation models for fat and protein yields. In previous
studies with a Brazilian population of Holstein, Biassus et al. (2011) found
values ranging from 0.03 to 0.21 and 0.09 to 0.33 for fat and protein yields
during days in milk estimated from random regression models. Rzewuska and
Strabel (2013) and Abdullahpour et al. (2013) reported very close average
heritability values from 0.17 to 0.22, 0.14 to 0.23 for fat and protein yields,
respectively.Additive genetic and permanent environmental variances of TDF
and TDP between DIM 30 and 240 were quite constant for all models and
correlated with the highest heritability values in mid lactation (Figure 1). When
the extremes of lactation curves were considered, the highest values of
permanent environmental correlations were related to the lowest values of
additive genetic and heritability. These results were similar to those found by
Biassus et al. (2011).

The genetic and environmental correlations between test day fat and protein
yields (Figure 2) at different days in milk during lactation showed that genetic
correlations, in general, were higher than permanent environmental

correlations. The figures also indicate that additive genetic correlations for fat
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were higher in comparison to protein yield, except between first (DIM 6) and last
test days (DIM 270 and 305). Moreover, all genetic and environmental
correlation coefficients were above 0.2. Kheirabadi and Alijani (2014) and
Biassus et al. (2011) reported positive genetic correlation values above 0.34 for
fat and 0.36 for protein, which is in agreement with this study.

The Spearman rank correlations of EBVs for 305-day yield between LMF and
RRF4 and between LMP and RRP4 of bulls and cow may be observed in two
ways (Table 4). First, the rank correlations of EBVs between LMF and RRF4
and between LMP and RRP increased with the increasing in the amount of
information of the progeny size of bulls. Second, as bulls’ progeny size
decreased, there was from 3% to 11% (fat) and from 2% to 11% (protein) of
bulls whose EBVs were re-ranked when random regression models were
applied. In relation to EBVs for 305 day vyields of cows, the increasing in the
number of test days from 6 to 10 TD showed an increasing in the correlation.

In terms of reliability of EBVs for 305-day yields, the increasing in the bulls’
progeny size was accompanied by decreasing in the average percentage of
gain in reliability for fat and protein traits compared to lactation models (LMF
and LMP) (Table 5). Bulls with progeny size higher than 100 had an increasing
lower than 5% in average but these gains in reliability of EBVs showed the
superiority of random regression models even when the amount of information
was increased but the most important result was when the bulls’ progeny size
decreased. Considering bulls with lower progeny size, the percentage was from
8% to 16% for fat and was even higher for protein, between 14% and 26% in

average. The percentages of gain of reliability of cows between random
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regression and 305-day lactation models were similar for cows with 6, 7, 8, 9 or
10 test days in actation, which suggested that, in the conditions of present
study, the group of cows with less test days presented similar reliability and

similar gain in reliability of cows with more than 7 test days in lactation.

CONCLUSION

The random regression model fitted by fourth-order Legendre polynomial is
recommended for genetic evaluations of bulls and cows for fat and protein
yields of Brazilian Holstein cattle. The main advantages of adoption of random
regression model instead of the current 305-day lactation model will be re-
ranking of bulls and cows accompanied by the increasing in the reliability of
breeding values for 305—day fat and protein yields of Brazilian Holsteins. These
advantages are more evident for bulls and cows with less information from test

day records.
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Table 1 Number of estimated parameters (p), -2 LogL, Akaike's information
criterion (AIC), Bayesian information criterion (BIC), likelihood ratio test

(LRT) and chi-square statistics (x°) for random regression models

Model  p -2 Log L AIC BIC RV LRT ¥

RRF4 21  3191455.3 3191497.3 3191569.1 11500 - -
RRF5 31  3345709.1 3345771.1 3345877.1 11040 154,273.8* 18.30

RRP4 21  3045851.8 3045893.8 3045965.5 5763 - -
RRP5 31  3199715.1 3199777.1 3199883.0 5469 153,917.5* 18.30

* p< 0.05; RRF4 and RRF5 = random regression model for fat yield fitted by fourth and
fifth order Legendre polynomial; RRP4 and RRP5 = random regression model for
protein yield fitted by fourth and fifth order Legendre polynomial; RV = residual value;

LRT = Likelihood ratio test

Table 2 Eigenvalues (Aj) of the additive genetic (co)variance matrix and the

proportion of total variance (%) estimated from andom regression models

Trait Model MM A2 A3 A A5
Additive genetic variance
Eat RRF4  11553.3(89.5)  1341.5(10.4) 19.0 (0.15) 1.8 (0.01)
RRF5  11561.9 (89.5)  1341.9 (10.4) 19.6 (0.15) 2.3(0.02) 0.3 (0.002)
Brotein RRP4  6878.2(88.7) 861.4 (11.1) 15.5 (0.20) 0.9 (0.01)
RRP5  6922.0 (89.0) 839.1(10.8) 14.5 (0.19) 1.2 (0.02) 0.2 (0.003)
Permanent environmental variance
Eat RRF4 195447 (70.8)  4234.9 (15.3) 2748.7 (9.96)  1082.8 (3.9)
RRF5  19564.2 (68.8)  4314.8(15.2)  2769.4 (9.7) 1382.0(4.9)  414.8(1.5)
Brotein RRP4  15353.0(71.3) 36565 (17.0)  1749.0 (8.1) 786.6 (3.7)

RRP5  15355.2(69.6)  3737.5(17.0) 1726.7 (7.8) 862.9(3.9) 367.3(1.7)
RRF4 and RRF5 = random regression model for fat yield fitted by fourth and fifth order

Legendre polynomial; RRP4 and RRP5 = random regression model for protein yield fitted by

fourth and fifth order Legendre polynomial



105

Table 3 Estimates of heritability for 305-day fat and protein yields estimated

from 305-day lactation and random regression models

Trait Models h?
LMF 0.24
Fat RRF4 0.21
RRF5 0.21
LMP 0.17
Protein RRP4 0.20
RRP5 0.20

LMF = 305-day lactation model for fat yield; LMP = 305-day lactation model for protein
yield; RRF4 and RRF5 = random regression model for fat yield fitted by fourth and fifth
order Legendre polynomial; RRP4 and RRP5 = random regression model for protein

yield fitted by fourth and fifth order Legendre polynomial

Table 4 Spearman rank correlations of EBVs for 305-day fat yield between LMF
and RRF4 and between LMP and RRP4 of bulls and cows according to classes

of progeny size and number of test days in lactation

Bulls Models
Progeny size Number of bulls RRF4 RRP4
200 - 399 29 0.97 0.98
100 - 199 74 0.96 0.94
50-99 154 0.95 0.92
25-49 175 0.90 0.87
10-24 352 0.86 0.86
Cows Models
Number of test days Number of cows RRF4 RRP4
10 9449 0.89 0.86
9 9569 0.88 0.86
8 5433 0.85 0.85
7 3534 0.85 0.85
6 2243 0.80 0.81

LMF = 304-day lactation model for 305-day fat yield, RRF4 and RRP4 = random

regression model for fat and protein yield fitted by fourth order Legendre polynomial
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Table 5 Average percentage of increasing in reliability (range in parenthesis) of
EBVs for 305-day yield estimated from random regression model compared to

305-day lactation model

Bulls Models
Progeny Number of LME ! RRE42 LMP . RRP4 2
size bulls
200 - 399 29 0.90 + 0.06 +3% (1-10%) 0.87 + 0.07 +6% (2-18%)
100 -199 74 0.85+ 0.05 +5% (2-13%) 0.81 + 0.06 +8% (3-22%)
50-99 154 0.73+0.10 +8% (3-24%) 0.68 +0.11 +14% (5-39%)
25-49 175 0.62+0.10 +12% (3-27%) 0.56 + 0.10 +19% (5-43%)
10-24 352 0.44+0.12  +16% (7-39%) 0.38+0.12 +26% (10-63%)
Cows Models
Number of  Number of LME RRE42 LMP * RRP4 2
test-days cows
10 9449 0.37 +0.08 +26% (0-427%) 0.31+0.09 +38% (0-215%)
9 9569 0.36 + 0.08 +26% (12-85%) 0.31+0.09 +39% (17-120%)
8 5433 0.34 +0.08 +27% (6-159%) 0.29+0.09  +40% (10-214%)
7 3534 0.34 +0.08 +26% (10-75%) 0.29+0.09  +39% (15-111%)
6 2243 0.33+0.09 +24% (9-70%) 0.28 +0.09  +38% (14-105%)

! average and standard-deviation of reliability values of EBVs from lactation models; *
average percentage of proportional gains of reliability compared to lactation model with
range in (parenthesis); LMF = 305-day lactation model for 305-day fat yield; LMP =
305-day lactation model for 305-day protein yield;, RRF4 and RRP4 = random
regression models fitted by fourth-order Legendre polynomial for fat and protein yield,

respectively
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CONSIDERACOES FINAIS

As diferentes estruturas de dados, formadas ao considerar apenas
vacas com 4, 6, 8 ou 10 registros de producdo de leite na lactacao,
influenciaram os resultados estimados pelos modelos de regresséo aleatoéria. O
aumento na ordem dos polinémios de terceira para quinta ordem nao alterou a
estimacéao dos valores genéticos aos 305 dias ou a confiabilidade dos mesmaos.
No entanto, a diferenciacdo das estruturas dos dados diminuiu a confiabilidade
dos valores genéticos de um grupo de touros a medida que a restricdes
aumentaram de vacas com 4 registros para vacas com 10 registros na
lactacdo. Esses resultados indicam que o aumento nas restricdes dos animais
modifica a estrutura dos dados a ponto de diminuir muito o nimero de animais
avaliados e, consequentemente, a confiabilidade dos valores genéticos. A
estrutura com pelo menos 10 registros por vaca na lactacdo apresentou a
menor confiabilidade média e também representou menos de ¥ do tamanho da
base de dados comparado com a base que continha pelo menos 4 registros.

Ao comparar modelos de regressdo aleatdria de quarta e quinta
ordens de polinGmios de Legendre com modelos de lactagcdo aos 305 dias, foi
possivel perceber que a distribuicdo dos valores genéticos acumulados aos
305 dias pelo modelo de regressdo aleatéria foi diferente dos valores
estimados pelo modelo de lactacdo. A correlacdo de posto dos valores
genéticos de touros estimado pelo modelo de lactacdo e pelos modelos de
regressdo aumentou conforme diminuiu 0 numero de filhas por touro, assim
como dimiuiu paravacas, conforme o numero de controles na lactacao foi
menor. Isso indica um re-ordenamento de touros pelos modelos de regressao
aleatoria, principalmente para touros com menos informacgéo de progénie. Além
disso, as confiabilidades dos valores genéticos estimados pelos modelos de
regressao aleatdria foram maiores do que aqueles estimados pelos modelos de
lactacédo, e, principalmente para touros com menos filhas avaliadas, ou seja,
touros com menos informacgdo. Isso representa uma grande vantagem num
programa de melhoramento genético, principalmente se os touros com menos
informagdo sao touros jovens que poderiam ser avaliados mais cedo,
aumentando o ganho genético anual pela diminuicdo do intervalo de geracoes.
Em relacdo as vacas com numeros diferentes de controles, foi possivel
observar que vacas com 6, 7, 8, 9 ou 10 registros no dia do controle
apresentaram a mesma média de ganho de confiabilidade comparado com o
modelo de lactacdo aos 305 dias. Esse resultado sugere a possibilidade de
estimar valores genéticos sem a necessidade de aumentar o numero de
controles na lactacao.
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