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“(..)

How will we feed an ever-growing population, provide clean water, generate renewable energy, prevent

and cure disease and slow down global climate change?

I hope that science and technology will provide the answers to these questions, but it will take people,

human beings with knowledge and understanding to implement the solution.
One of the great revelations of the space age has been a perspective that has given humanity on
ourselves. When we see the Earth from space, we see ourselves as a whole; we see the unity and not the

divisions. It is such a simple image, with a compelling message: one planet, one human race.

We are here together, and we need to live together with tolerance and respect. We must become global

citizens.

(..)

We are all time travellers journeying together into the future. But let us work together to make that

future a place we want to visit.

Be brave, be determined, overcome the odds. It can be done.

It can be done.”

Stephen Hawking



ABSTRACT

CARRARA, Eula Regina, D.Sc., Universidade Federal de Vicosa, July, 2022. Genetic study
of reproductive, dairy and growth traits in Guzera cattle. Adviser: Paulo Savio Lopes. Co-
advisers: Maria Gabriela Campolina Diniz Peixoto and Fabyano Fonseca e Silva (in
memorianm).

The Guzera breed is an important Brazilian genetic resource and has been widely used as a pure
breed and in crossbreeding strategies to produce animals adapted to tropical climatic conditions.
In the last 30 years, some breeders have included selection for dairy traits in addition to selection
for beef traits to obtain economic benefits from the sale of meat and milk in dual-purpose
production systems. Dual-purpose studies in Guzerd cattle are recent and a previous study
showed that there is no genetic antagonism between milk production, growth traits, and age at
first calving in these animals, allowing joint selection for these traits. Given the advantages of
including marker information such as single nucleotide polymorphisms (SNP) in genetic
evaluations, efforts were also made to genotype Guzera animals, particularly those selected for
milk and dual-purpose. In this sense, the overall objective of this thesis was to perform genetic
and genomic evaluations considering the most important traits selected in Guzera cattle for both
dairy and beef in Guzera cattle. First, the variance components and genetic parameters for the
traits were estimated using bi-trait models. The genetic and phenotypic correlations were all
favorable. The absence of genetic antagonism between the reproductive, beef and milk traits
indicates that joint selection for beef and dairy traits is possible in the studied population
without losses in reproductive traits. Genomic predictions were then performed using single-
step genomic best linear unbiased prediction (ssGBLUP) using single-trait models. The
performance of genomic prediction (in terms of predictive ability, bias, accuracy of breeding
values, rank correlations, and genetic trends) using the ssGBLUP approach compared to the
traditional BLUP approach was investigated. This study provided interesting insights into the
future application of ssGBLUP in genetic evaluation of Guzer4 cattle, especially for dairy traits.
The results suggest that ssGBLUP is feasible and can be used in national genetic evaluations
for reproductive, dairy, and beef traits in Guzera animals to increase the accuracy of breeding
values. However, the number of genotyped animals was not yet sufficient to affect the genetic
evaluation in terms of predictive ability and bias. In addition, a third study was conducted to
determine the runs of homozygosity (ROH) and calculate the inbreeding coefficients of the
animals from the ROH (Fron). The inbreeding coefficients from pedigree information (Fpep)

were also estimated and the effects of Fron and Fpep on reproductive, dairy and beef traits in



Guzera animals were evaluated. Although the Brazilian population of Guzerd animals has
experienced historical events such as the bottleneck effect, inbreeding coefficients were low
compared to other cattle breeds, even in younger animals. There was no inbreeding depression
in the evaluated traits. The results described in this thesis will contribute to the definition of
selection criteria for dual-purpose cattle. In addition, this thesis provides the first results on the
impact of incorporating information from SNP markers into genetic evaluations of dairy,
reproductive and growth traits in Guzera cattle (in terms of predictive ability, bias, accuracy of
breeding values, rank correlations and genetic trends). In summary, our results show that joint
selection for beef and dairy traits is feasible in the population studied, that the inclusion of SNP
marker information increases the accuracy of animal breeding values, and that the population
maintains low levels of inbreeding even during a bottleneck event without significant effects

on the most important traits subject to selection.

Keywords: Beef cattle. BLUP. Bos indicus. Dairy cattle. Genetic evaluation. Inbreeding.
ssGBLUP. Zebu.



RESUMO

CARRARA, Eula Regina, D.Sc., Universidade Federal de Vigosa, julho de 2022. Estudo
genético de caracteristicas reprodutivas, de leite e de peso em bovinos Guzera. Orientador:
Paulo Savio Lopes. Coorientadores: Maria Gabriela Campolina Diniz Peixoto and Fabyano
Fonseca e Silva (in memoriam).

A raca Guzerd é um importante recurso genético brasileiro e tem sido amplamente utilizada
como raga pura e em estratégias de cruzamento para produzir animais adaptados as condicoes
climéticas tropicais. Nos ultimos 30 anos, em adi¢do a selecao para produgdo de carne, alguns
produtores t€m incluido a sele¢do para producao de leite visando obter beneficios econdmicos
da venda de carne e de leite em sistemas de produgdo de duplo-propédsito. Os estudos para
duplo-propésito em bovinos Guzerd sdo recentes e um estudo anterior mostrou que nao ha
antagonismo genético entre producdo de leite, caracteristicas de crescimento e idade ao
primeiro parto, nesses animais, viabilizando a selecdo conjunta para essas caracteristicas. Além
disso, diante das vantagens da inclusdo de informacdes marcadores do tipo polimorfismos de
nucleotideo tnico (SNP) em avaliacdes genéticas, esforcos vém sendo realizados para a
genotipagem dos animais Guzera, principalmente os selecionados para leite e duplo-proposito.
Nesse sentido, o objetivo geral dessa tese foi realizar avaliagdes genéticas e gendOmicas
considerando as principais caracteristicas sob selecdo tanto para leite quanto para corte em
bovinos Guzerd. Primeiramente, foi realizada a estimac¢ido dos componentes de variancia e dos
parametros genéticos para as caracteristicas, utilizando-se modelos bicaracteristicos. As
correlacdes genéticas e fenotipicas foram todas favordveis. O ndo antagonismo genético entre
as caracteristicas reprodutivas, de corte e de leite demonstra que a sele¢do conjunta para carne
e para leite € vidvel na populacdo avaliada, sem perdas nas caracteristicas reprodutivas.
Posteriormente, predi¢cdes gendmicas usando melhor predi¢do linear ndo-viesada gendmica em
passo unico (ssGBLUP) foram feitas utilizando-se modelos unicaracteristicos. Foi investigado
o desempenho da predicdo gendmica (em termos de habilidade preditiva, viés, acurdcia dos
valores genéticos, correlacdes de rank e tendéncias genéticas) usando abordagem ssGBLUP
comparada com a abordagem tradicional sem gendmica BLUP. Esse estudo forneceu insights
interessantes sobre a futura aplicagdo do ssGBLUP nas avaliagdes genéticas dos bovinos
Guzera, principalmente para as caracteristicas leiteiras. Os resultados sugerem que o ssGBLUP
¢ viavel e pode ser aplicado em avaliagdes genéticas nacionais para caracteristicas reprodutivas,
leiteiras e de corte nos animais Guzerd para aumentar a acurdcia dos valores genéticos. No

entanto, o nimero de animais genotipados ainda ndo foi suficiente para influenciar a avaliagdo



genética em termos de habilidade preditiva e viés. Adicionalmente, foi realizado um terceiro
estudo para determinar as corridas de homozigose (ROH) e calcular os coeficientes de
endogamia dos animais via ROH (Fron). Foram estimados também os coeficientes de
endogamia por meio de informagdes de genealogia (Fpep) e foram avaliados os efeitos de Fron
e Fpep sobre caracteristicas reprodutivas, leiteiras e de corte nos animais Guzerd. Embora a
populacdo brasileira de animais Guzerd tenha passado por eventos histdricos tais como efeito
gargalo, os coeficientes de endogamia foram baixos comparados aos de outras ragas bovinas,
mesmo em animais mais jovens. Nao foi verificada depressao endogamica nas caracteristicas
avaliadas. Os achados descritos nessa tese contribuirdo para a defini¢do dos critérios de selecdo
de animais com foco no duplo-propdsito. Além disso, essa tese fornece os primeiros resultados
sobre o impacto da inclusdo de informagdes de marcadores SNP nas avaliagdes genéticas de
caracteristicas leiteiras, reprodutivas e de corte em bovinos Guzerd (em termos de habilidade
preditiva, viés, acurdcia dos valores genéticos, correlacdes de rank e tendéncias genéticas). Em
resumo, nossos resultados demonstram a viabilidade da selecdo conjunta para carne e leite na
populagdo estudada, que a inclusdo de informagdes de marcadores SNP aumentam a acuricia
dos valores genéticos dos animais e que mesmo com um evento de gargalo, a populagdo mantém
um baixo nivel de endogamia, sem efeitos significativos sobre as principais caracteristicas em

selecdo.

Palavras-chave: Avaliacdo genética. BLUP. Bovinos de corte. Bovinos leiteiros. Bos indicus.

Endogamia. ssGBLUP. Zebu.
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CHAPTER 1

1.1. General introduction

The Guzera breed is the third most numerous Zebu breed in Brazil, surpassed only by
the Gir and Nelore breeds. This breed is an important genetic resource for tropical animal
production because of its good adaptability to different environmental conditions, especially
during the dry season and in semi-arid regions, and its use in low-input production systems
(Peixoto et al., 2010; Santana et al., 2020).

Initially, Guzerd animals raised in Brazil were genetically selected only for meat
production; however, in the last 30 years, breeders have included selection for milk production
and have sought production systems for both purposes (Peixoto et al., 2010; dos Santos et al.,
2017). In cattle breeds, selection has generally allowed for genetic gain in recent decades,
resulting in beef animals with higher and more efficient growth rates and dairy cows with
greater capacity for milk production. However, this progress has been accompanied by a decline
in animal fertility, making low fertility the primary reason for culling (Wathes et al., 2014).
Therefore, it is essential to consider the inclusion of reproductive traits in the selection
objectives and to define the selection criteria that allow genetic improvement of the
reproductive performance of the herds (Mollah et al., 2015), including the herds of the Guzera
breed.

In general, traditional genetic evaluations obtain genetic parameters and genetic values
based on genealogy data, taking into account Wright's kinship. However, with today's
widespread availability of single nucleotide polymorphisms (SNP), genetic similarity between
individuals can be more accurately determined because measuring relatedness at the genomic
level accounts deviations from Mendelian sampling. Thus, genomic information can be

incorporated into genetic evaluations by replacing the traditional relationship matrix (matrix A;
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Henderson, 1976; Quaas, 1976), which is probabilistically obtained from genealogical
information, with a matrix that combines both genealogical and SNP information (matrix H;
Legarra et al., 2009) and includes animals with and without genotype records in a method called
single-step genomic best linear unbiased prediction (ssGBLUP; Misztal et al., 2009; Aguilar et
al., 2010).

In addition to genetic evaluations, information from SNP markers can also contribute to
understand, for example, the genetic basis of inbreeding depression in a population. For
example, genetic markers can be used to calculate a genomic relationship matrix (G) between
individuals, where the expected value of a diagonal element of G is 1 + F, where F corresponds
to the inbreeding coefficient of the animal (VanRaden, 2008; Yang et al., 2010). This genomic
estimate of inbreeding does not suffer from an incomplete pedigree or from errors. It also
measures realized inbreeding, which can vary between animals with the same pedigree, i.e., full
siblings (Pryce et al., 2014).

A limitation of the inbreeding determined by the G matrix is that it do not distinguish
between identity by descent (IBD) and identity by state (IBS). An alternative is runs of
homozygosity (ROH), defined as continuous homozygous segments of DNA sequence (Gibson
et al., 2006) that can be used to identify the location of specific regions of the genome that are
IBD (McQuillan et al., 2008). In this sense, inbreeding depression can be studied as a function
of inbreeding obtained from ROH.

Several genetic studies have been conducted with the Guzera breed in Brazil. Genomic
studies have been conducted with the Guzera breed, identifying genetic variants in candidate
genes for some traits and imputation methods (Santos et al., 2017; Rosse et al., 2017).
Regarding genetic parameters for reproductive and dairy traits of Guzerd breed cattle, no studies
involving genomic information have been conducted yet. Using conventional quantitative

methods, Santos et al. (2013) and Peixoto et al. (2014) evaluated milk production of
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primiparous cows born between 1987 and 2009 using a multiple trait and a random regression
model, respectively. The study by Cruz et al. (2015) included animals born between 1987 and
2012 and estimated genetic parameters for milk production. Perez et al. (2016, 2017) estimated
heritabilities and genetic correlations for reproductive traits of females born between 2005 and
2013. Brito et al. (2018) performed the evaluation of the reproductive trait age at first calving
using censored data, including animals born between 1991 and 2012.

When it comes to estimating genetic parameters for growth and reproductive traits for
beef animals, there are few studies (Lima Neto et al., 2009; Grupioni et al., 2015; Ferreira et
al., 2017; Tramonte et al., 2019). In Tramonte et al. (2019), animals born between 1987 and
2009 were used to estimate genetic parameters and genetic trends for scrotal perimeter and
growth traits (weight at 210, 365, and 450 days old).

To date, the study by Brito et al. (2020) was the only work estimating genetic parameters
jointly involving reproductive, dairy and growth traits in Guzerd cattle. This work included
measurements of animals born between the years 1991 and 2014, analyzed using a multiple
trait method without genomic information.

In this thesis, a study was proposed to predict breeding values and estimate genetic
parameters for reproductive, dairy and growth traits in Guzerd cattle, based on an updated
dataset for 2019, which includes a larger number of phenotyped animals. Predictions of
breeding values and estimation of genetic parameters were also performed for the same traits
using a genomic approach incorporating SNP information. The latter is not yet available in the
literature on Guzerd cattle. In addition, a study comparing estimates of inbreeding pedigree-
based and based on runs of homozygosity, as well as the effects of inbreeding on reproductive,

dairy and growth traits in Guzera cattle was conducted.
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1.2. Thesis objectives

The general objective with this thesis was conduct a genetic study that includes the
estimation of genetic parameters with and without genomic information for reproductive, dairy
and growth traits of Guzera cattle jointly evaluated, and, similarly, prediction of breeding values
but by single-trait analyses. Also, to estimate the inbreeding coefficients with and without
genomic information and evaluate their effects on the reproductive, dairy and growth traits of
Guzera cattle.

The specific objectives were to: 1) Estimate heritabilities and genetic correlations for
reproductive traits (age at first calving and scrotal perimeter), dairy traits (milk yield, fat,
protein, lactose, and total solids), and growth traits (weight at standard age: weight at 210 days,
365 days, and 450 days) of Guzera cattle using a bi-trait model, using pedigree-based and
genomic-based methods; ii) Predict breeding values for animals using pedigree-based and
genomic-based methods for the above reproductive, dairy and growth traits using single-trait
analysis, and comparate the two methods in terms of bias, prediction accuracy, accuracy of
breeding values, ranking of animals and genetic trends; iii) Estimate inbreeding coefficients
using pedigree information and runs of homozygosity, and evaluate inbreeding depression

using these coefficients.
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2.1. Abstract

The aim of this study was to estimate genetic parameters for 305-day cumulative milk yield and
components, growth, and reproductive traits in Guzera cattle. The evaluated traits were 305-
day first-lactation cumulative yields (kg) of milk (MY305), fat (FY305), protein (PY305),
lactose (LY305), and total solids (SY305); age at first calving (AFC) in days; adjusted scrotal
perimeter (cm) at the ages of 365 (SP365) and 450 (SP450) days; and adjusted body weight
(kg) at the ages of 210 days (W210), 365 (W365) and 450 (W450) days. The (co)variance
components were estimated using the restricted maximum likelihood method regarding single-
trait, bi-trait and tri-trait analyses. Contemporary groups and additive genetic effects were
included in the general mixed model. Maternal genetic and maternal permanent environmental
effects were also included for W210. The direct heritability estimates ranged from 0.16 (W210)
to 0.32 (MY305). The maternal heritability estimate for W210 was 0.03. Genetic correlation
estimates among milk production traits and among growth traits ranged from 0.92 to 0.99 and
from 0.92 to 0.99, respectively. For milk production and growth traits, the genetic correlations
ranged from 0.33 to 0.56. The genetic correlations among AFC and all other traits were negative
(-0.43 to -0.27). Scrotal perimeter traits and body weights showed genetic correlations ranging
from 0.41 to 0.46. Scrotal perimeter and milk production traits showed genetic correlations
ranging from 0.11 to 0.30. The phenotypic correlations were similar in direction (same sign)
and lower than the corresponding genetic correlations. These results suggest the viability and
potential of joint selection for dairy and growth traits in Guzerd cattle, taking into account

reproductive traits.

Keywords: Genetic parameters; Dairy cattle; Beef cattle; Sexual precocity; Bos indicus
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2.2. Introduction

The Guzera cattle breed is one of the most productive among the Zebu breeds present
in Brazil and are widely used in crossbreeding with the aim of producing animals adapted to
tropical climatic conditions. In the last 30 years, in addition to genetic selection for beef
production, some breeders have included selection for milk yield in Guzera cattle to obtain
economic benefits from the sale of both meat and milk in dual-purpose production systems
(Bruneli et al., 2020; Peixoto et al., 2021).

Dual-purpose cattle systems allow a wide variety of production models because they
depend on the preferences of the farmer, local market, household consumption, and local
environment, resulting in different proportions of incomes generated from sales of meat and
milk (Galué et al., 2008; Albarran-Portillo et al., 2015). Furthermore, systems with both beef
and milk production constitute a subsistence system and an important activity for the economic
development of small holders in Latin America (Rangel et al., 2020).

In cattle breeds, in general, selection has allowed large genetic gain that has resulted in
beef animals with higher growth rates and dairy cows with higher milk production capacity. In
dual-purpose systems, it is important to understand the relationship between growth and milk
production traits to evaluate possible genetic antagonisms before defining selection objectives.

Furthermore, genetic progress focused on traits of highest economic value in cattle was
accompanied by declines in animal fertility, making low fertility the main reason for cow
disposal (Wathes et al., 2014). Therefore, it is essential to include reproductive traits in genetic
selection processes. In the near future, traits related to feed supply and quality, adaptive
robustness, animal welfare, and functionality should also be considered for sustainable
selection.

In Brazilian beef cattle, the most commonly used trait as an indicator of fertility and

sexual precocity is the scrotal perimeter (SP), which is easy to measure, and it shows a positive
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genetic correlation with testicular biometry traits (e.g., length, width, and testicle volume),
sperm motility and mass activity and a negative genetic correlation with major and total sperm
defects (Carvalho Filho et al., 2020). In turn, age at first calving (AFC) is highly related to
fertility and reproductive efficiency in both beef and dairy cattle, thus affecting heifer precocity
(Berry and Evans, 2014; Claus et al., 2017). The AFC presents heritability of moderate
magnitude, approximately 0.20, and favorable (i.e., negative) genetic correlation with milk
yield and growth traits in Guzerd cattle (Brito et al., 2020).

Although the genetic improvement programs of the Guzerd breed for milk and beef are
developed independently, joint genetic evaluation is feasible due to the high genetic connection
between pedigree datasets of the breeding programs (Peixoto et al., 2021). In addition, favorable
genetic correlations among dairy (milk yield), growth (weaning weight, yearling weight, and
weight at 550 days), and reproductive (age at first calving) traits were previously reported in
Guzera cattle (Brito et al., 2020).

Studies on the dual-purposes in Guzer4 cattle are recent. It is expected that joint genetic
evaluations considering milk and beef traits will contribute to the genetic improvement of the
dual-purpose in this breed. In this context, this study aimed to estimate genetic parameters for
305-day cumulative milk yield and components, growth, and reproductive traits in Guzerd

cattle.

2.3. Material and methods
2.3.1. Animals and data

The phenotypic and pedigree data used in this study came from the Zebu Breeds
Genealogical Registry Service (SRGRZ), databases of the Brazilian Association of Zebu Cattle

(ABCZ), and the National Program for the Improvement of Guzera for Dairy Purpose
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(PNMGuL), jointly coordinated by Embrapa Dairy Cattle and the Brazilian Center for the
Genetic Improvement of Guzerd (CBMG?).

Records from 197,283 Guzera males and females born between 1954 and 2018 were
used in this study. The pedigree file comprised 545,310 animals, including 148,231 dams and
8,859 sires from 18 generations. The first generation was assumed to be the base population.

The traits evaluated were 305-day first-lactation cumulative yields (kg) of milk
(MY305), fat (FY305), protein (PY305), lactose (LY305), and total solids (SY305); age at first
calving (AFC) in days; adjusted scrotal perimeter (cm) at the ages of 365 (SP365) and 450
(SP450) days; and adjusted body weight (kg) at the ages of 210 days (W210), 365 (W365) and
450 (W450) days.

The body weights were adjusted to account for the age of the animal at measurement
and previous weight, according to the BIF Guidelines (BIF Guidelines, 2018). The scrotal
perimeter was adjusted to 365 and 450 days by nonlinear logistic regression, a method used in
the official genetic evaluations of the breed. A total of 64,050 SP measurements were available
from 29,604 animals (one to ten measurements per animal).

To estimate the nonlinear model parameters, the Gauss-Newton iterative method in
nonlinear regression (NLIN) from SAS Software (SAS Institute, 2018) was used. The logistic

model used is described as follows:

A
- 1+B(exp(—kt)) te,

SP;
where SP; is the scrotal perimeter at t days of age; A is the estimated SP at maturity; B indicates
the proportion of asymptotic mature testis size to be obtained after birth (established by the
initial values of SP and t); k is maturing index, establishing the rate with which SP approaches

A; and e random error associated with each measurement. The final estimates of the parameters

A, B, and k, were 40.1638, 2.7315, and 0.0035, respectively.
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Contemporary groups (CGs) for MY305, FY305, PY305, LY305, and SY305 were
formed by fitting herd, year, and season of calving. For AFC, SP365, SP450, W210, W365, and
W450, the contemporary groups were a combination of herd, year, and season of birth.
Additionally, for growth traits, sex was also included in the CG. Both calving and birth seasons
were defined as dry (April to September) or rainy (October to March). Data that belonged to
the CG with fewer than three records were excluded. The number of CGs per trait and the
number of animals by CG are shown in Table 1, as well as descriptive statistics for each studied

trait.

Table 1. Number of observations (N), mean, standard deviation (SD), coefficient of variation
(CV, %), minimum (MIN), maximum (MAX), number of contemporary groups (CG), and
range of number of animals by CG (N by CG) included in the analyses of each trait

Traits* N Mean SD Cv MIN MAX CG NbyCG

MY305 (kg) 5,229 1991.17 980.90 49.26 105.00 6487.00 516 3 to 67
FY305 (kg) 1,853 82.82 37.06 44.74  6.00 281.17 181 3to 51
PY305 (kg) 1,543 62.08 27.16 43.774  4.00 232.00 113 3to51
LY305 (kg) 1,457 77.50 3415 44.07 5.00 226.00 108 3to 51
SY305 (kg) 1,228 227.02 9630 4242 13.00 722.00 93 3to 51
AFC (days) 83,244  1251.50 208.84 16.69 671.00 1680.00 9,592 3to 197
W210 (kg) 122,684 17370 3992 2298 50.00 300.00 9974 3to 188
W365 (kg) 88,065 22741 5336 2346 67.00 414.00 7,683 3to169
w450 (kg) 88,456  275.75 5858 21.25 102.27 499.00 7,710 3to 169
SP365 (cm) 26,988 21.55 345 1599 9.17 3398 1,511 310229
SP450 (cm) 27,047 23.85 3.75 15.74  10.25 3798 1,519 310230

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solid yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight; SP365 = 365-day

scrotal perimeter; and SP450 = 450-day scrotal perimeter.
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2.3.2. Genetic analyses

The (co)variance components were obtained by the restricted maximum likelihood
method (REML) using AIREMLF90 software (Misztal et al., 2014). The following general
model was assumed:

y=Xb+Z;a+Zm+ Zz;mp + e,

where y is the vector of phenotypes; b is the vector of fixed effects of a contemporary group
and covariate; a is the vector of random additive direct genetic effects; m is the vector of
random maternal genetic effects; mp is the vector of random maternal permanent
environmental effects; Z;, Z, and Z3 are incidence matrices related to the a, m and mp toy,

respectively; and e is the residual vector. The following (co)variance structures were also

assumed:
a G()a ® A 0 0 0
varlm[Z] O Gom ® A 0 0
Mmp|~| o 0 MPyQ1I,, 0 |
e 0 0 0 Ry ®1

in which Gy, is the additive direct genetic (co)variance matrix; Gg,, is the maternal genetic
(co)variance matrix; A is the numerator relationship matrix; MPy is the maternal permanent

environment (co)variance matrix; I, is an identity matrix of order equal to the number of dams

with progeny; Ry is the residual (co)variance matrix; I is an identity matrix of order equal to
the number of animals; and &) is the Kronecker product.

Single-trait (for direct and maternal heritabilities) and bi-trait (for genetic, phenotypic,
and residual correlations) analyses were carried out. Specifically, for the correlations between
milk production traits (i.e., MY305, FY305, PY305, LY305, and SY305) and scrotal perimeter
at different ages (i.e., SP365 and SP450), tri-trait analyses were performed using W210 as an
“anchor” trait. This procedure was performed due to the difference in the number of animals

phenotyped in these two groups of traits. Therefore, W210 was used to promote better
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connections between measured traits since it had a higher number of observations and covers
both sexes. The genetic covariances and correlations presented for W210 were from bi-trait
analyses.

The maternal genetic and maternal permanent environmental effects were adjusted only
for W210. The direct maternal genetic covariances were assumed to be zero. The age at calving
was considered a linear covariate for MY305, FY305, PY305, LY305, and SY305, and the age

of dams at calving was considered a linear covariate for W210, W365, and W450.

2.4. Results

The variance components obtained by single-trait analysis for evaluated traits are given
in Table 2. Direct heritability and genetic and phenotypic correlation estimates among the
studied traits are presented in Table 3.

The direct heritability estimates ranged from 0.16 (W210) to 0.32 (MY305). The
maternal heritability estimate for W210 was 0.03 (0.004). The genetic correlations among all
traits evaluated were favorable. Genetic correlations among milk production traits (milk yield
and milk components) were positive and high, ranging from 0.92 (FY305 x LY305) to 0.99
(MY305 x LY305). For W210, W365, and W450, the genetic correlations were also positive
and high, ranging from 0.92 (W210 x W365 and W210 x W450) to 0.99 (W365 x W450). When
comparing milk production traits and growth traits, the estimated genetic correlations were

moderate, ranging from 0.33 (SY305 x W210) to 0.56 (FY305 x W365 and PY305 x W365).
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Table 2. Estimates of variance components and their standard errors (within parentheses) for

305-day milk yield, 305-day milk components, growth traits, and reproductive traits studied in

Guzera cattle obtained by single-trait analysis.

Traits® o2 o2, Cmp o?
MY305 158,150.00 (20,124.00) - - 340,320.00 (15,534.00)
FY305 202.53 (51.61) - - 714.74 (45.89)
PY305 144.11 (33.11) - - 345.67 (26.90)
LY305 251.66 (57.49) - - 570.79 (46.45)
SY305 2,037.10 (513.24) - - 4,621.40 (421.14)
AFC 5,912.50 (264.82) - - 23,596.00 (222.58)
W210 109.05 (5.67) 20.64 (2.64) 70.09 (3.08) 493.48 (4.18)
W365 304.12 (12.46) - - 952.60 (9.68)
W450 360.46 (14.98) - - 1,194.40 (11.71)
SP365 1.48 (0.13) - - 5.83 (0.10)
SP450 1.78 (0.15) - - 6.89 (0.12)

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solid yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight; SP365 = 365-day

scrotal perimeter; SP450 = 450-day scrotal perimeter; 62 = additive genetic variance; 6%

maternal genetic variance; O'Iznp = maternal permanent environmental variance; and o3

residual variance.



Table 3. Direct heritability estimates (diagonal), genetic correlations (above diagonal) and phenotypic correlations (below diagonal), and their
standard errors (within parentheses) for 305-day milk yield, 305-day milk components, growth traits, and reproductive traits studied in Guzera

cattle obtained by bi-trait and tri-trait analysis®*.

Traits* MY305 FY305 PY305 LY305 SY305 AFC W210 W365 W450 SP365 SP450

0.32 0.96 0.97 0.99 0.98 -0.28 0.35 0.44 0.40 0.30%** 0.26%*
VY305 0.04) (0.024) (0.016) (0.001) (0.013) (0.079) (0.081) (0.075) (0.078) (0.100) (0.102)
R 0.86 0.22 0.95 0.92 0.98 -0.31 0.43 0.56 0.54 0.22%%* 0.16%*
(0.006) (0.05) (0.025) (0.034) (0.014) (0.139) (0.122) (0.105) (0.107) (0.161) (0.165)
PY305 0.90 0.91 0.29 0.96 0.98 -0.29 0.42 0.56 0.53 0.227%%* 0.171+%*
(0.004)  (0.005) (0.06) (0.013) (0.009) (0.138) (0.124) (0.103) (0.117) (0.155) (0.123)
s 0.92 0.90 0.98 0.31 0.98 -0.29 0.37 0.53 0.50 0.26%* 0.17+%*
(0.003)  (0.006) (0.001) (0.06) (0.009) (0.138) (0.129) (0.108) (0.111) (0.156) (0.163)
SY305 0.92 0.96 0.96 0.95 0.31 -0.27 0.33 0.50 0.47 0.22%% 0.13%%*
(0.004)  (0.003) (0.003) (0.003) 0.07) (0.151) (0.141) (0.119) (0.122) (0.171) (0.178)
-0.07 -0.12 -0.12 -0.11 -0.17 0.20 -0.39 -0.41 -0.43 -0.36%* -0.40%*
AFC (0.021)  (0.035) (0.039) (0.040) (0.042) (0.01) (0.034) (0.030) (0.031) (0.049) (0.047)
Wa10 0.06 0.01 0.05 0.04 0.09 -0.27 0.16 0.92 0.92 0.45 0.41
(0.031)  (0.046) (0.050) (0.051) (0.057) (0.007) (0.01) (0.007) (0.008) (0.046) (0.046)
s 0.09 0.07 0.06 0.08 0.18 -0.36 0.72 0.24 0.99 0.44 0.42

(0.034)  (0.050) (0.055) (0.057) (0.062) (0.007) (0.002) (0.01) (0.001) (0.042) (0.042)
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0.08
W450
(0.033)
0.08
SP365
(0.026)
0.07
SP450
(0.027)

0.07
(0.049)
0.05
(0.037)
0.04
(0.038)

0.08
(0.054)
0.06
(0.040)
0.03
(0.042)

0.10
(0.056)
0.07
(0.041)
0.05
(0.043)

0.18
(0.061)
0.06
(0.044)
0.03
(0.046)

-0.35
(0.007)
-0.07
(0.010)
-0.08
(0.010)

0.71
(0.002)
0.40
(0.007)
0.39
(0.007)

0.99
(0.001)
0.55
(0.006)
0.54
(0.006)

0.23
(0.01)
0.54
(0.006)
0.53
(0.006)

0.46
(0.042)
0.20
0.02)
0.88
(0.002)

0.44
(0.042)
0.96
(0.007)
0.21
(0.02)

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield; LY305 = 305-day lactose yield; SY305 = 305-day
total solid yield; AFC = age at first calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight; SP365 = 365-day scrotal

perimeter; and SP450 = 450-day scrotal perimeter. **Exclusively for the correlation between milk production traits (i.e., MY305, FY305, PY305,

LY305, and SY305) and scrotal perimeter at different ages (i.e., SP365 and SP450); tri-trait analyses were performed using W210 as the “anchor”

trait, e.g., for the comparison between MY305 and SP365, MY305xW210xSP365 was performed and analogous for the others. For all other traits,

bi-trait analyses were performed two by two. The genetic parameters presented for W210 were from bi-trait analyses.
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Regarding reproductive traits, the genetic correlations among AFC and all other traits
evaluated were negative, presenting values ranging from -0.31 (AFC x FY305) to -0.27 (AFC
x SY305) with milk production traits and from -0.43 (AFC x W450) to -0.39 (AFC x W210)
with growth traits. Body weights and scrotal perimeter measured at different ages showed
positive genetic correlations, ranging from 0.41 (W210 x SP450) to 0.46 (W450 x SP365). The
genetic correlation between SP365 and AFC was -0.36, and that between SP450 and AFC
was -0.40. Low to moderate genetic correlations were estimated between scrotal perimeter at
different ages and milk production traits, ranging from 0.11 (PY305 x SP450) to 0.30 (MY305
x SP365).

Phenotypic correlation estimates among all traits were similar in direction and smaller
than their corresponding genetic correlations. Overall, the phenotypic and residual correlations
were similar in direction and magnitude, except between milk production traits and growth
traits. Among milk production traits, the phenotypic correlations were high and positive,
ranging from 0.86 (MY305 x PY305) to 0.98 (PY305 x LY305). All traits presented negative
and low to moderate phenotypic correlation estimates with AFC. For correlations with milk
production traits, values ranged from -0.17 (AFC x SY305) to -0.07 (AFC x MY305) and with
growth traits, values ranged from -0.36 (AFC x W365) to -0.27 (AFC x W210). Between AFC
and SP365 and SP450, the phenotypic correlations were equal to -0.07 and -0.08, respectively.

Considering growth traits and scrotal perimeter measured at different ages, the
phenotypic correlation estimates were positive, presenting moderate magnitudes with values
from 0.39 (W210 x SP450) to 0.55 (W365 x SP365). Growth and scrotal perimeter traits
presented positive and low to moderate phenotypic correlation estimates with milk production
traits, ranging from 0.01 (FY305 x W210) to 0.18 (SY305 x W365, and SY305 x W450). The

phenotypic correlation between SP365 and SP450 was positive and high (0.88).
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The residual correlation estimates are shown in Table 4. The residual correlation
estimates were high among milk production traits and among growth traits, ranging from 0.84
(MY305 x FY305) to 0.98 (PY305 x LY305) and from 0.66 (W210 x W450) to 0.98 (W365 x
W450), respectively. Between growth traits and scrotal perimeter traits, the residual correlation
estimates were moderate and ranged from 0.42 (W210 x SP365, and W210 x SP450) to 0.59
(W365 x SP365). AFC had a negative residual correlation with all traits evaluated, with values
ranging from -0.34 (AFC x W365) to -0.001 (AFC x MY305). The residual correlation
estimates between milk production traits and growth traits were low, ranging from -0.15
(PY305 x W365) to 0.05 (SY305 x W365). When different traits are not observed in the same
individual, there is no residual covariance between the traits (Mrode and Thompson, 2014).
Thus, residual correlation estimates between milk production traits and scrotal perimeter traits

and between AFC and scrotal perimeter traits were not computed.



Table 4. Residual correlations and their standard errors (within parentheses) for 305-day milk yield, 305-day milk components, growth traits, and

reproductive traits estimated for Guzerd cattle obtained by bi-trait analyses.

Traits® MY305 FY305 PY305 LY305 SY305 AFC W210 W365 W450 SP365 SP450
0.84 0.89 0.89 0.90 -0.001 -0.03 -0.05 -0.05
MY305 - - -
(0.011) (0.008) (0.007) (0.007) (0.030) (0.047) (0.050) (0.048)
- 0.90 0.89 0.93 -0.07 -0.14 -0.11 -0.09
FY305 - - -
(0.009) (0.010) (0.007) (0.047) (0.067) (0.073) (0.071)
- - 0.98 0.95 -0.07 -0.06 -0.15 -0.11
PY305 - - -
(0.002) (0.054) (0.051) (0.076) (0.085) (0.083)
- - - 0.94 -0.05 -0.07 -0.12 -0.07
LY305 - - -
(0.006) (0.056) (0.079) (0.089) (0.086)
- - - - -0.14 0.02 0.05 0.06
SY305 - - -
(0.059) (0.087) (0.096) (0.093)
- - - - - -0.27 -0.34 -0.33
AFC - - -
(0.009) (0.010) (0.010)
- - - - - - 0.67 0.66 0.42 0.42
W210 -
(0.003) (0.003) (0.011) (0.011)
- - - - - - 0.98 0.59 0.58
W365 - -
(0.0002)  (0.011) (0.011)
- - - - - - - - 0.56 0.56
W450 -
(0.010) (0.010)
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- - - - - - - - - 0.86
SP365 -
(0.003)

SP450 ) ) ) ) ) ) ) ) ) ) -

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield; LY305 = 305-day lactose yield; SY305 = 305-day
total solid yield; AFC = age at first calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight; SP365 = 365-day scrotal

perimeter; and SP450 = 450-day scrotal perimeter.
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2.5. Discussion

This study estimated genetic associations among milk yield, milk components, growth
traits, and reproductive traits in Guzer4 cattle. To the best of our knowledge, the study by Brito
et al. (2020) is the only study reporting the genetic correlations among milk, growth, and
reproductive traits in this breed. In the present study, however, a larger number of animals and
important traits, such as milk components and scrotal perimeter, for the genetic improvement
of dual-purpose Guzerd were included in the analyses. The milk components, especially major
components, i.e., fat, protein, and lactose, are important because they affect directly milk
properties in industrial processing and in the quality of dairy products. In addition, SP is
important because it is easy to measure and has a negative-favorable genetic correlation with
sexual precocity in both males and females (Terakado et al., 2015; Buzanskas et al., 2017),
making it a potential selection criterion for herds seeking sexual precocity. Thus, the present
study is conclusive and of great importance for the genetic improvement of the breed.

Overall, heritabilities were moderate (0.16 to 0.32), indicating that all traits studied
could respond to selection with lesser or greater intensity and could achieve a satisfactory
genetic progress rate in the breeding program of Guzerd cattle. The heritability estimate for
MY305 (0.32) was similar to that reported by Brito et al. (2020) (0.29), and it was higher than
those reported by Santos et al. (2013) (0.24) and Gama et al. (2016) (0.24) in studies also
conducted on Guzer4 cattle. It must be highlighted that heritability is a property of a population
and its mating system in a specific environment and time. Different heritability estimates among
studies on the same breed can be explained by differences in the sample size, type of records
used in each study (e.g., first or multiple lactations), and estimation methods.

Heritability estimates for milk components (0.22 to 0.31) were greater than those
obtained by Silva et al. (2020) in Guzerd cattle. Although reproductive traits are strongly

influenced by environmental components, the heritability estimate for AFC was moderate
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(0.20). Our results reflect, however, that this trait in Guzera cattle has a larger genetic effect;
thus, selection for improvements in reproductive performance is possible. Breeding value for
AFC was recently included in the Guzera sire summary to increase precocity; therefore, we
expect soon to be able to evaluate the genetic response to selection. This is an important trait to
be included as a selection goal since the Guzerd breed is still reproductively late.

Regarding SP365 and SP450, the heritability estimates were moderate (0.20 and 0.21,
respectively) and were lower than those found in the literature for beef cattle, including Guzera
(Buzanskas et al., 2017; Tramonte et al., 2019). For growth traits, the heritability estimates were
moderate (0.16 to 0.24). They corroborated the estimates reported by Gama et al. (2016), but
they were lower than those in most of the consulted literature for Guzerd cattle (Tramonte et
al., 2019; Brito et al., 2020). Although low, the maternal heritability for W210 (0.03) was
similar to that reported by other studies on Guzera cattle (Tramonte et al., 2019; Brito et al.,
2020).

Animal breeding strategies are determined by the relative importance of traits and the
genetic correlation between traits. In regard to the dual-purpose focus, there have been few
studies that have addressed genetic relationships between dairy and beef traits. The genetic
correlations between MY305 and 305-day cumulative milk components were high (0.92 to
0.99). No studies have reported genetic correlations between MY305 and 305-day cumulative
milk components in Guzerd cattle. A high genetic correlation indicates a strong genetic
association among these traits, i.e., selection for higher MY305 promotes increased 305-day
cumulative milk components.

Among growth traits, the genetic correlations were high (0.92 to 0.99), emphasizing that
most genes controlling weight at a given age are the same at other ages, making it possible to

select animals at younger ages. The genetic correlations among growth traits found in the
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present study corroborate the literature on cattle breeds (Kluska et al., 2018; Tramonte et al.,
2019; Brito et al., 2020).

The genetic correlation estimates between AFC and all evaluated traits were low to
moderate and favorable. Between AFC and MY305, the genetic correlation was equal to -0.28.
Although of moderate magnitude, this result suggests that females selected for MY305 would
improve their sexual precocity. To the best of our knowledge, no other studies on other Zebu
cattle breeds have reported genetic correlations between AFC and MY305. Genetic selection
involving milk yield and AFC should be performed with caution to avoid an increasing risk of
dystocia in younger cows, mainly those with high genetic merit for milk yield (Stefani et al.,
2021). The genetic correlations among AFC and milk components were low (0.31 to 0.27) but
favorable, suggesting that the selection process for AFC would result in a milk yield with higher
305-day cumulative solids content or vice versa. Thus, considering the high estimates obtained
for heritabilities of milk constituents in this study, the selection for these traits could reach
higher genetic gains for these traits.

Genetic correlations between AFC and growth traits were low but favorable (0.43 and
0.39). In turn, genetic correlations between AFC and scrotal perimeter at different ages (i.e.,
SP365 and SP450) were 0.36 and 0.40, respectively, which are values consistent with those
reported in the literature for beef cattle (Buzanskas et al., 2017; Kluska et al., 2018). The
endocrine axis regulating puberty in bulls and heifers is similar, which may explain the
existence of genetic correlations between male and female reproductive traits, which can be
exploited in breeding programs (Land, 1973; Hull and Harvey, 2014). Thus, considering all
traits of interest for the improvement of Guzera cattle, it is possible to reach the highest genetic
progress for female precocity using a scrotal perimeter as a selection criterion without impairing

genetic progress regarding body weight.
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Regarding scrotal perimeter, the genetic correlations with MY305 and 305-day
cumulative milk components (0.11 to 0.30) were low to moderate, suggesting little genetic
association among these traits. Thus, selection for MY305 and milk components would not
increase scrotal perimeter, but will not cause harm either. Some studies reported genetic
correlations among SP and growth traits, with estimates ranging from 0.30 to 0.78 (Kluska et
al., 2018; Tramonte et al., 2019). In the present study, the genetic correlations between SP traits
and growth traits were moderate and ranged from 0.41 to 0.46, indicating that the selection to
increase body weights at different ages also increases SP365 and SP450 and vice versa. The
positive and favorable genetic correlation between SP365 and SP450 found in the present study
(0.96) and in other studies on beef cattle (0.90 to 0.94) (Buzanskas et al., 2017; Tramonte et al.,
2019) indicated that one-year-old bulls with a higher SP also had a higher scrotal perimeter at
a yearling age. The genetic correlations involving SP365 suggest that its use as a selection
criterion in breeding programs is advantageous because in addition to allowing the early
selection of animals, it does not promote losses to the other traits, with the possibility of a
genetic response in female precocity.

Between milk production traits and growth traits, the genetic correlations were moderate
and favorable (0.33 to 0.56) and were highest among W365 and milk production traits (i.e.,
MY305, FY305, PY305, LY305, and SY305), ranging from 0.44 to 0.56. These results suggest
that selection for MY305 and milk components would also result in animals with higher weight
at one year of age. Few studies have evaluated genetic relationships between milk and growth
traits in cattle, but our results suggest the existence of pleiotropic effects among these traits.
The estimates found in the current study are slightly higher than those reported by Gama et
al. (2016) and Brito et al. (2020), both with Guzer4 cattle.

Specifically for milk components genetically correlated with AFC, growth traits, and

scrotal perimeter traits, the standard errors of the estimates were high. This can be explained by
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data differences among the traits, with milk components having a much lower number of
observations and fewer animals with phenotypes for all traits evaluated. The standard errors
were slightly higher for genetic correlations between milk components and scrotal perimeter
traits, possibly due to the difference in the number of animals recorded in the two groups of
traits. Thus, the genetic correlation estimates among these traits should be interpreted with
caution.

The phenotypic correlation estimates behaved the same way as the corresponding
genetic correlation estimates, but in general, they had lower magnitudes than the genetic
correlations. Phenotypic correlation estimates among milk, growth, and reproductive traits were
smaller in magnitude than genetic correlation estimates in other studies involving genetic
parameter estimates in dual-purpose breeds (Mazza et al., 2016; Brito et al., 2020). A
phenotypic correlation lower than its corresponding genetic correlation with a small positive
residual correlation can be explained by the fact that the genes underlying the two traits are
similar, but the environments in which they express and that influence these traits have a low
correlation (Searle, 1961). In the current study, this condition occurred only among SY305 and
growth traits.

Comparing the milk production traits (i.e., MY305, FY305, PY305, LY305, and
SY305), the residual correlations were positive and high (0.84 to 0.98), suggesting that residual
effects (i.e., nonadditive and environmental) similarly influence these traits. For these traits, the
genetic and their corresponding phenotypic correlations were similar in sign and magnitude.
The same occurred among the beef traits (i.e., W210, W365, W450, SP365, and SP450), where
the residual correlations ranged from 0.42 to 0.98.

The confidence of breeders in the genetic evaluation results of the National Program for
the Improvement of Guzerd for Dairy Purpose has increased the number of herds and animals

participating in this program, as well as the use of this breed in dual-purpose production systems
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(Peixoto et al., 2014). The non-antagonism among milk, growth and reproductive traits in
Guzera cattle makes simultaneous selection for beef and dairy traits feasible. Each breeder has
the option to specialize the herd for milk, beef, or both purposes. The genetic gains for each
trait will not be the same as that of direct selection for only one of them, but joint selection is

possible.

2.6. Conclusion

All evaluated traits presented moderate heritability estimates and presented the
possibility of responding to selection in the Guzera breed.

Furthermore, the favorable genetic correlations among all evaluated traits suggest the
possibility of joint genetic selection for milk and beef production in Guzera cattle, with a

favorable correlated response in reproductive traits.
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3.1. Abstract

The Guzera breed represents the third largest indicine purebred and one of the most productive
among the Zebu breeds in Brazil. At present, Guzera herds are genetically selected by
conventional breeding methods based on progeny testing and Multiple Ovulation and Embryo
Transfer nucleus scheme. Efforts are being made to genotype Guzerd animals in Brazil,
however, there are no studies on the inclusion of genomic information in the genetic evaluations
of Guzerd cattle. Thus, this study aimed to investigate the feasibility of genomic prediction
using the single-step approach for productive and reproductive traits in Guzerd cattle.
Evaluations included the 305-day first-lactation cumulative yields (kg) of milk (MY305), fat
(FY305), protein (PY305), lactose (LY305), and total solids (SY305); age at first calving in
days (AFC); and adjusted body weight (kg) at the ages of 210 days (W210), 365 (W365) and
450 (W450) days, from a database containing 197,283 measurements from Guzerd males and
females born between 1954 and 2018. The pedigree included 433,823 animals spanning up to
14 overlapping generations. A total of 1,618 genotyped animals for 43,943 single nucleotide
polymorphisms (SNP) were used in analyses. The (co)variance components and the breeding
values were obtained using pedigree information (pedigree-based) and genomic information
(genomic-based). The genomic method used was single-step genomic best linear unbiased
predictor (ssGBLUP). Contemporary groups and additive genetic effects were included in the
general mixed model. Maternal genetic and permanent environmental effects were also
included for W210. Prediction ability and bias were accessed using cross-validation. Individual
accuracies of breeding values, rank correlations, and genetic trends were obtained for both
models. Overall, the predictive abilities were similar between the methods and ranged from
0.30 to 0.45 for the pedigree-based model, and from 0.27 to 0.47 for the genomic-based model.
The bias also was similar between the methods, ranging from 0.96 to 1.41 in pedigree-based

model, and from 0.88 to 1.35 in genomic-based model. The mean individual accuracy had an
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evident increase in genomic evaluation, with values ranging from 0.26 to 0.54 in the pedigree-
based model, and from 0.41 to 0.56 in the genomic-based model. No relevant changes were
observed for both sexes in the rank of animals, however, considering the youngest animals, the
rank correlations were lower than 0.91, reaching 0.67. Even if based on a small number of
genotyped animals and a small database for some traits, provided interesting insights about the
future application of single-step genomic BLUP in the Brazilian Guzera cattle. The results
suggest that the single-step genomic BLUP is feasible and may be applied to national genetic
evaluations of the breed to increase the accuracy of breeding values, but still without great

impact on predictive ability and bias.

Keywords: Genetic parameters; Genetic trends; Genomic prediction; ssGBLUP; Zebu

3.2. Introduction

The Guzerd breed, with a population of approximately 500,000 registered individuals
(ABCZ, 2020), represents the third largest indicine purebred and one of the most productive
among the Zebu breeds in Brazil. Guzerd animals have been selected for meat, milk, or both
production traits in the country, where they are considered a dual-purpose breed (Peixoto et al.,
2010). The breed has been widely used as a purebred and in crossbreeding strategies for
producing animals adapted to tropical climatic conditions, focusing on dual-purpose production
systems (Stafuzza et al., 2017). Although the genetic improvement programs of the Guzera
breed for milk and beef are developed independently, several bulls are "double proven", i.e.,
they are genetically evaluated for dairy and beef traits (Bruneli et al., 2020).

At present, Guzerd herds are genetically selected by conventional breeding methods
developed by the Brazilian Center for the Genetic Improvement of Guzerd (CBMG?), based on

progeny testing and MOET (Multiple Ovulation and Embryo Transfer) nucleus scheme
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(Bruneli et al., 2020). From the genomic perspective, efforts are being made to genotype Guzera
animals in Brazil, and the genetic markers have been used in studies involving genetic diversity
and population genetic structure (Fonseca et al., 2016; Peixoto et al., 2021); identification of
genetic variations (Rosse et al., 2017; Stafuzza et al., 2017); and genome-wide association
studies (dos Santos et al., 2017; Paiva et al., 2020). However, there are no studies on the
genomic information inclusion in the genetic evaluations of Guzerd cattle.

The genotyping of animals for genetic markers allow estimation of realized genetic
relationships between individuals through identity-by-state. Thereby, the genomic prediction
can increase the accuracy of breeding values mainly for young animals, reducing generation
interval with consequent increase in genetic gain (Lopes et al., 2018).

Single-step genomic best linear unbiased prediction (ssGBLUP) is a unified approach
that simultaneously combines phenotypic, pedigree, and genomic information to generate more
accurate predictions of genomic-estimated breeding value (GEBV; Misztal et al., 2009). This
method involves replacing the pedigree-based relationship matrix (A; Henderson, 1976; Quaas,
1976) in the mixed model equations (traditional BLUP) by a relationship matrix which
combines pedigree and genomic relationships (H; Legarra et al., 2009; Misztal et al., 2009). It
has been successfully applied in many livestock species, including dairy cattle (Matilainen et
al., 2018; Oliveira et al., 2019; Silva et al., 2019) and beef cattle (Lourenco et al., 2015;
Mehrban et al., 2019; Tonussi et al., 2021). Similarly, the single-step genomic restricted
maximum likelihood (ssGREML) can be used to estimate variance components considering
simultaneously phenotyped, genotyped and non-genotyped animals (Veerkamp et al., 2011;
Forni et al., 2011; Cesarani et al., 2018), in other words using the H matrix.

Studies investigating the feasibility of genomic prediction in Guzerd remain scarce,
particularly due to the limited number of genotyped animals. It is expected that the advantages

of genomic selection observed in others breeds dairy or beef cattle will also be observed in
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Guzera. Therefore, the aim of this study was to investigate the performance of genomic

prediction using the single-step approach for productive and reproductive traits in Guzera cattle.

3.3. Material and methods

3.3.1. Phenotypes and pedigree

The data used in this study were provided by Zebu Breeds Genealogical Registry
Service (SRGRZ) of the Brazilian Association of Zebu Cattle (ABCZ), and by the National
Program for the Improvement of Guzera for Dairy Purpose (PNMGuL), coordinated jointly by
Embrapa Dairy Cattle and the Brazilian Center for the Genetic Improvement of Guzera
(CBMG?).

The phenotypic data comprised 197,283 measurements of productive and reproductive
traits from Guzerd males and females born between 1954 and 2018. Evaluations included the
305-day first-lactation cumulative yields (kg) of milk (MY305), fat (FY305), protein (PY305),
lactose (L'Y305), and total solids (SY305); age at first calving in days (AFC); and adjusted body
weight (kg) at the ages of 210 days (W210), 365 (W365) and 450 (W450) days. Data from
animals without valid measurements or with measurements outside the acceptable range
(mean + three standard deviations) were excluded.

Contemporary groups (CGs) for MY305, FY305, PY305, LY305, and SY305 were
formed by combining herd, year, and season of calving. For AFC, W210, W365, and W450,
the contemporary groups were a combination of herd, year, and season of birth. Additionally,
for growth traits, sex was also included in the CG. Both calving and birth seasons were defined
as dry (April to September) or rainy (October to March). Data from CG with fewer than three
records and with only one sire as a parent were excluded. The number of records, the descriptive

statistics of the datasets after editing, and the number of CG by trait are shown in Table 1.
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Table 1. Number of animals with record (and genotyped), mean and standard deviation (SD),
minimum (MIN) and maximum (MAX), and the number of contemporary groups (CG)

included in the analyses of each trait

Number of animals

Traits® with record (and Mean = SD MIN MAX CG
genotyped)
MY305 (kg) 5,229 (976) 1991.17 £980.90  105.00 6487.00 516
FY305 (kg) 1,853 (621) 82.82 +37.06 6.00 281.17 181
PY305 (kg) 1,543 (629) 62.08 £27.16 4.00 232.00 113
LY305 (kg) 1,457 (599) 77.50 £34.15 5.00 226.00 108
SY305 (kg) 1,228 (513) 227.02 £96.30 13.00 722.00 93
AFC (days) 83,244 (1,029) 1251.50 £208.84  671.00 1680.00 9,592
W210 (kg) 122,684 (609) 173.70 £39.92 50.00 300.00 9,974
W365 (kg) 88,065 (574) 227.41 £53.36 67.00  414.00 7,683
W450 (kg) 88,456 (574) 275.75 £ 58.58 102.27  499.00 7,710

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids224 yield; AFC = age at first
calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.

The pedigree included 433,823 animals (121,497 dams and 7,200 sires) spanning up to
14 overlapping generations. Animals with both known sire and dam made up 77.47% of the
pedigree, 4.10% had only sire known, 15.68% had only dam known, and 2.75% had both sire
and dam unknown. The average pedigree-based inbreeding (Fpep) was 0.007+0.02 considering
the complete pedigree, and Fpep was 0.030+0.04 considering only the inbreeding animals
(disregarding Fpep=0).
Although dairy traits present a smaller number of records, and, consequently, fewer animals
related with the phenotyped ones in the pedigree, non-pruning of the pedigree was carried for

any of the analyzed traits.



46

3.3.2. Genotypes

A total of 1,734 animals (54 bulls and 1,680 cows) were genotyped using different single
nucleotide polymorphisms (SNP) chips. Nine hundred seventy-three samples were genotyped
using the [llumina BovineSNP50 v2 BeadChip, including 54,609 SNPs, 50 sample genotyped
using the [llumina BovineHD BeadChip, including 777,962 SNPs; (Illumina, Inc. San Diego,
California), and the remaining 711 samples were genotyped using the GeneSeek Genomic
Profiler indicus chip (GGP indicus; Neogen Corp., Lansing, MI), including 54,791 SNPs.

A genotype quality control (QC) was performed separately for each chip to keep only
autosomal SNPs with call rate higher than 0.95, minor allele frequency (MAF) higher than 0.02.
SNPs with extreme departure from the Hardy-Weinberg Equilibrium (estimated as the
difference between expected and observed frequency of heterozygous > 0.15) were also
discarded. Samples were required to have a call rate higher than 0.95, parent-progeny pairs
were tested for Mendelian conflicts, and samples with inconsistent identification were
excluded.

After filtering, 1,618 genotyped animals (37 bulls and 1,581 cows) remained for further
analyses, being 879 cows with autosomal 29,705 SNPs from BovineSNP50; 34 bulls with
autosomal 514,505 SNPs from BovineHD; and 705 animals (702 cows and 3 bulls) with 44,149
SNPs from GGP indicus.

The GGP indicus is a panel built specifically for Bos indicus cattle and for this reason,
it was prioritized as the reference panel in an imputation analysis to use all genotypic
information available. The common SNPs between the BovineSNP50 and the GGP indicus chip
were 7,173, and between BovineHD and the GGP indicus chip were 41,206. The missing
genotypes were imputed to GGP indicus panel using the Fimpute version 3 (Sargolzaei et al.,

2014).
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To evaluate the imputation accuracy, the animals from GGP indicus panel (N = 705
animals) were divided into reference and validation sets based on their birth year. The reference
set comprised 508 animals that were born before 2015. The validation set comprised 197
animals that were born after 2015. The validation set had their genotypes masked according to
each imputed panel.

Imputation accuracy was estimated based on Spearman’s correlation coefficient
between imputed and true SNP markers, and the concordance rate (CR) was assessed as a
proportion of correctly imputed SNPs in relation to all imputed SNPs. In general, imputation
accuracy was higher than 0.91 and CR higher than 92.9%. After imputation analyses, a new QC
was performed using imputed genotype data and following the same parameters as above.
Finally, a total of 43,943 autosomal SNPs and 1,618 animals (37 bulls and 1,581 cows) were

retained for further analyses. All animals with both record and genotype were female.

3.3.3. Statistical modeling

In genomic-based analysis, the (co)variance components were obtained by ssGREML
using single-trait (for direct and maternal heritabilities) and bi-trait (for genetic and phenotypic
correlations) models. The variance components from single-trait genomic-based model were
used in prediction of genomic breeding values (GEBV) by ssGBLUP method. The variance
components used in prediction of pedigree-based breeding values (EBV) were obtained from
single-trait model by REML in a previous study and more details can be found in the previous
chapter, also published in Carrara et al. (2022).

The following mixed linear model was assumed:

y=Xb+Zia+Z,m+ Zzmp + e,

where y is the vector of phenotypes; b is the vector of fixed effects of a contemporary group

and covariate; a is the vector of random additive direct genetic effects; m is the vector of
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random maternal genetic effects; mp is the vector of random maternal permanent
environmental effects, with mp~N(0, MPy ® Ip,,), where MPy is the maternal permanent
environment (co)variance matrix; I, is an identity matrix of order equal to the number of dams

with progeny; Z4, Z; and Z3 are incidence matrices related to the a, m and mp to Yy,
respectively; and e is the residual vector, with e~N(0,Ro & I), where Ry is the residual
(co)variance matrix; I is an identity matrix of order equal to the number of animals. In the
pedigree-based model, it was assumed a~N(0, Gog, ® A) and m~N(0, G, ® A), whereas in
the genomic-based model it was assumed a~N(0, Gg, ® H) and m~N(0, Go,,, ® H), in which
Gy, 1s the additive direct genetic (co)variance matrix; Ggp, is the maternal genetic (co)variance
matrix; A is the numerator relationship matrix; H is a matrix that combines pedigree and

genomic information; and @ is the Kronecker product.

The maternal effects (genetic and permanent environment) were assumed only for
W210. For MY305, FY305, PY305, LY305, and SY305, the age at calving was considered a
linear covariate. For W210, W365, W450, the age of dams at calving was considered linear
covariate.

The inverse of the matrix H was created as (Aguilar et al., 2010; Christensen and Lund,

2010):

0 0
-1 _ aA-1
HT =A"+ [0 1(aG + BAzz) "1 — wAz%]’

where A~1 is the inverse of the pedigree-based numerator relationship matrix, G is the genomic
relationship matrix; and A, is the proportion of A for the genotyped animals. The matrix G
was obtained based on the first method proposed by VanRaden (2008), where the allele
frequencies were calculated based on the genotyped animals information. The default scaling

(t =1and w = 1) and weighting (a« = 0.95 and 3 = 0.05) factors were used.
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3.3.4. Prediction ability and bias

Five-fold cross-validation was performed to assess the predictive ability of breeding
values using BLUP and by ssGBLUP. The animals with phenotypes and genotypes were
randomly allocated to five mutually exclusive subsets (fold). Then, four of them were used as
a training group and one used as validation group (whose phenotypes were not included in the
analysis). The analysis was performed five times for each trait; thus, each subset was considered
as validation group once. The subsets contained approximately the same number of animals.

The corrected phenotype (y*) for each trait and animal was calculated as the sum of the
breeding value and the residual (y* = a + €) for both BLUP (ygyp) and ssGBLUP (ViccpLup)
analyses. The Pearson’s correlation between EBV or GEBV and the respective corrected
phenotypes of the animals in the validation population was defined as the predictive ability.
The mean of predictive abilities of the five subsets from cross-validation by trait were
computed.

To assess the prediction bias, the corrected phenotypes were regressed on EBV or
GEBYV (ygLup = by + b1EBV, and y;cgLup = bo + b1GEBV). The b, and b, are the intercept
and the slope regression coefficients, respectively. The b; was used as an indicator of bias with

an expected value of one.

3.3.5. Individual accuracy

The individual accuracies of EBV or GEBV, were obtained considering all animals and
considering the youngest animals (birth year > 2015) with genotype and without phenotype in
both BLUP and ssGBLUP analyses following the equation (Van Vleck, 1993; Mrode and

Thompson, 2014):

SEPf
(1+F]')0'§’

ACG = [1-



50

where ACC; is the accuracy of EBV or GEBYV for an individual j; SEP, is the standard error of
prediction of EBV or GEBV for animal j, obtained from the square root of diagonal elements

of the inverse of the left-hand side of mixed model equations (Misztal et al., 2014); F; is the

inbreeding coefficient of animal j; and o2 is the additive genetic variance from pedigree-based
or genomic-based analyses. The inbreeding coefficients from the genomic-based model were

obtained using the Method 2 of Legarra et al. (2020).

3.3.6. Rank correlation and genetic trend

Spearman’s correlations between EBVs and GEBVs considering all males, all females,
the top 5%, 25%, and 50% animals within each sex, and the youngest animals were calculated
for each trait to assess possible reranking of animals. The youngest animals were born in and
after 2015 and, they have genotype and do not have phenotype.

Additionally, the genetic trends were estimated by regressing the animals GEBV or
EBYV on birth year considering separately males and females. Segmented linear regressions
were performed based on the date of the first sire summary (2000s) (Bruneli et al., 2020; ANCP,

2022).

3.3.7. Software

The statistical analyses were performed using the BLUPF90 family programs (Misztal
et al., 2014): the files containing the allele calls of samples were converted using
INlumina2preGS; the quality control was performed using PreGSf90; the (co)variance
components were estimated using AIREMLF90; the inbreeding coefficients from the ssGBLUP
were obtained using PreGSf90; the breeding values were predicted using BLUPF90; and the

corrected phenotypes were obtained using PREDICTF90.
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3.4. Results

3.4.1. Genetic parameter estimates

Direct heritability and genetic and phenotypic correlation estimates among the studied
traits obtained by genomic-based analyses are presented in Table 2. The variance components
obtained by genomic-based analyses can be viewed in Supplementary Table 1.

The direct heritability estimates ranged from 0.16 (W210) to 0.39 (SY305). The
maternal heritability estimate for W210 was 0.03 (0.004). Heritability estimates were highest
in the milk production traits, ranging from 0.24 (FY305) to 0.39 (SY305), while for AFC it was
equal to 0.20, and for growth traits they ranged from 0.16 (W210) to 0.24 (W365).

The genetic correlations among all traits evaluated were favorable. Genetic correlations
among milk production traits were positive and high, ranging from 0.92 (FY305 x LY305) to
0.99 (MY305 x LY305). The growth traits also presented positive and high genetic correlations,
ranging to 0.92 (W210 x W365 and W210 x W450) to 0.99 (W365 x W450). The genetic
correlations between milk production traits and growth traits were positive, moderate, and
presented values from 0.33 (SY305 x W210) to 0.56 (FY305 x W365 and PY305 x W365). The
genetic correlations among AFC and all other evaluated traits were negative and favorable,
presenting values ranging from -0.31 (AFC x FY305) to -0.27 (AFC x SY305) for milk
production traits and from -0.43 (AFC x W450) to -0.39 (AFC x W210) for growth traits.

Phenotypic correlation estimates among all traits were similar in direction and smaller
than their corresponding genetic correlations. Among milk production traits, phenotypic
correlations ranged from 0.86 (MY305 x FY305) to 0.97 (PY305 x LY305), and among growth
traits ranged from 0.71 (W210 x W450) to 0.99 (W365 x W450). The AFC presented
phenotypic correlations ranging from -0.36 (AFC x W365) to -0.06 (AFC x MY305) with all
other traits. Between milk production traits and growth traits, the phenotypic correlations

ranged from 0.01 (FY305 x W210) to 0.16 (SY305 x W365 and SY305 x W450).



Table 2. Direct heritability estimates (diagonal), genetic correlations (above diagonal) and phenotypic correlations (below diagonal), as well as

their standard errors (within parentheses), for 305-day milk yield, 305-day milk components, growth traits, and reproductive traits studied in Guzera

cattle obtained by ssGREML

Traits* MY305 FY305 PY305 LY305 SY305 AFC w210 W365 W450
MY305 0.36 0.96 0.97 0.99 0.98 -0.28 0.35 0.44 0.40
(0.036) (0.024) (0.016) (0.001) (0.013) (0.079) (0.081) (0.075) (0.078)
FY305 0.86 0.24 0.95 0.92 0.98 -0.31 0.43 0.56 0.54
(0.006) (0.053) (0.025) (0.034) (0.014) (0.139) (0.122) (0.105) (0.107)
PY305 0.90 0.91 0.32 0.96 0.98 -0.29 0.42 0.56 0.53
(0.004) (0.005) (0.059) (0.013) (0.009) (0.138) (0.124) (0.103) (0.117)
LY305 0.92 0.90 0.97 0.34 0.98 -0.29 0.37 0.53 0.50
(0.003) (0.010) (0.002) (0.061) (0.009) (0.138) (0.129) (0.108) (0.111)
SY305 0.92 0.94 0.96 0.95 0.39 -0.27 0.33 0.50 0.47
(0.004) (0.003) (0.003) (0.003) (0.070) (0.151) (0.141) (0.119) (0.122)
AFC -0.06 -0.11 -0.10 -0.08 -0.15 0.20 -0.39 -0.41 -0.43
(0.021) (0.035) (0.040) (0.040) (0.042) (0.008) (0.034) (0.030) (0.031)
W10 0.07 0.01 0.05 0.04 0.09 -0.27 0.16 0.92 0.92
0.030) 0.045) (0.049) (0.051) (0.056) (0.007) (0.008) (0.007) (0.008)
W365 0.10 0.07 0.06 0.07 0.16 -0.36 0.72 0.24 0.99
0.033) (0.025) (0.054) (0.057) (0.062) (0.007) (0.002) (0.009) (0.001)
Wa50 0.08 0.08 0.08 0.08 0.16 -0.35 0.71 0.99 0.23
(0.032) (0.049) (0.053) (0.056) (0.061) (0.007) (0.002) (0.001) (0.009)

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield; LY305 = 305-day lactose yield; SY305 = 305-day
total solids yield; AFC = age at first calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.
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Additionally, the averages relationship based on pedigree (A22) and on genomic (G) in

studied population were 0.0407 and 0.0445, respectively.

3.4.2. Prediction ability and bias

The average predictive ability and bias of the EBVs (pedigree-based) and GEBVs
(genomic-based) for milk production, reproductive, and growth traits are shown in Table 3.
Overall, the predictive abilities were similar between the methods and ranged from 0.30 to 0.45
for pedigree-based model, and from 0.27 to 0.47 for genomic-based model.

A slight increase was observed for dairy traits, which have a higher proportion of
genotyped animals. The bias values also were similar between the methods. For pedigree-based
model bias ranged from 0.96 to 1.41, and for genomic-based model the values ranged from 0.88
to 1.35.

The difference between pedigree-based and genomic-based approaches were more
evident when evaluating the individual accuracy (Table 4). The mean individual accuracy for
all animals ranged from 0.26 to 0.54 in the pedigree-based model, and from 0.41 to 0.56 in the
genomic-based model. Considering youngest animals, the individual accuracy ranged from 0.28
to 0.50 and from 0.43 to 0.55 in the pedigree-based model and genomic-based model,
respectively.

The gain in accuracy was greater for milk production traits considering all and the
youngest animals. For milk production traits, the gain in accuracy ranged from 28% (MY305)
to 116% (SY305) considering all animals, and from 33% (MY305) to 96% (SY305) for
youngest animals. For AFC and growth traits, the gain in accuracy ranged from 0% (AFC) to
4% (W450) for all animals, and from 4% (AFC) to 7% (W365 and W450) for youngest animals.

As expected, the gain in accuracy was higher for the young animals for most traits.
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Table 3. Average of predictive abilities and of bias (with standard deviation; SD) of EBVs

(pedigree-based) and GEBVs (genomic-based) estimated for milk production, reproductive,

and growth traits in Guzera cattle using five-fold cross validation.

Predictive abilities

Traits® Pedigree-based Genomic-based Pedigree-based Genomic-based
MY305 0.45 (0.08) 0.47 (0.08) 1.28 (0.22) 1.25 (0.19)
FY305 0.30 (0.11) 0.31(0.14) 1.25 (0.56) 1.22 (0.59)
PY305 0.33 (0.10) 0.33 (0.07) 1.10 (0.35) 1.02 (0.21)
LY305 0.36 (0.08) 0.39 (0.07) 1.16 (0.21) 1.19 (0.15)
SY305 0.33 (0.04) 0.40 (0.07) 1.14 (0.21) 1.31(0.37)
AFC 0.30 (0.04) 0.27 (0.03) 0.96 (0.16) 0.88 (0.16)
W210 0.45 (0.04) 0.43 (0.04) 1.41 (0.33) 1.35 (0.27)
W365 0.39 (0.15) 0.41 (0.14) 1.06 (0.41) 1.15(0.41)
W450 0.36 (0.13) 0.38 (0.11) 1.02 (0.36) 1.13(0.32)

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids yield; AFC = age at first calving;

W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.
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Table 4. Mean (with standard deviation; SD) individual accuracy of breeding values predicted
through pedigree-based (BLUP) and genomic-based analyses (ssGBLUP) for milk production,

reproductive, and growth traits in Guzera cattle, for all and for youngest animals

All animals Youngest animals

Traits® BLUP ssGBLUP BLUP ssGBLUP
MY305 0.44 (0.23) 0.56 (0.14) 0.42 (0.10) 0.56 (0.06)
FY305 0.28 (0.19) 0.44 (0.10) 0.28 (0.12) 0.45 (0.05)
PY305 0.27 (0.20) 0.41 (0.12) 0.29 (0.13) 0.43 (0.06)
LY305 0.27 (0.20) 0.43 (0.12) 0.29 (0.13) 0.45 (0.06)
SY305 0.26 (0.20) 0.54 (0.08) 0.28 (0.13) 0.55 (0.04)
AFC 0.53 (0.13) 0.53 (0.14) 0.50 (0.07) 0.52 (0.05)
W210 0.52 (0.14) 0.53(0.12) 0.44 (0.08) 0.46 (0.06)
W365 0.54 (0.16) 0.54 (0.15) 0.46 (0.08) 0.49 (0.06)
W450 0.54 (0.16) 0.55(0.14) 0.46 (0.08) 0.49 (0.06)

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.

3.4.3. Rank correlation and genetic trend

The rank correlations between EBVs and GEB Vs considering all males and all females,
for all the traits, were higher than 0.75 (Table 5). For AFC and growth traits, the rank
correlations were higher than 0.94 considering all animals or top 5%, 25%, and 50%, both in
males and females. For MY305, the rank correlations ranged from 0.80 to 0.91 for males, and
from 0.82 to 0.92 for females.

For milk components, there is a possible reranking of animals when using genomic
information in both sexes. The rank correlations for top 50% males ranged from 0.74 to 0.77,
reaching 0.48 to 0.59 for top 5% males. For the 50% top females, the correlations ranged from

0.79 to 0.86, reaching 0.68 to 0.73 for the top 5%. Rank correlations increased as the proportion
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of animals increased, i.e., from the top 5% males (0.48 to 0.99) to all males (0.76 to 0.99), and

from the top 5% females (0.68 to 0.99) to all females (0.79 to 0.99). Considering the youngest

animals, the rank correlations ranged from 0.67 (W365) to 0.91 (MY305).

Table 5. Rank correlations between breeding values from pedigree-based and genomic-based

models for all males, all females, the top 5%, 25%, and 50% animals within each sex, and

youngest animals in Guzera cattle

Males Females Youngest
Traits® 5% 25% 50%  All 5% 25% 50% All  animals
MY305 080 084 089 091 0.82 0.89 089 0.92 0.91
FY305 048 074 077 0.86 0.70 074 0.76  0.86 0.81
PY305 051 064 075 0.76 0.68 0.73 075 0.80 0.77
LY305 058 074 075 0.79 0.73 073 0.79 0.80 0.78
SY305 059 0.63 074 0.76 0.73 073 076  0.79 0.79
AFC 094 096 098 099 096 096 098 099 0.84
W210 099 099 099 099 099 099 099 0.99 0.76
W365 099 099 099 099 098 099 099 0.99 0.67
W450 099 099 0.99 0.99 0.98 099 099 0.99 0.69

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.

The genetic trends obtained based on both BLUP and ssGBLUP are shown in Figures 1

and 2 and a similar pattern was observed between the approaches, for both sexes. The genetic

gains before (<2000) and after (>2000) the publication of the first sire summaries were similar

in pedigree-based and genomic-based approaches (Table 6).
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Figure 1. Genetic trends based on EBV and GEBV by birth year, considering males and females for 305-day first-lactation cumulative yields of
milk (MY305), fat (FY305), protein (PY305), lactose (LY305), and total solids (SY305) for the Guzera cattle population studied.
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Figure 2. Genetic trends based on EBV and GEBV by birth year, considering males and females for age at first calving (AFC), and adjusted body
weight at the ages of 210 days (W210), 365 (W365) and 450 (W450) days for the Guzera cattle population studied.
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Table 6. Genetic gain segmented based on the first sire summary (2000s) with respective standard errors and p-values for evaluated traits under

pedigree-based and genomic-based models by sex in Guzera cattle.

Males Females
Traits? Segment Pedigree-based Genomic-based Pedigree-based Genomic-based
MY305 <2000 5.08 £ 1.39 (<0.002)* 2.88 +1.28 (<0.001)* 2.85 £0.67 (<0.001)* 0.64 +0.56 (<0.270)N
> 2000 10.81 £4.27 (<0.03)* 12.57 £ 4.00 (<0.009)* 19.64 + 2.26 (<0.001)* 19.56 £2.13 (<0.001)*
— <2000 0.11 £0.03 (<0.001)* 0.06 + 0.03 (<0.045)* 0.05 +0.02 (<0.020)* -0.01 £0.01 (<0.580)N
> 2000 0.06 + 0.11 (<0.622)N8 0.09 + 0.09 (<0.339)NS 0.30 £ 0.05 (<0.001)* 0.28 + 0.04 (<0.001)*
PY305 <2000 0.04 + 0.03 (<0.140)NS -0.002 £ 0.03 (<0.941)NS 0.01 £0.001 (<0.486)* -0.03 £ 0.01 (<0.002)*
> 2000 0.09 + 0.09 (<0.338)NS 0.08 + 0.09 (<0.367)N 0.29 +0.05 (<0.001)* 0.28 £ 0.04 (<0.001)*
Y305 <2000 0.07 £ 0.04 (<0.074)NS 0.002 + 0.04 (<0.958)NS 0.03 £ 0.01 (<0.088)NS -0.04 £ 0.01 (<0.067)NS
> 2000 0.11 £0.16 (<0.513)N8 0.08 £ 0.14 (<0.557)™ 0.36 + 0.07 (<0.001)* 0.37 £ 0.06 (<0.001)*
SY305 <2000 0.18 + 0.09 (<0.070)NS 0.001 +0.10 (<0.989)NS 0.03 +0.04 (<0.351)N -0.12 £ 0.03 (<0.002)*
> 2000 0.39 + 0.39 (<0.346)NS 0.36 +0.32 (<0.286)N 0.98 +0.15 (<0.001)* 0.94 +0.13 (<0.001)*
AT <2000 -1.71 £0.11 (<0.001)* -1.86 £0.11 (<0.001)* -1.24 £ 0.05 (<0.001)* -1.37 £0.05 (<0.001)*
> 2000 -5.72 £ 0.14 (<0.001)* -5.65 £ 0.14 (<0.001)* -6.27 £ 0.14 (<0.001)* -6.22 +0.15 (<0.001)*
Wa10 <2000 0.36 + 0.02 (<0.001)* 0.40 +0.02 (<0.001)* 0.28 +0.01 (<0.001)* 0.31 £0.01 (<0.001)*
> 2000 0.81 £0.02 (<0.001)* 0.80 £ 0.03 (<0.001)* 0.77 £ 0.04 (<0.001)* 0.77 £ 0.04 (<0.001)*
T <2000 0.67 £ 0.02 (<0.001)* 0.73 £0.02 (<0.001)* 0.52 £0.02 (<0.001)* 0.57 £0.02 (<0.001)*
> 2000 1.20 £ 0.04 (<0.001)* 1.20 £ 0.04 (<0.001)* 1.15 £0.07 (<0.001)* 1.16 £0.07 (<0.001)*
W450 <2000 0.71 £ 0.03 (<0.001)* 0.78 £ 0.03 (<0.001)* 0.55 £ 0.02 (<0.001)* 0.60 + 0.02 (<0.001)*
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> 2000 1.38 £ 0.04 (<0.001)* 1.37 £ 0.05 (<0.001)* 1.32 £0.07 (<0.001)* 1.32 £ 0.08 (<0.001)*
A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield; LY305 = 305-day lactose yield; SY305 = 305-day
total solids yield; AFC = age at first calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.
* Significant to 0.05. ¥ Not significant to 0.05.
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3.5. Discussion

The results obtained in this study illustrate the feasibility of using the ssGBLUP
approach for the genetic evaluations of Guzerd cattle, despite the still small number of
genotyped animals available. Comparisons between BLUP and ssGBLUP were based on
predictive abilities, bias, individual accuracies, rank correlations, and genetic trends. The most
important economic traits for the improvement of Guzera as dual-purpose breed were evaluated
in this study. Therefore, our study represents an important step towards the implementation of
genomic prediction for Guzera cattle in Brazil.

Although considered a dual-purpose breed in Brazil, the genetic evaluation of Guzera
cattle is carried out independently for milk and beef production. The existence of “double
proven” sires, i.e., sires genetically evaluated for dairy and beef traits (Bruneli et al., 2020),
allows the farmers to choose concomitantly for meat and milk production improvement.
Moreover, there is no genetic antagonism among dairy, growth and reproductive traits in
Guzera cattle as showed in previous studies (Brito et al., 2020; Carrara et al., 2022) and also on
this paper. Thus, it is possible to select for one purpose without loss in the others.

The inclusion of genomic information for variance components estimation and genetic
parameters for the studied population, did not cause large differences in comparison to estimates
obtained through pedigree-based model (Carrara et al., 2022). Considering the standard errors,
the heritability estimates do not differ between REML and ssGREML, however, comparing
only the absolute values, we found a small increase in the heritabilities estimates for the dairy
traits when using ssGREML.

The mean difference between relationship based on pedigree and on genomic in studied
population was low, which may explain the similarity between the estimates of heritability and
genetic correlations obtained from pedigree-based and genomic-based analyses. Misztal et al.

(2013) point out that the main reasons for the occurrence of differences between pedigree-based
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and genomic-based relationships are incomplete pedigree and pedigree mistakes. More than
90% of the animals included in the present study have both sire and dam known, and probably
few mistakes in pedigree of the genotyped animals, reflecting in small differences between
relationship based on pedigree and on genomic.

Veerkamp et al. (2011) and Kluska et al. (2018) reported that the use of SNP-based
relationships improved the precision of genetic parameters estimates (in terms of decrease of
standard error). In our study, we did not observe differences between the methodologies,
probably because of few genotyped animals were used in the analysis and we also used H matrix
which combines pedigree and genomic information.

Regarding the predictive ability, the highest difference between BLUP and ssGBLUP
was observed for SY305, wherein an increase of 0.07 was observed when using ssGBLUP
approach. It is important to mention that for SY305 higher proportion of the phenotyped
animals was also genotyped (40%) than in the other evaluated traits. Thus, it may be one
possible reason for the predictive ability increase. For remaining traits, similar predictive
abilities were observed between the approaches. Most probably the small number of genotyped
animals affected the predictive abilities in our study. Silva et al. (2016) reported that ssGBLUP
provided higher predictive abilities than traditional BLUP for residual feed intake and feed
conversion ratio in Nelore cattle, with difference of 96% and 3.5% respectively. However, these
authors used a small database with a higher proportion of genotyped animals, containing 9,551
animals in the pedigree, of which 896 animals were phenotyped and 788 animals were
genotyped. We have not been able to find any studies showing predictive ability of traditional
BLUP and ssGBLUP for dairy traits in Bos indicus cattle. In Bos taurus cattle, several studies
reported superior predictive ability of ssGBLUP for dairy cattle (Matilainen et al., 2018), beef
cattle (Lourenco et al., 2015; Mehrban et al., 2019), and dual-purpose cattle (Cesarani et al.,

2021).
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According to Goddard and Hayes (2009), the size of the training population is one of
the main factors that affect the accuracy of genomic prediction. Song et al. (2019) using
simulated pig data evaluated the effect of reference population sizes in the predictive abilities,
and the authors reported that when a smaller number of genotyped animals was included in the
analysis, the difference between traditional BLUP and ssGBLUP methods was minimal. In our
study, the number of genotyped animals is still low because of genomic prediction
implementation in Guzerd cattle in Brazil is at an early stage, and the training population
consisted mainly on females.

Only females were used in the reference population, which have fewer offspring than
the sires. In this way, increase in predictive abilities are expected as the size of the Guzera cattle
reference population continues to increase, especially if bulls are included. In addition, as
pointed for genetic parameters, the similarity between mean of relationship based on pedigree
and genomic relationship may also account for the lack of differences between the predictive
abilities of BLUP and ssGBLUP.

Differences between pedigree-based and genomic-based models were more evident
when individual accuracies were analyzed. In this case, an increase of up to 116% was observed
when using ssGBLUP. The milk production traits showed higher gains in accuracy than the
other traits evaluated, possibly because of the higher proportion of genotyped animals with
phenotypes for these traits.

The gain in accuracy was higher for young animals for most traits, as observed for other
authors (Lopes et al., 2018). Even with lower proportion of genotyped animals, the AFC and
growth traits presented a small gain in accuracy using ssGBLUP, when considering only
younger animals. This result further confirms the benefits of including genomic information
into the Guzerd genetic evaluation, especially for young animals. Increases in breeding values

accuracy resulting from the adoption of genomic evaluation would lead to greater genetic gains
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for the evaluated traits. Cesarani et al. (2021) evaluated 131,308 milkability phenotypes from
dual-purpose Italian Simmental cattle, including 9,526 genotyped animals (2,455 animals with
phenotype and genotype) under traditional BLUP and ssGBLUP, the authors reported 37%
higher individual accuracy in ssGBLUP. According to the authors, the main reason for the
greater accuracies with ssGBLUP than with traditional BLUP are smaller prediction error due
to larger amounts of information and more accurate relationships between individuals.

There are some possible reasons for the superiority of ssGBLUP in dairy traits compared
to AFC and growth traits in our study. Firstly, the dairy traits showed higher heritabilities (Table
2) and the accuracy is dependent on the additive variance and, consequently, on the heritability
of the trait (Hayes et al., 2009). There are more animals with genotype and phenotype for milk
production traits than for reproductive and growth traits. The milk production traits presented
from 19 to 42% of the animals with both phenotype and genotype. The AFC showed just over
1% of animals with both phenotype and genotype, and the growth traits (W210, W365, and
W450) showed less than 1% of animals with both phenotype and genotype. In addition, the
genotyped animals are predominantly from dairy and/or dual-purpose herds. The AFC and
growth traits were mostly measured in herds selected for meat production, and although there
is a genetic connection among the Guzerd herds (Peixoto et al., 2021), the genotyped animals
may not have caused substantial differences in the genetic evaluations by BLUP and ssGBLUP.

The bias was higher than 1.00 for almost all traits, with the exception of AFC, in both
BLUP and ssGBLUP approaches. Assuming b; values within 1.00 + 0.15 are acceptable
(Tsuruta et al., 2011) the traits MY305, FY305, LY305, SY305, and W210, were outside of the
acceptable range. The bias in genomic-based analyses may be affected by compatibility
between a pedigree-based relationship matrix (A) and a genomic relationship matrix (G).
Moreover, the way the bias is calculated can influence its interpretation. For example, Costa et

al. (2019) evaluated prediction bias for female reproductive traits in Nellore cattle and reported
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b, lower than 1.00 when GEB Vs were regressed on adjusted phenotypes. In turn, they reported
b, greater than 1.00 when the same GEBVs were regressed on EBVs. Therefore, the bias in
obtained in our study may have originated from the data and modeling themselves, since bias
was also observed in pedigree-based model. This argument is also supported by the fact that
the b, from pedigree-based and from genomic-based models was similar.

No relevant changes were observed for both sexes in the rank of animals for MY305,
AFC, W210, W365, and W450 and the rank correlations were higher than 0.80, indicating that
the use of BLUP or ssGBLUP did not influence the animals’ ranking. Therefore, similar
selection decisions for these traits would be taken based on the results of both approaches. On
the other hand, considering youngest animals, the rank correlations were lower than when
considering all animals, reaching 0.67. Even for growth traits, which have a smaller number of
genotyped animals, the correlations were lower than 0.76, indicating reranking of youngest
animals.

In breeding programs, it is expected that younger generations will excel if selection is
really taking place. However, young animals have less information, leading to less accurate
breeding values in pedigree-based evaluations. The genomic-based evaluation provides more
accurate breeding values than pedigree-based analysis, and may also cause differences in young
animals breeding values because genomic relationships create stronger ties than pedigree
relationships (Misztal et al., 2020). Consequently, the chance of reranking of younger animals
between pedigree-based and genomic-based models increases. For milk components (i.e.,
FY305, PY305, LY305, and SY305) the rank correlations were lower than the other evaluated
traits, mainly under lower proportion of selected animals, suggesting that reranking may occur
using genomic-based prediction. The dairy traits had fewer measurements and may present

greater differences between pedigree-based and genomic-based analyses.
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Genetic trends for dairy traits showed slightly lower average GEBVs than average
EBVs, but the pattern of genetic values across birth years was the same for both methods. For
the other traits, genetic trends were the same between methods. There is genetic improvement
for all traits and it is intensified in the years following 2000 for all traits, which is the year
wherein the first sire summaries was published (Bruneli et al., 2020; ANCP, 2022). For this
reason, we used segmented regression in 2000 to actually show genetic progress after selection
began. A negative trend for AFC was observed, as expected. It is noteworthy that AFC was
recently included in the summary of PNMGuL, and its negative genetic may be a correlated
response, since AFC shows a favorable negative genetic correlation with 305-day cumulative
milk yield (Brito et al., 2020; Carrara et al., 2022) which is the main target trait for selection.

Other studies for dairy traits and female reproductive traits report similar pattern for
EBVs and GEBVs by birth year (Masuda et al., 2018; Matilainen et al., 2018). Genomic
selection is not yet applied in the studied population, which may have caused the similarity of
genetic trends between pedigree-based and genomic-based methods.

In the present study, the feasibility of using ssGBLUP approach for productive and
reproductive traits of Guzerd cattle were evaluated considering a small number of genotyped
animals and a small database. The ssGBLUP provided higher individual accuracies (individual
EBYV or GEBV accuracy) for all traits evaluated, mainly for dairy traits. However, this gain was
not as large for AFC and growth traits. Predictive abilities were similar between approaches
and bias also was similar and was observed in both approaches, suggesting it did not originate
from genomic-based evaluations. Genetic trends were not affected by the inclusion of genomic

information and showed the same behavior for all traits.
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3.6. Conclusion

This study, even based on a small number of genotyped animals and a small database
for some traits, provided interesting insights about the use and future application of single-step
genomic BLUP in the Brazilian Guzerd cattle. The results suggest that the single-step genomic
BLUP is feasible and may be applied to national genetic evaluations for reproductive, dairy and
growth traits in Guzer4 cattle to increase the accuracy of breeding values. However, the number
of genotyped animals has not yet been sufficient to influence genetic evaluation in terms of

predictive ability and bias.
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3.9. Supplementary material

3.9.1. Supplementary Tables

Supplementary Table 1. Estimates of variance components and their standard errors (within
parentheses) for 305-day milk yield, 305-day milk components, growth traits, and reproductive

traits studied in Guzerd cattle obtained by genomic-based single-trait analyses

Traits® o2 o2, Cinp o2

MY305  179,720.00 (20,505.00) - - 325,780.00 (15,225.00)
FY305 226.05 (52.80) - - 697.26 (45.49)
PY305 156.57 (32.30) - - 335.12 (25.58)
LY305 278.25 (56.97) - - 551.62 (44.62)
SY305 2,621.30 (537.30) - - 4,136.50 (408.47)
AFC 5,882.20 (264.39) - - 23,620.00 (222.36)
W210 110.15 (5.69) 20.59 (2.63) 69.90 (3.08) 49291 (4.18)
W365 307.76 (12.50) - - 949.95 (9.63)
w450 365.12 (15.03) - - 1,191.10 (11.73)

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight; 62 = additive
genetic variance; 02, = maternal genetic variance; anp = maternal permanent environmental

variance; 62 = residual variance.
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CHAPTER 4

Inferences about inbreeding using runs of homozygosity of Guzera dual-purpose cattle
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4.1. Abstract

Inbreeding coefficients have traditionally been determined using pedigree information. With
the availability of genetic marker information, inbreeding coefficients can be more accurately
determined by runs of homozygosity (ROH). Our aim was to obtain inbreeding coefficients for
a population of Guzerd cattle by runs of homozygosity and to compare these coefficients with
pedigree-based inbreeding coefficients. In addition, we aimed to evaluate the presence of
inbreeding depression for reproductive, dairy and growth traits in the population. Genotype data
of 44,284 SNPs were available for 1,733 Guzera cattle that were part of a much larger data set
of pedigree entries (433,823 animals). Inbreeding was measured using pedigree data Fpep and
runs of homozygosity Fron. In addition, inbreeding coefficients were calculated based on the
genomic relationship matrix and based on the relation between the observed and expected
number of homozygous genotypes. Inbreeding depression was assessed by phenotypes: 305-
day first-lactation cumulative yields of milk, fat, protein, lactose, and total solids; age at first
calving in days; and adjusted body weight at the ages of 210 days, 365 and 450 days. ROH were
identified in all animals, totaling 16,379 homozygous segments, with an average number of
9.45 + 4.21 segments and a mean length of 6.76 £ 7.12 Mb. BTAG6 had the highest number of
ROH and the highest numbers of animals with ROH (1,563 and 1,063, respectively). The
average Fpep was 0.007 £ 0.022 and the average Fron was 0.023 £ 0.0003, low values compared
to other cattle breeds. Low correlation was observed between Fpep and Fron (0.31). Fpep also
showed low correlations with alternatives genomic-based methods (0.31 to 0.36). Frou
presented low-to-moderate correlations with alternative genomic-based methods (0.43 to 0.78).
No inbreeding depression was observed in the reproductive, dairy and growth traits evaluated.
The Guzera cattle population studied has maintained a lower level of inbreeding than other

cattle breeds, and still no significant effects of inbreeding level on dairy and beef cattle traits.
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4.2. Introduction

The mating of individuals related by descent leads to inbreeding. Two individuals that
share a common ancestor can have the essential consequence of carrying replicates of the same
allele came from that ancestor, increasing the chance to pass those replicates to their offspring
if they mate. Thus, inbred animals can carry two alleles at a locus that are replicates of the same
allele from an earlier generation (Falconer and Mackay, 1996). High inbreeding rates can
increase the occurrence of homozygosis for deleterious recessive alleles and reduce genetic
variability in the population (Charlesworth and Willis, 2009). It is highlighted that genetic
variability is key to the success of any animal breeding program, and in this context, controlling
inbreeding levels is important to avoid unfavorable effects on traits as a result of inbreeding
depression.

Defined as a reduction in the mean of a population for a quantitative trait, inbreeding
depression has long been known in the plant and animal populations (Charlesworth, 2006;
Leroy, 2014). For decades, inbreeding in cattle has been and continues to be evaluated using
pedigree information (Miglior et al., 1992; Peixoto et al., 2010; Pereira et al., 2016; Carrara et
al., 2020), based on statistical probability expectations that two alleles are identical by descent
(IBD).

With the availability of genome sequencing technologies, there are further opportunities
to understand the genetic basis of inbreeding depression (Ferencakovi¢ et al., 2017). For
example, genetic markers of type single-nucleotide polymorphism (SNP) can be used to
calculate a genomic relationship matrix (G) among individuals, where the expected value of a
diagonal element of G is 1 + F, where F is equal to the inbreeding coefficient of the animal

(VanRaden, 2008; Hayes et al., 2009; Yang et al., 2010). This genomic estimate measures
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realized inbreeding, which can vary between animals with the same pedigree, i.e., full siblings
(Pryce et al., 2014). In addition to inbreeding coefficients based on the G matrix, the relation of
the observed and expected number of homozygous genotypes is another example of genomic
measure that can be used to estimate the degree of inbreeding across the genome (Purcell et al.,
2007).

One limitation of the measures cited above is that they do not distinguish between IBD
and identity by state (IBS). In this sense, an alternative are the runs of homozygosity (ROH),
defined as continuous homozygous segments of DNA sequence (Gibson et al., 2006), which
have been widely used in studies of inbreeding and inbreeding depression in cattle (Fonseca et
al., 2016; Ferencakovi¢ et al., 2017; Peripolli et al., 2018; Mulim et al., 2022). When parents
have a common ancestor and pass shared chromosomal segments on to their progeny,
autozygosity occurs. Given high correlation of ROHs with autozygosity (0.70) (McQuillan et
al., 2008), they have been used to quantify autozygosity with high accuracy (Keller et al., 2011;
Marras et al., 2015), i.e., ROH can be used to identify the location of specific regions of the
genome that are IBD (Peripolli et al., 2017). Bjelland et al. (2013) evaluated inbreeding in
Holstein cattle using ROH and other genomic inbreeding coefficient estimators and concluded
that only ROH can distinguish between IBD and IBS markers.

The Brazilian population of Guzer4 cattle evolved from breeds originated from a small
number of animals imported from India at the end of the 19th century and spread to Brazil,
where they were able to adapt to different environmental conditions, especially harsh ones. The
breed remained predominant in cattle breeding until the 1930s, but the population declined until
the middle of the last century due to its extensive use in crossbreeding programs (Fonseca et
al., 2016; Santana et al., 2020; Peixoto et al., 2021). Currently, this breed represents the third

largest purebred indicine breed and one of the most productive among Zebu breeds in Brazil.
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The Brazilian population of Guzerd animals has genetic variability that allows them to
be used in both beef and dairy herds, and also in both purposes (Peixoto et al., 2021), since
animals are naturally dual-purpose and there is no genetic antagonism between dairy and beef
traits (Brito et al., 2020; Carrara et al., 2022). Thus, they represent an important genetic resource
for Brazilian livestock production and controlling the level of inbreeding in herds is therefore
crucial. Studies evaluating inbreeding in the Guzerd animal population have previously been
conducted using pedigree-based inference (Peixoto et al., 2010; Pereira et al., 2016) and more
recently using SNPs markers (Fonseca et al., 2016). However, there are no reports of studies in
the breed evaluating inbreeding depression using genomic information.

Our aims with this study were to use pedigree and phenotypic data from a Guzer4 cattle
population, which a subpopulation is genotyped for SNP markers, to: i) Assess autozygosity
using runs of homozygosity; ii) estimate pedigree-based and genomic-based inbreeding
coefficients for population; iii) estimate the inbreeding depression for dairy and beef traits using
inbreeding coefficients based on runs of homozygosity and based on pedigree data; iii) compare

these estimates.

4.3. Material and methods

4.3.1. Data source and statement of animal rights

The data used in this study were provided by Zebu Breeds Genealogical Registry
Service (SRGRZ) of the Brazilian Association of Zebu Cattle (ABCZ), and by the National
Program for the Improvement of Guzera for Dairy Purpose (PNMGuL), coordinated jointly by
Embrapa Dairy Cattle and the Brazilian Center for the Genetic Improvement of Guzera
(CBMG?). Thus, approval of the animal care and use committee was not needed because this

research used existing datasets historically collected by the animal breeding program.
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4.3.2. Genotypes

A total of 973 cows were genotyped with the Illumina BovineSNP50 v2 BeadChip
(Illumina, Inc. San Diego, California), containing 54,609 SNPs; 50 bulls with the I[llumina
BovineHD BeadChip (Illumina, Inc. San Diego, California), containing 777,962 SNPs; and 820
cows and five bulls with the GeneSeek Genomic Profiler indicus chip (GGP indicus; Neogen
Corp., Lansing, MI), containing 54,791 SNPs, totaling 1,848 animals genotyped.

The common SNPs between the BovineSNP50 and the GGP indicus chips were 9,636,
and between BovineHD and the GGP indicus chips were 48,903. The missing genotypes were
imputed to GGP indicus panel using the Fimpute version 3 (Sargolzaei et al., 2014). The GGP
indicus is a panel built specifically for Bos indicus cattle, with the selection of SNPs with higher
MAF in Zebu cattle populations and designed to optimize equidistant spacing of markers
(Aliloo et al., 2018). For this reason, it was prioritized as the reference panel in an imputation
analysis to use all genotypic information available. The imputation accuracy, taken as Spearman
correlation coefficient between imputed and true SNPs, was higher than 0.94, in accordance
with the results presented by Carrara et al. in previous chapter (unpublished; > 0.91) using the
same population and fewer animals genotyped.

Prior imputation, only autosomal SNPs with call rate higher than 0.95 have been kept.
In addition, samples also were edited for call rate (<0.95), parent-progeny pairs were tested for
Mendelian conflicts, and samples with inconsistent identification were excluded. After
imputation, a total of 1,733 animals and 50,641 SNPs were retained for the analyses. These
genotype data were used only for ROH inferences. For the remaining analyses, the minor
frequency allele (MAF < 0.02) and Hardy-Weinberg equilibrium (estimated as the difference
between expected and observed frequency of heterozygous > 0.15) parameters were also used

to filter out SNPs, remaining 1,733 animals (1,694 cows and 39 bulls) and 44,284 SNPs.
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4.3.3. Runs of homozygosity

The PLINK version 1.07 software (Purcell et al., 2007) was used for the ROH
identification based on the following criteria: (i) up to one heterozygous genotype and a
maximum of five SNPs with missing genotypes were allowed in a ROH; (ii) the proportion of
homozygous overlapping windows was 0.05; (iii) the maximum gap between consecutive
homozygous SNPs was 500 kb; (iv) the minimum length of a ROH was set to 500 kb; (v) the
minimum number of consecutive SNPs included in a ROH was 30; (vi) a density of one SNP
per 50 kb; and (vii) a sliding window of 50 SNPs across the genome. There is no consensus on
the definition of the parameters for measuring ROH. Therefore, in this study, ROH parameters
were defined according to recent studies in cattle, mainly Zebu (Fonseca et al., 2016; Peripolli
et al., 2018; Meyermans et al., 2020; Mulim et al., 2022). ROH were also classified into five
length classes: <2, 2—4, 4-8, 8-16, and >16 Mb, identified as ROH<mb, ROH2-4mb, ROH4-gmb,
ROHs 16mb, and ROHs 16mb, respectively.

Inbreeding coefficients based on ROH (Fron) were estimated for each animal as the
proportion of genome in ROH over the overall length of the autosomal genome covered by the

involved SNPs (McQuillan et al., 2008):

Yiz1 L

__ 4i=1 “ROH;
Fron = T
total

where Lgop; is the ROH length of individual i, and Lo is the total length of the autosomal
chromosomes (2,487,768,066 bp). Still, for each class of ROH (Fron<2mb, Fron2-4mb, FRoH4-8Mb,
Fromns-16Mb, FRons16Mpb), inbreeding coefficient estimates were made dividing the total sum of
ROH segments by the total length of the cattle autosomal genome. All Fron coefficients were
calculated using the functions Froh_inbreeding and Froh_inbreedingClass from the R package

detectRUNS version 0.9.6 (https://r-project.org; Biscarini et al., 2019).
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4.3.4. Pedigree

The pedigree included 433,823 animals (121,497 dams and 7,200 sires) spanning up to
14 overlapping generations. Animals with both known sire and dam made up 77.47% of the
pedigree, 4.10% had only sire known, 15.68% only dam known, and 2.75% had both sire and
dam unknown.

The classical inbreeding coefficient based on all information in the pedigree (Fpep_ruLL)
were estimated for each animal using the function pedinbreeding from the R package optiSel
version 2.0.5 (https://r-project.org; Wellmann, 2021). The Fpep rurr was defined as the
pedigree-based probability that two alleles at a random locus in an individual were IBD
(Falconer and Mackay, 1996). Fpep_ruLL was presented in the descriptive statistics, but only the
pedigree-based inbreeding coefficients of the genotyped animals (Fpgp) was used for

comparison with Fron.

4.3.5. Alternative inbreeding coefficients estimation methods

Three alternative estimates of genomic inbreeding coefficients were also estimated:

1) Fgi: inbreeding coefficient based on genotype additive variance, computed from the
diagonal elements minus 1 of the genomic relationship matrix obtained according to

VanRaden’s method 1 (VanRaden, 2008), as follows:

I Zita(xi —2p)?
G2y p-p)

where x; is the number of reference allele copies for SNP i; p; is the reference allele frequency
in the population, and n is the number of SNP.

ii) Fgo: inbreeding coefficient based on the correlation between uniting gametes,
computed from the diagonal elements minus 1 of the genomic relationship matrix obtained

according to Yang (Yang et al., 2010), as follows:
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1 znxiz — (1 + 2pyx; + 2p?
n 1 2pi(1 —py)

Fgo =
where X;, pi, and n are as for Gy. The relationship matrix Gz is similar to Gy, but G2 gives more
weight to homozygotes for the minor allele than to homozygotes for the major allele and it has
a lower sampling variance than the G; because it accounts for the sampling error associated
with each SNP (Yang et al., 2010).

ii1) Fyom: inbreeding coefficient based on the homozygous genotypes observed and

expected (Purcell et al., 2007), as follows:

F _ Hexp - Hobs
HOM =~ —— Hexp

where Hexp is the expected value for homozygous genotypes, Hops is the observed value for the

homozygous genotypes and L is the number of non-missing autosomal SNPs.

4.3.6. Correlation among inbreeding coefficients estimation methods

After evaluation of data distributions (Supplementary Figure 1) with the Shapiro-Wilk
test, Spearman rank correlation was used to assess relationships among inbreeding coefficients.
Correlations may be overestimated by using Pearson’s correlation, less adequate for non-
normal distributions (Gurgul et al., 2016). Since ROH of different length can have different
capability to be autozygous, the correlations were also calculated considering ROH classes. A

heatmap was created for better visualization of the results.

4.3.7. Phenotypes
The phenotypic data comprised 197,283 measurements of productive and reproductive
traits from Guzera males and females born between 1954 and 2018. The available phenotypes

were: 305-day first-lactation cumulative yields (kg) of milk (MY305), fat (FY305), protein
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(PY305), lactose (LY305), and total solids (SY305); age at first calving in days (AFC); and
adjusted body weight (kg) at the ages of 210 days (W210), 365 (W365) and 450 (W450) days.

The descriptive statistics of the traits are shown in Table 1.

Table 1. Number of animals with record (and genotyped) (N), mean and standard deviation

(SD), minimum (Min) and maximum (Max) included in the analyses of each trait

Traits® N Mean + SD Min Max

MY305 (kg) 5,229 (987) 1991.17 £ 980.90 105.00 6487.00
FY305 (kg) 1,853 (627) 82.82 £ 37.06 6.00 281.17
PY305 (kg) 1,543 (636) 62.08 £27.16 4.00 232.00
LY305 (kg) 1,457 (603) 77.50 +34.15 5.00 226.00
SY305 (kg) 1,228 (518) 227.02 £ 96.30 13.00 722.00
AFC (days) 83,244 (1,044) 1251.50 +£208.84 671.00 1680.00
w210 (kg) 122,684 (630) 173.70 £ 39.92 50.00 300.00
W365 (kg) 88,065 (591) 227.41 £53.36 67.00 414.00
W450 (kg) 88,456 (591) 275.75 £ 58.58 102.27 499.00

A MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids yield; AFC = age at first calving;
W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.

The single-step genomic best linear unbiased prediction (ssGBLUP) method was
applied, using the following single-trait mixed linear model:
y=Xb+Zia+Z,m+Zz;mp +e
where y is the vector of phenotypes; b is the vector of fixed effects of a contemporary group
and covariate; a is the vector of random additive direct genetic effects, with a~N(0, Hcg); m
is the vector of random maternal genetic effects, with m~N(0, Ho3)); mp is the vector of

random maternal permanent environmental effects, with mp~N(0, lcrznp); Z4, Z, and Z3 are

incidence matrices related to the a, m and mp to y, respectively; and e is the residual vector,
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with e~N(0,I02). On the assumptions, 03, 0f,, Omp and o3 are the additive direct genetic,
maternal genetic, maternal permanent environmental and residual variance components,
respectively; H is a matrix that combines pedigree and genomic information; and I is an identity
matrix. The maternal effects (genetic and permanent environment) were assumed only for
W210.

Contemporary groups (CGs) for MY305, FY305, PY305, LY305, and SY305 were
formed by combining herd, year, and season of calving, and age at calving was considered as a
linear covariate. For AFC, W210, W365, and W450, the CGs were a combination of herd, year,
and season of birth. In addition, for growth traits, sex was also included in the CG, and the age
of dams at calving was considered as a linear covariate. Both calving and birth seasons were
defined as dry (April to September) or rainy (October to March). Data from CG with fewer than

three records and with only one sire as parent were excluded.

4.3.8. Inbreeding depression

The Fpep and Fron were used to access inbreeding depression in the evaluated traits.
Due to the small number of animals with both phenotype and genotype, it was decided not to
use inbreeding coefficients as a covariate in the animal model. Thus, inbreeding depression was
estimated by linear regression of corrected phenotypes on inbreeding coefficients, for each
inbreeding estimation method. The corrected phenotypes for each trait and animal were
calculated as the sum of the breeding value and the residual.

The regression equation was:

Vi = u+b(x —X) + e

where y; is the corrected phenotype of the animal i; p is the intercept; b is the slope associated
with the inbreeding coefficient (inbreeding depression); x; is the inbreeding coefficient of the

animal i; X is the average inbreeding coefficient; and e; is the residual, with e;~N(0, 62).
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4.4. Results
4.4.1. Runs of homozygosity
ROH were identified in all 1,733 individuals, totaling 16,379 homozygous segments

distributed on 29 autosomal chromosomes. A summary of the ROH measurements is shown in

Table 2.

Table 2. Summary of the runs of homozygosity (ROH) measurements

ROH measurement Mean + SD?* Min? Max?*
Number of ROH by individual 9.45+4.21 1.00 31.00
Number of SNP in a ROH 152.00 £ 148.00  30.00  2,608.00
Number of ROH by chromosome 565.00 +£293.00 203.00 1,563.00
Average general length of ROH (Mb) 6.76 +7.12 0.50 128.97
Average length of ROH among chromosomes (Mb) 6.01 +0.82 4.30 7.04

4 SD=standard deviation; Min=minimum; Max=maximum.

BTA29 had the lowest number of ROH (203) and BTAS and BTAG6 had the highest
number of ROH (1,387 and 1,563, respectively). BTAS and BTAG6 also showed higher numbers
of animals with ROH: 991 animals with ROH on BTAS, and 1,063 animals with ROH on
BTAG.

Regarding ROH classes, class ROH<mp presented 2,828 ROHs, with an average length
of 0.75 Mb. Class ROH2 4mb» showed the highest number of ROHs, being 5,441 ROHs with an
average length of 2.92 Mb. Classes ROH4 gmp» and ROHg-16mb showed 4,391 and 2,586 ROHs
respectively, with average lengths equal to 5.64 and 11.11 Mb respectively. The last class,
ROHs 16mb, showed 1,133 ROHs with average length of 25.80 Mb. The number of ROH by
chromosome and class, as well as the average ROH length by chromosome and class can better

visualized in Figure 1.



84

A B
1500 30 5
g
= 4000 20 a2
o ']
= 1000 20 =
QE/ O
= jac.
2 T
g 500 10 2000 03
Z. =
I || LA A

0 0 0
9 11 13 15 17 19 21 23: 25 27 .29 2-4 8-16 >16
Chromosome Class
I Number of ROH ~ ® ROH length

Figure 1. Number of ROH (principal axis; bar) and average ROH length (secondary axis; point)
by (A) chromosome, and (B) ROH classes.

4.4.2. Pedigree and ROH inbreeding coefficients

Descriptive statistics for Fpep rurL, Fpep, Fron, and classes of Fron coefficients are

presented in Table 3.

Table 3. General descriptive statistics of the pedigree-based inbreeding coefficients considering
full pedigree (Fpep_rurL) and only for genotyped animals (Fpep), and inbreeding coefficients
based on runs of homozygosity total (Fron) and of different lengths (Fron<2mb, FrRom2-4Mb, FROH4-

8Mb, FrRoHS-16Mb, and FROH>16Mb) for genotyped animals (N)

Inbreeding coefficients

N Mean + SD Median  Min? Max?

estimation method
Fpep_ruLL 433,823  0.007 £0.025 0.000 0.000 0.406
Fpep 1,733 0.007 £0.022 0.000 0.000 0.289
Fron 1,733 0.023 £0.0003  0.019 0.0003 0.144
Fron<amb 1,733 0.023 £0.0003  0.019 0.0003 0.144
From2-4 Mb 1,730 0.023 +0.001 0.018 0.001 0.143
Froma4-s Mb 1,672 0.020 £ 0.017 0.015 0.002 0.135
Froms-16 Mb 1,388 0.017 £0.016 0.012 0.003 0.124
Froms16 Mb 700 0.017 £0.014 0.011 0.006 0.095

2 SD=standard deviation; Min=minimum; Max=maximum.
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The average of Frep_ruLL was 0.007 £ 0.025. Of the 1,733 genotyped animals, 93% had
complete parentage information (sire and dam), in 5.94% only the dam was known, in 0.17%
only the sire was known, and in 0.75% both the sire and dam were unknown, and the average
Fpep was 0.007 + 0.022. Furthermore, 1,351 animals had an Fpep of zero, and of these, 91%
had complete parentage information and only 0.96% had no sire and/or dam information. The
1,351 genotyped animals with Fpep equal to zero had an average Fron of 0.021 +0.015, ranging
from 0.0003 to 0.128. Considering all 1,733 genotyped animals, the average FROH was 0.023
+0.0003.

Estimates of inbreeding coefficients by known year of birth are shown in Table 4. Most
of the animals were born after 2000. The mean values for Fpep_rurL, Fpep, and Fron were higher
in the younger animals, i.e., those born after 2010. In addition, there were 330,441 (77.5%) and
1,364 (78.3%) individuals with Fpep rurr and Fpep equal to zero, respectively, and there was
no Fron equal to zero (Table 5). The second most frequent class of inbreeding coefficient ranged
from O to 0.01 for both Fpep rurr and Fpep and from 0.01 to 0.02 for Fron. The number of
individuals decreased with increasing inbreeding coefficient class, with only 1.7, 1.4, and 0.5%

of individuals with Fpep_rurt, Fpep, and Fron, higher than 0.10, respectively.
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Table 4. Number of individuals (N), mean, standard deviation (SD), median, minimum (Min)
and maximum (Max) inbreeding coefficients according to birth year period (Period) by
inbreeding coefficients estimation method (F)
Period F? N Mean + SD Median Min Max
Frep_FuLL 7,622 0.002 £0.019 0.000 0.000  0.250

<1979 Frep 0 - - - _
Frou 0 - - - -
Frep FuLL 16,101 0.002 £ 0.022 0.000 0.000 0.250

1980 - 1989 Frep 1 0.000 = 0.000 0.000 0.000  0.000
Fron 1 0.028 - - -
Frep_FuLL 39,245 0.002 +0.017 0.000 0.000  0.375

1990 - 1999 Frep 84 0.000 = 0.000 0.000 0.000  0.000
Fron 84 0.016 +£0.013 0.012 0.001  0.059
Frep_FuLL 174,153 0.004 +0.021 0.000 0.000  0.375

2000 - 2009 Frep 946 0.003 £0.011 0.000 0.000  0.125
Fron 946 0.021 £ 0.017 0.017 0.000  0.144

Fpep_FuLL 189,443 0.011 £0.029 0.000 0.000  0.406
>2010 Frep 712 0.014 £ 0.032 0.000 0.000  0.289
Fron 712 0.027 £0.019 0.022 0.000  0.132

* Fpep_ruLL = pedigree-based inbreeding coefficients for full pedigree; Fpep = pedigree-based
inbreeding coefficients for genotyped animals; Fron = inbreeding coefficients based on runs of

homozygosity.
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Table 5. Number (N) and percentage (%) of individuals, mean, standard deviation (SD),
median, minimum (Min) and maximum (Max) inbreeding coefficients according to inbreeding
coefficient class (F class) by inbreeding coefficients estimation method (F)
F class F? N %0 Mean +SD Median Min Max
Frep_rurr 330,411  77.5 0.000 £0.000  0.000 0.000  0.000

F=0 Frep 1,364  78.3 0.000 £0.000  0.000 0.000  0.000
Fron 0 - - - - -
Fpep ruLe 42,977  10.1  0.004 £0.003  0.003  0.0000 0.010
0<F<0.01 Fpep 119 6.8 0.003+0.003 0.002 0.0000 0.010
Fron 322 18.5 0.006 £0.002 0.007 0.0003 0.010
Fpep ruLL 15,575 3.7 0.016 £0.002 0.016 0.010  0.020
0.0l <F<0.02 Frep 64 3.7 0.015+£0.002 0.016 0.10  0.020
Fron 622 357 0.015+0.003 0.015 0.10  0.020
Fpep_ruLL 17,083 4.0 0.031+£0.004 0.031 0.020  0.040
0.02<F<0.04 Frep 107 6.1 0.031 £0.003 0.031 0.023  0.040
Fron 582 33.4 0.028 £0.005 0.027 0.20  0.040
Fpep ru 2,811 0.7 0.047£0.004 0.047 0.040  0.060
0.04 <F<0.06 Fpep 13 0.7 0.049 £0.004 0.047 0.040  0.055
Fron 134 7.7 0.048 £0.006  0.047 0.40  0.059
Fpep o 10,330 2.4 0.067 £0.008  0.063 0.060  0.100
0.06 <F<0.10 Frep 51 29 0.066 +£0.008 0.063 0.063  0.094
Fron 74 42 0074 +£0.010 0.072 0.60  0.098
Fpep_ruLL 5,650 1.3  0.131+£0.014 0.125 0.100  0.199
0.10<F<0.20 Frep 23 1.3 0.135+£0.019 0.126 0.102  0.192
Fron 9 0.5 0.122+£0.011 0.116 0.110 0.144
Fpep_FuLL 1,716 04 0.254+£0.015 0.25 0.202  0.406
F>0.20 Frep 2 0.1 0.270+0.028 0.270 0.250  0.289

Fron 0 - - - : :

* Fpep_ruLL = pedigree-based inbreeding coefficients for full pedigree; Fpep = pedigree-based
inbreeding coefficients for genotyped animals; Fron = inbreeding coefficients based on runs of

homozygosity.
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4.4.3. Correlation among inbreeding coefficients estimate methods
Low correlation was observed between Fpep and Fron (0.31) and between Frep and Frou
in different classes (0.28 to 0.32) (Figure 2). In addition, Fpgp also showed low correlations with
Fgi (0.31), Fa2 (0.34), and Fuom (0.36). When Fron was compared with Fgi and Fg, the
correlations were slightly higher but still low-to-moderate (0.43 and 0.49, respectively). The
correlation between Fron and Fuom was high (0.78) and decreased with ROH length. All
correlations were significant (p<0.001) and the full Spearman correlation matrix of the

inbreeding coefficients can be found in Supplementary Table 1.
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Figure 2. Spearman correlation among inbreeding estimation methods.

4.4.4. Inbreeding depression

Linear regression of corrected phenotypes on Fpep and Fron by trait can be visualized
in Figure 3. For better visualization, the regression coefficients associated with inbreeding
depression (b) are described in Table 6. All inbreeding coefficients showed no significant effect

(p-value>0.05) on the traits evaluated.
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Figure 3. Linear regression of corrected phenotypes on pedigree-based (Fpep) and based in runs of homozygosity (Fron) inbreeding coefficients by
trait (MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield; LY305 = 305-day lactose yield; SY305 = 305-day
total solids224 yield; AFC = age at first calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight).
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Table 6. Effects of the increase in pedigree-based (Fpep) and based on runs of homozygosity

(Fron) inbreeding coefficients on the evaluated traits

Inbreeding coefficients
Trait? b® (SE) p-value
estimation method

Frep 5.65 (15.10) 0.724
MY305

Fron -5.25(12.72) 0.680

Frep -0.11 (0.90) 0.898
FY305

Fron -0.68 (0.70) 0.329

Frep 0.26 (0.75) 0.727
PY305

Fron -0.40 (0.54) 0.455

Frep 0.19 (0.94) 0.842
LY305

Fron -0.46 (0.71) 0.513

Frep -0.43 (2.61) 0.868
SY305

Fron -3.10 (2.04) 0.130

Frep -4.37 (2.91) 0.133
AFC

Fron 1.30 (2.76) 0.637

Frep -0.36 (0.45) 0.426
W210

Fron -0.46 (0.46) 0.314

Frep -0.56 (0.68) 0.411
W365

Fron -0.65 (0.70) 0.351

FreD -0.40 (0.77) 0.599
W450

Fron -0.51 (0.79) 0.522

¥ MY305 = 305-day milk yield; FY305 = 305-day fat yield; PY305 = 305-day protein yield;
LY305 = 305-day lactose yield; SY305 = 305-day total solids224 yield; AFC = age at first
calving; W210 = 210-day weight; W365 = 365-day weight; W450 = 450-day weight.

® Slope associated with the inbreeding coefficient (inbreeding depression).

* Significant to 0.05%.

4.5. Discussion
In this study, we mainly aimed to analyze the inbreeding coefficient estimates derived

from the ROH for the Brazilian population of Guzer4 cattle and their impact on economically
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important traits of this breed. In addition, pedigree-based inbreeding coefficients and three other
measures of genomic inbreeding coefficients were obtained to compare the estimates.

We present ROH classified into five length classes (ROH<mb, ROH2-4mb, ROH4-gmb,
ROHg-16mb, and ROHs16mp). Although Purfield et al. (2012) reported that the Bovine SNP50
fails to detect ROH < 1Mb, we chose to present results for all five ROH classes because this is
an initial study involving ROH including Guzerd animals genotyped with the GGP indicus
panel and using imputed data for this panel. In this way, we want evaluate the results under
these conditions.

The greatest number of ROH per chromosome was described on BTAS and BTAG6,
coinciding with the results observed in other indicine breeds such Gyr (BTAS; Peripolli et al.,
2018) and Nellore (BTAS5 and BTA6; Mulim et al., 2022). Studies in taurine breeds (Gurgul et
al., 2016; Mastrangelo et al., 2016; Caivio-Nasner et al., 2021) have showed the highest number
of ROH on BTAI. In our study, there was no relationship between the number of ROHs with
chromosome length, as pointed out by Caivio-Nasner et al. (2021) and Mastrangelo et al. (2016)
where the number of ROHs tended to decrease with chromosome length.

Several studies in cattle have reported the influence of genes on BTAS5 and BTA6 on
milk production and its components such as fat, protein and lactose (Freyer et al., 2002;
Schopen et al., 2011; Tung et al., 2019; Paiva et al., 2020; Bohlouli et al., 2022). Milk yield is
the main trait under selection (Bruneli et al., 2020) in the subpopulation of genotyped animals
included in our study and this trait shows a high genetic correlation with milk components such
as fat and protein (Carrara et al., 2022). One of the effects of selection is the increased frequency
of favorable alleles in important genes and the possibility of homozygosity. Thus, selection for
milk production may be one of the reasons for a higher number of ROH in BTAS and BTAG6 in

the population analyzed.
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The longest ROH was found on BTA1 with 128.97 Mb, however, results in Cinisara
taurine cattle (Mastrangelo et al., 2016) and Gyr indicine cattle (Peripolli et al., 2018) have
reported the longest on BTA8 (112.65 and 108.97 Mb, respectively). The majority of ROHs
were classified as 2-4 Mb, representing 33% of all ROHs found, corroborating what has been
reported for the Gyr, Brahman, and Nellore indicine breeds, as well as for other taurine breeds,
such as Angus, Hereford, Holstein, and Jersey (Mulim et al., 2022). Probably ROH>.4 were
formed in older generations, considering that the recombination events that take place in each
generation split the homozygous segments into smaller haploblocks, as also pointed out by
Mulim et al. (2022). However, there was not a large discrepancy in the number of ROHs for
classes 2-4 compared to classes less than 16Mb in length. Furthermore, only 7% of the ROHs
are longer than 16Mb, suggesting that recent recombination events are rarer in this population.
It is important to emphasize that there is great variability in the literature regarding the
parameters used to identify ROH and that each population has its own characteristics.
Therefore, comparison between studies must be interpreted cautiously, as reinforced by
Fonseca et al. (2016), Mulim et al. (2022) and Peripolli et al. (2017).

The Frep_rurr and Fpep found can be considered to be low when compared to inbreeding
coefficients reported in previous studies in Guzera breed (Pereira et al., 2016), in indicine Gyr
cattle (Santana et al., 2014; Peripolli et al., 2018) and taurine breeds (Zhang et al., 2015;
Dadousis et al., 2022). An interesting result emerged when comparing our results with the study
of Peixoto et al. (2010). These authors used a subpopulation of Guzerd animals selected for
milk and born by 2007 and found a mean pedigree-based inbreeding coefficient of 0.009 with
the majority of inbred animals with inbreeding coefficient equal to or less than 0.01. More than
10 years later, we found similar results for Fpep, including inbreeding coefficients by year of
birth. This fact shows that the breeders are careful to avoid mating between related individuals.

We used Fpep for comparison because although beef, milk and dual-purpose populations are
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closely connected (Peixoto et al., 2021), the genotyped animals are mostly part of herds that
select for milk or dual-purpose.

Although many animals with Fpep equal to zero have known parents (93%), the depth
of the pedigree of these animals directly affects their inbreeding coefficients. If the pedigree is
unable to link the parents to at least one common ancestor, the inbreeding coefficient of the
animal may be underestimated or even zero. In this sense, all individuals whose Fpep was zero
had some level of Fron, and the average Fron was slightly higher than the average Fpep. The
variation between these two estimates can be attributed to the fact that pedigree-based
inbreeding coefficient is an expected measure, i.e., a probabilistic measure of the proportion of
the genome that is in autozygosity. However, this expectation does not capture recombination
events, making ROHs superior in this regard (Keller et al., 2011; Curik et al., 2014).

Moreover, according to (Falconer and Mackay, 1996), the inbreeding coefficient
compares the degree of relationship between individuals now, with the degree of relationship
between individuals in the base population, i.e., it expresses how much dispersive process has
occurred from the base population. Thus, the base population is directly related to the
determination of the inbreeding coefficients, which could also explain the differences between
the Fpep and Fron estimates.

Fron values were lower than those reported for Gyr cattle (Peripolli et al., 2018; Mulim
et al., 2022) and higher than those reported for Nellore cattle (Mulim et al., 2022) and taurine
breeds (Zhang et al., 2015; Dadousis et al., 2022). However, these values may vary even within
the same breed (Peripolli et al., 2018; Mulim et al., 2022), as they depend on the number of
animals genotyped, the density of markers, and the parameters used to determine ROHs.

Overall, correlations between Fpep and genomic-based inbreeding coefficients methods
were low. The "old" inbreeding cannot be traced precisely from pedigree data, but can be traced

from short ROH (Ferencakovic et al., 2011). Along these lines, studies show a lower correlation
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between pedigree-based inbreeding coefficients and From for ROH < 4Mb compared to
ROH > 4Mb in cattle (Ferencakovic et al., 2011; Peripolli et al., 2018), but this behavior was
not observed in our study, where the correlation between Fpep and Fron barely changed with
ROH length. In turn, Fron showed higher correlations with the other genomic methods.

Importantly, the different methods used to estimate inbreeding coefficients have their
particularities. Whether by the probability of two alleles being IBD at a locus (Malecét, 1948)
or the theoretical correlation between the two gametes in union (Wright, 1965), determining the
pedigree-based inbreeding coefficient provides expected estimates for this parameter and does
not account for the stochastic nature of Mendelian inheritance. Fg is based on additive genetic
variance (VanRaden, 2008) and Fg; on the correlation of the union of gametes (Yang et al.,
2010). Both G1 and G2 depend on the initial allele frequencies and they weight rare alleles, i.e.,
rare homozygotes contribute more to inbreeding than frequent homozygotes. In turn, Fuom and
Fron do not require estimation of allele frequencies (McQuillan et al., 2008) and directly reflect
homozygosity levels in the genome (Zhang et al., 2015). In this sense, it is plausible that the
correlation between Fron and Fuowm in our study has been moderate, as also reported in other
studies in cattle (Peripolli et al., 2018; Freitas et al., 2021; Mulim et al., 2022).

It should be noted that many studies use the Pearson correlation instead of the Spearman
correlation to compare inbreeding coefficient estimates obtained by different methods. Since
the data distribution is different than normal, especially for Fpgp data, the former may
overestimate the correlations in this case, as pointed out by (Gurgul et al., 2016). Indeed, as can
be seen in Supplementary Table 1, the Pearson correlations between the inbreeding coefficient
estimates obtained in our study were slightly higher than the corresponding Spearman

correlations.
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In addition to the low level of Fpep rurr, Frep and Fron in the studied Guzera cattle
population compared to other cattle breeds, no inbreeding depression was observed in the main
traits of economic interest for the breed.

Although the inbreeding rate estimated in this study was not high enough to adversely
affect the performance of most traits evaluated for this population, inbreeding depression was
detected in several livestock and poultry species including cattle (Santana et al., 2010; Pereira
et al., 2016; Doekes et al., 2019), pig (Saura et al., 2015), poultry (Sewalem et al., 1999; Xue
et al., 2021), and horse (Bussiman et al., 2018), using both pedigree-based and genome-based
methods.

Maintaining low levels of inbreeding is critical in cattle breeding populations to avoid
inbreeding depression. The Guzerd breed has experienced some historical events in recent
decades, such as population bottlenecks and a strong founder effect. Nevertheless, the breed
has maintained a good level of genetic diversity (Fonseca et al., 2016; Peixoto et al., 2021), a
lower level of inbreeding than other cattle breeds, and still no significant effects of inbreeding

level on dairy and beef cattle traits.

4.6. Conclusion

Despite the limited number of animals imported to form the first Guzera lines in Brazil
and the bottleneck effect of using the animals in crossbreeding systems, the autozygotic
proportion of the genome in this population was low compared to other cattle populations.
Pedigree-based inbreeding coefficients were also low.

Pedigree-based inbreeding coefficients showed low correlation with inbreeding
coefficients obtained by genomic-based methods, including those obtained by runs of
homozygosity. In turn, the inbreeding coefficients based on runs of homozygosity showed low-

to-moderate correlation with the other genomic-based methods.
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No inbreeding depression was observed in the reproductive, dairy and beef traits
evaluated. Compared to previous studies, there was no increase in inbreeding coefficients in
this population. Nevertheless, continuous monitoring of inbreeding levels is essential to prevent

loss of genetic variability in the population.
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Supplementary Figure 1. Density plot of inbreeding coefficients estimated by different methods, significant for Shapiro-Wilk test (p-value < 0.001).
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4.9.2. Supplementary Tables
Supplementary Table 1. Spearman correlations (above diagonal) and Pearson correlations

(below diagonal) of inbreeding estimation methods.

S - - © o

T = s T = z =
Frep - 031 031 031 031 028 032 031 034 0.36
Frou | 0.35 - 1.00 1.00 098 090 0.74 043 049 0.78
Fron<mp | 0.35 1.00 - 1.00 098 090 0.74 043 049 0.78
From24amb | 0.35 1.00 1.00 - 098 090 0.74 043 049 0.78
Fromssmp | 037 099 099 0.99 - 092 075 044 049 0.76
Froung-ismp | 0.36 096 096 096 097 - 079 044 049 0.69
Fromsiemv | 0.37 087 087 087 0.88 091 - 044 048 0.57
Fei| 035 055 055 055 056 055 053 - 099 0.55
Fe | 039 0.62 0.62 062 0.62 0.60 057 0.99 - 0.62

Fuom | 0.37 084 084 084 083 078 067 065 0.72 -
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CHAPTER 5

5.1. General conclusions

The most important productive and reproductive traits selected in the improvement
programs for Brazilian Guzera cattle were included in this thesis.

The genetic parameters (heritability and genetic correlations) showed that the traits can
respond to selection and that there is no genetic antagonism between dairy (milk production
and its components), beef (weight at 210, 365 and 450 days of age) and reproductive (age at
first calving and scrotal perimeter at 365 and 450 days of age) traits in the studied population.
This was a conclusive study of the feasibility of joint selection for milk and meat in this
population, without loss in reproductive traits.

The inclusion of SNP genetic marker information in genetic evaluations proved
beneficial in terms of increased accuracy of breeding values, especially for dairy traits.
However, the number of genotyped animals was not yet sufficient to influence genetic
evaluation in terms of predictive ability and bias.

Although the Brazilian population of Guzera animals has experienced historical events
such as the bottleneck effect, inbreeding coefficients based on runs of homozygosity and based
on pedigree were low compared to other cattle breeds and compared to older studies in the
breed, even in younger animals. There was no inbreeding depression in the evaluated traits.
Nevertheless, continuous monitoring of inbreeding levels is essential to prevent loss of genetic
variability in the population.

The findings from this thesis will contribute to the definition of selection criteria for
dual-purpose cattle. In addition, this thesis provides the first results on the impact of
incorporating information from SNP markers into genetic evaluations of dairy, reproductive
and growth traits in Guzerd cattle (in terms of predictive ability, bias, accuracy of breeding

values, rank correlations and genetic trends).



