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Abstract
Background: Genetic improvement programs in domestic species require a set of steps involving the
definition of ‘breeding objectives, information systems, variance component estimation, genetic

evaluations, selection indexes, and the estimation of genetic progress and variability. Objective: To
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identify strengths and weaknesses in the design and implementation of genetic improvement programs
in Colombian cattle through scientific and academic contributions derived from research. Conclusion:
The greatest challenges in the design and implementation of genetic improvement programs in
Colombian cattle are currently related to the absence of consensus breeding objectives among farmers
and associations. Additionally, there is a need in the short term to improve both the quality and quantity
of information available in databases. Finally, conducting economic analyses that censider genetic
parameters is essential for optimizing the response to genetic selection, considering the different

productive systems and environmental conditions that Colombia offers.

Keywords: Animal breeding, bovines; breeding values; cattle; genetic improvement; genetic progress,

genetic variability; phenotype, profit;, quantitative genetics, selection.

Resumen

Antecedentes: Los programas de mejoramiento genético en especies domésticas requieren de un
conjunto de pasos que involucran la definicion de objetivos de cria, sistemas de informacion, estimacion
de componentes de varianza, evaluaciones genéticas, indices de seleccion y la estimacion del progreso
genético y la variabilidad genética. Objetivo: identificar falencias y fortalezas en el diseno e
implementacion de programas de mejoramiento genético bovino en Colombia mediante los aportes
cientificos y académicos derivados de la investigacion en genética bovina en el pais. Conclusion: Los
mayores desafiossen el disefio e implementacion de programas de mejoramiento genético bovino en
Colombia actualmente estdn relacionados con la ausencia de objetivos de cria consensuados por los
productores y asociaciones. Asimismo, es necesario en el corto plazo una mejora tanto de la calidad como
de la cantidad de informacion disponible en las bases de datos. Finalmente, suplir la ausencia de analisis
economicos que se,vinculeny sean considerados en los analisis genéticos para optimizar la respuesta a
la seleccion genctica considerando contextos productivos y la diferente oferta ambiental que posee

Colombia.

Palabras clave: Bovinos,; cria de animales; fenotipo; ganado, genética cuantitativa, mejoramiento

genético,; progreso genético, seleccion; utilidad economica; valores genéticos, variabilidad genética.
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Antecedentes: Para desenvolver um programa de melhoramento genético animal, ¢ preciso definir
objetivos de melhoramento, possuir sistemas de informacdo oOtimos, realizar estimativas dos
componentes de varidncia ¢ a analise genética correspondente, além de estimar indices de selecdo,
progresso genético esperado e variabilidade genética. Objetivo: identificar debilidades e fortalezas no
desenho e implementacdo de programas de melhoramento genético para gado bovino na Colombia,
fazendo uma revisdo dos avancgos cientificos e académicos obtidos através dapesquisanesta disciplina
no pais. Conclusio: O principal problema encontrado foi a auséncia de objetivos de melhoramento feitos
em conjunto entre produtores e pesquisadores. Além disso, € precisosno curto prazo, melhorar tanto a
qualidade como a quantidade da informacao disponivel nos bancos de dadossFinalmente, € necessario
realizar andlises econdmicas que considerem o componente genético, ¢om o objetivo de otimizar a
resposta a selecdo genética, levando em conta as diferencas dos sistemas produtivos.€ da oferta ambiental

que a Colombia possui.

Palavras-chave: Criagcdo de animais; fenotipoygado, genética quantitativa; melhoramento genético;

progresso genético; selecdo, utilidade economica, valores genéticos, variabilidade genética.

Introduction

Improving animal productivity in production.systems can be achieved through the implementation of
genetic, nutritional, health and reproductive strategies. In genetic improvement, the use of mixed models
has been, so far, the mostywidely used tool to indirectly estimate breeding values in order to increase the
average zootechnical performance ofithe herd (Henderson, 1975). In domestic animals, poultry have
possibly been the most successful case in the implementation of genetic improvement programs. Zuidhof
et al. (2014) reported phenotypic gains due to genetic selection exceeding 350% for slaughter weight in
poultry. The response to selection in cattle has not been as large as in poultry. However, the genetic gains
are not negligible. For example, the American Angus Association reported a genetic difference in
weaning weight of 85 kg when comparing animals born in 1972 and 2023. In Holstein cattle in the United
States, Garcia-Ruiz et al. (2016) calculated a genetic gain of over 1500 liters of milk per lactation. In
cattle systems based on grazing, a genetic increase of 13.6 liters/cow/year was reported in pure and
crossed Holstein cattle in New Zealand, between the years 2000 and 2020 (Lopez-Villalobos et al., 2021).

This genetic progress could be higher in the medium term due to the use of genomic information in
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selection programs, which reduces the generation interval and increases the accuracy of the estimated
genetic merit, leading to an increase in genetic gain (Schaeffer, 2006).

Examples of genetic progress due to the use of selection strategies are numerous and varied in the
literature; however, all successful cases have something in common, a procedure composed of five steps:
1) definition of breeding objectives, 2) phenotypic and genotypic information systems, 3) estimation of
variance components, 4) genetic evaluation and selection indexes, 5) economic evaluation and genetic
variability (Garrick y Golden, 2009). This framework allows breeders and scientists to understand, at
first glance, that the implementation a breeding program is a demanding task, both technically and
logistically.

In Colombia, research efforts have primarily focused on second, third.and fourth steps. In this context,
there is a lack of studies addressing the first and fifth steps (in.some cases, none) for the implementation
of genetic improvement programs. The improvement of these aspects would improve not only primary
production, but also the processing industry at the meatand dairy level. Additionally, the strengthening
of these aspects could facilitate the incorporation.of innovative genetic selection tools, such as the use of
genomic information for the early identification of the best individuals and the improvement of polygenic
traits of complex measurement (feed efficiency, carcass quality, resistance diseases, among others),
which are currently not possible to select or evaluate in Colombian populations given the absence of
large-scale phenotypic measurements.

On the other hand, although an important part of the national herd is crossed animals, this review did not
include the analysis of genetic aspects in crossed populations due to the lack of scientific evidence over
time. However, reports found for erossed populations in Colombia were discussed andf included at the
end of the text. Similarly, the evaluation of genetic improvement programs in Colombian dual-purpose
systems isrcomplex given that the scientific production that has evaluated phenotypes or productivity
indicators from a dual-purpose perspective is practically null. There was only one study reported by
Galeano and Manrique (2010), who evaluated genetic aspects of an index that evaluates females through
considering traits as milk production, weaning weight of offspring and calving interval.

Then, the objective of this review was to identify weaknesses and strengths in the genetic management
of specialized dairy and beef breeds used in Colombia. Furthermore, to motivate the academic
community and farmers to constantly optimize the efficiency of livestock systems through the application
of genetic improvement. This work will also allow readers to recognize areas of genetic science that have

not been explored thus far. Additionally, efforts could be directed towards strengthening the design and
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implementation of robust genetic improvement programs aimed at optimizing the sustainability and

economic development of local cattle production systems.

Definition of breeding objectives

A breeding objective is the combination of economically important traits for a production system, and it
is the first step in the implementation of a genetic improvement program (Wolfova et al., 2005). Its
purpose is to increase the profit of the production cycle and must be redefined as production or market
conditions change (Byrne ef al., 2016). As far as our literature review'went, there,are no studies of this
type for cattle in Colombia. The absence of this knowledge in Colombia could have seme ptactical and
scientific reasons described below.

In Colombia, the traits evaluated in selection programs have been largely limited to'traits such as age at
first calving, calving interval (Amaya ef al., 2020a; Rocha ef al.; 2012; Ramirez ef al., 2021), weights at
different ages, weight gains (Ramirez ef al., 2020; Amaya et al., 2020a) and milk production (Restrepo
et al.,2008; Solarte & Zambrano, 2012; Echeverri et al., 2014; Rincon etal., 2015; Amaya et al., 2019a).
However, in animal production, the characteristics that most affect profitability could be classified into
four categories: 1) adaptation and r€productions'2) quantity and quality of the final product, 3) animal
welfare, and 4) environmental footprint. Ignoring these types of variables could generate negative effects
in the short term, mainly due to the current demands.of governments and final consumers.

Other traits such as anatomical conformation, longevity, heat stress, and eco-physiology have been
explored in Colombian cattle (Betancur-Zambrano ef al., 2012; De Leon et al., 2021), but those studies
have a small number of records (Ramirez ef al., 2021; Amaya et al., 2021; De Leon et al., 2021). Thus,
in these cases is'common to find numerical computational problems for the estimation of bi-trait and
multi-traitmodels because the algorithms have difficulty finding convergence.

Another importantitrait is the feed efficiency, which has not been evaluated but is economically vital for
animal production because represents the highest variable cost within the industry. The reported
heritabilities have been medium and high (0.35-0.55, Schenkel et al., 2004). However, measurement
presents the following challenges: 1) it is difficult to measure in a large number of animals, 2) it is
necessary to know the correlations with other traits of the breeding objective, and 3) it is very expensive
because it requires individual control. One strategy that could partially overcome these limitations is
genomic selection, however, its implementation in Colombia is challenging due to the high economic

resources required and the need for a good quality of phenotypic databases. Pryce ef al. (2014) suggested
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combining genomic platforms from different populations. For foreign breeds, this alternative could work
due to the genetic connectivity generated by the massive use of imported bulls in artificial insemination,
but in Creole breeds, it would not be available.

These scenarios reflect the immediate need in the definition of breeding objectives. For this, the local
productive needs, market conditions and the high heterogeneity of production systems in tropical
conditions must be considered. This last, represents an additional challenge whén compared to countries

with temperate climates, where production conditions and systems are usudlly more homogeneous.

Information system and selection criteria

Selection criteria are defined as those traits that allow breeding objectives to be improved. An ideal
selection criterion must meet three requirements: easy to measure, medium or high heritability, and a
high genetic correlation with the breeding objective (Ponzoni y Newman, 1989). The most favourable
scenario is when the selection criteria also acts as a breeding objective.

At this point, breeders' associations have a fundamental role in collect phenotypic records and then to
develop information systems that guarantec the suceess of the breeding programs. However, there are
two mainly limitations: a) it is common for Colembian farmers not to keep records or report them to the
association, and b) someone of the Colombian farmers think that the costs of affiliation and registration
are high or unnecessary, which means that a significant amount of data does not reach by the association.
These conditions severely limit access toaeliable and large databases. Nonetheless, there are published
research works defived from the joint work between the academic community and breeders' associations
which is limited in most of the cases to-eStimate genetic parameters.

In the country, cattle production can be classified into: (1) specialized milk production systems, (2)
breeding and fattening, production systems, and (3) dual-purpose systems. For milk production, most
reports are distributed in Holstein, Jersey and Simmental breeds (Solarte et al., 2012; Rincon et al., 2015;
Zambrano et.al., 2015; Amaya et al., 2019). Regarding meat production, there is a greater number of
reports in Blanco Orejinegro, Romosinuano, Brahman and Simmental breeds (Martinez et al., 2018;
Amaya et al., 2020a; Ramirez et al., 2020; Lopez et al., 2021). The reproductive traits primarily
considered have been age at first calving, calving intervals and open days (Table 1).

Estimates for milk production were mostly in the first three lactations. The number of cows in onestudies
ranged from 620 to 7723, shows heritabilities between 0.02 and 0.28 (Amaya et al., 2019; Munera et al.,

2014; Rincodn et al, 2015). While accurate estimates exist, most have errors that hinder to make
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appropriate selection decisions, affecting genetic progress. For the traits associated with product quality,
the estimates were less precise, both in milk and meat, with heritability estimation errors of up to 0.32
for protein and fat, and with accuracies of breeding values less than 0.5 for loin eye area and back fat
(Rincon et al., 2015; Asocebu, 2022).

The collection of data associated with quality is often conditioned by external funding, which limits the
develop of a robust and permanent information system. For example, between 2014 and 2016, official
dairy control at the national level was a joint initiative of the Union Nacional de Asociaciones Ganaderas
(UNAGA), the Ministerio de Agricultura and FEDEGAN. This work was valuable.and allowed breeders
to have an initial information system to evaluate criteria such as the percentage.of protein and fat in milk.
However, these efforts have not been sustained since that date, at least.not'at the scale necessary for the

development of reliable genetic evaluation



191 Table 1. Selection criteria and heritability estimates for cattle breeds in Colombia. Only studies involving

192 a minimum of one thousand animals were considered.

Selection _ L
Source Breed o Animals  Records  Heritability
criteria
_ AFC 3063 3063 0.20
Amaya et al. (2020) Simmental
Cl 1098 1098 0.04
MY 1198 2372 0.21
Betancur et al. (2012) Holstein MF 1198 2372 0.14
MP 1198 2372 0.14
o Blanco
Caivio et al. (2021) B Cl 3308 3308 0.11
Orejinegro
Cerén et al. (2001) Holstein MY 25608 69464 0.20
Cerén et al. (2004) Holstein AFC 25569 25569 0.13
] Blance
De Ledn et al. (2021) y AFC 1927 1927 0.06
Orejinegro
De Leon et al. (2021) Sanmartinero AFC 1927 1927 0.20
BW 4079 4079 0.17
Lépez et al. (2021) Romosinuano W8M 4079 4079 0.13
W16M 4079 4079 0.06
BW 105784 105784 0.47
W4M 14743 14743 0.30
Martinez et al. (2018) Brahman W7M 105771 105771 0.24
W12M 12404 12404 0.38
W18M 10215 10215 0.36
_ MF 1210 9479 0.14-0.38
Mdneraetal. (2014) Holstein
MP 1210 9479 0.12-0.32
BW 7304 7304 0.10
Blanco W4M 1281 1281 0.23
Ramirez et al. (2020) y
Orejinegro W8M 4791 4791 0.10

W16M 3339 3339 0.38
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W24M 1364 1364 0.39

MY 7723 7723 0.16
_ _ MF 5866 5866 0.30
Rincon et al. (2015) Holstein
MP 5709 5709 0.32
SCC 5769 5769 0.01
Blanco AFC 1256 1256 0.15
Rocha et al. (2012) B
Orejinegro Cl 3803 3803 0.13
Vergara et al. (2016) Romosinuano AFC 1079 1079 0.04

AFC: Age at first calving; CI: Calving interval; MY: Milk yield; MF: Milk fat; MP: Milk protein; BW: Birthaweight; W4M:
Weight at 4 months of age; W7M: Weight at 7 months of age; W8M: Weightat 8 months of‘age; W12M: Weight at 12 months
of age; W16M: Weight at 16 months of age; W18M: Weight at 18 months of age; W24M: Weight at 24 months of age; SCC:
Somatic cell score.

The traits associated with the quality of the carcass had a similar seenario. The Brahman breed has the
highest participation as a pure breed in Colombia for meat production. In2010, the first genetic estimates
of carcass quality were published, with aphenotypice basis of approximately one thousand measurements
(Jiménez et al., 2010). The genetic evaluation made by Asocebu in 2022 included 10332 records for the
loin eye area and the thickness of the dorsal‘fat. However, the accuracies of most selection candidates
are below (<0.5). In this case, constant work.on updating information systems is a short-term need. The
current development of technologies such as seénsors, cameras, microphones, among others, could
partially overcomesthese obstacles and accelerate data collection for the strengthening of information
systems and genetic evaluations fortheseraits.

Traits associated with reproduction have been less explored, and the phenotypes have primarily focused
on thelcalving interval and age at first calving (Rocha et al., 2012; Vergara et al., 2016; Amaya et al.,
2020a; Ramirez et al., 2021). Although these two traits may have a direct relationship with reproductive
performance, zootechnical practices in Colombian production systems may deviate slightly from that
focus. Age at first calving could indirectly evaluate puberty age or the speed at which a female matures
sexually. However, in Colombian livestock farming, age at first calving depends more on the growth rate
because farmers prioritize weight over age for the first service.

On the other hand, the calving interval trait has two disadvantages in its recording. The first is the
preferential treatment given to some females, which could confuse the genetic effect with environmental

advantages, although effects as the farm or year are included in the model. The second problem is the
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inclusion of females in embryo transfer programs and the use of seasonal mating, technologies that are
becoming increasingly common. In these scenarios, the phenotype for the calving interval does not
represent the real biological value (Aby et al., 2012), complicating the estimation of genetic potential.
Therefore, the reproductive component in Colombian cattle populations should be reconsidered, focusing

efforts on traits less sensitive to management practices or production conditions.

Variance components and genetic parameters

The estimation of heritability, genetic correlation, and repeatability allows researchers to quantify the
effects of genetic and environmental factors on the phenotypic petformance of economically important
traits. The statistical procedures are based on the degree of relationship between animals, frequently using
family structures of half-siblings or full siblings. The estimation of these parameters in Colombia has
been based on the use of the animal model, under restricted maximum likelihood methodology. Although
there are other methodologies such as Bayesian inference for variance components estimation, its
application in Colombia is scarce, and as faras,our search went, there are no scientific reports of its
official use for decision-making in natiohal selectionprograms.

For dairy cattle populations, estimation has been'done for.accumulated milk production, protein and fat,
somatic cell count, and total milk yield (Amaya et al., 2019; Rincon et al., 2015; Munera et al., 2014).
These studies have been focused on Holstein, Simmental, and Jersey dairy cattle breeds. The reported
heritabilities for these traits have rangedd{rom 0.01 for somatic cell count to 0.46 for fat and protein
production. Average heritabilities (0.2-0.4) have been more common for milk yield per lactation or per
day (Table 1).

In beef cattle, weights at different ages, daily weight gains, loin eye area, backfat, and hip fat have been
evaluated (Jiménez et al., 2010; Martinez et al., 2018; Ramirez et al., 2020; Ossa et al., 2021a). Most of
the reported heritabilities for weights at different ages (from birth to 24 months) ranged from 0.09 to 0.38
(Ossa et al., 2021a; Martinez et al., 2018), with lower heritability values found for weights before
weaning. The highest values were reported for weights at 12 to 24 months of age. Regarding traits
associated with'quality, the average heritability values were higher, ranging between 0.29 and 0.37;
however, the reported errors for these estimations were higher (Jiménez et al., 2010) due to a smaller
number of records.

Other estimations have been reported for calving interval, age at first calving, adaptation coefficient,

rectal temperature, and respiration rate (Amaya et al., 2020a; De Leon ef al., 2021). The heritabilities for
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these types of traits ranged between 0.0 and 0.15 (Rocha ef al., 2012; Caivio-Nasner et al., 2021). The
lack of these estimations in Colombia could be due to the information systems implemented on farms,
where farmers have greater interest in variables directly associated with the final product (meat and milk).
Although most variables associated with reproduction are easily measurable and of high economic
importance (Amaya et al., 2020; Amaya et al., 2022), their use in genetic selection programs has not
been successful, primarily due to the low number of individuals with phenotypic information, leading to
numerical problems in computational algorithms such as non-convergence (Ramirez et al., 2021).
Other problems include connectivity in pedigrees, accuracy of phenotype measurement, and fixed effects
in genetic models. The number of records used for milk production’estimations:varied from 620 to 25608
cows (Ceron et al., 2001; Amaya et al., 2019). Regarding the number of animals included in the
relationship matrix, populations ranged from 801 to 27986 animals (Rincén et al.42015; Amaya et al.,
2020a). However, very few publications describe the number and size of families in the pedigree, making
it difficult to contextualize the effect that family.$tructure has on the estimation of genetic parameters.
Understanding this genealogical structure 1S erucial because pedigree connectivity influences the
prediction errors of variance, which<are affected/by genetic relationships between and within
management units (farms, contemporary groups)sAlthough this is not a strong limitation for specialized
dairy production systems due to the widespread use of imported bulls in artificial insemination programs,
in beef cattle, this connectiyity could be low, affecting'the quality of genetic evaluation. Although genetic
connectivity studies have been reported iniColombia (Taborda et al., 2015), their use is not widespread
in the estimation of variance components and the genetic merit of animals.

The reports of genetic correlations were:more diverse. For example, one correlation of interest is the age
at first calving and calving interval. In Simmental breed, this correlation was positive (0.25; Amaya et
al., 2020a);which is favourable at the zootechnical level. However, in the Blanco Orejinegro breed, the
simultaneous selection of these two variables is more complex, as the reported correlation was negative
(-0.43; Rochacet al., 2012). While this could be addressed through the identification of animals whose
breeding values are favourable for both traits, genetic progress would be slow, and the change in
correlation could occur, but in the long term, hindering genetic gains and balanced selection. For this
reason, prior identification of breeding objectives is vital to define the correlations of interest to be
considered in the selection program.

The traits associated with milk production and quality showed greater consistency among the consulted

studies. Solarte ef al. (2012), Rincon et al. (2015), and Amaya et al. (2019) reported correlations ranging
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from 0.64 to 0.97 for accumulated milk productions at different stages of lactation and correlations
ranging from -0.27 to -0.40 for volume and protein and fat content. These results generally align with
worldwide reports, where higher milk production proportionally results in lower total solids content in
milk. No reports of positive correlations between quantity and quality of milk were identified, neither in
dual-purpose cattle nor in specialized dairy farming.

In Creole cattle, correlations between weights at different ages and daily weight'gain have been reported,
with values ranging from 0.04 to 0.96 (Ramirez et al., 2020). Reported correlations between growth rate
and carcass quality have been positive, ranging from 0.91 to 0.95¢ In Brahman cattle, estimations
included variables such as loin eye area, backfat, and daily weight gain (Jiménez et ali, 2010). In
Colombia, improving traits associated with product quality could be interesting for emerging markets
willing to pay for added value in the final product. The current use of these cofrelations should be
approached with caution due to limitations in the number of records and the difficulty of capturing all
non-genetic effects in the models, however, efforts 1n measuring these traits should be increased by
farmers and associations.

Regarding repeatabilities, the number ofteports was lower than that found for heritabilities. The variables
analysed included birth and weaning weights offemale offspring, calving interval, milk production, and
services per conception (Donicer et al., 2009; Rocha et al., 2012; Solarte et al., 2012; Ossa et al., 2021b).
The highest reported value/for this genetic parameter' was for milk production in Holstein cattle, with a
value of 0.31 (Solarte et al., 2012). On the other hand, the lowest value was for calving interval in a
Romosinuano cattle population, with a value of 0.02 (Ossa et al., 2021b). In other traits, such as services
per conception, values of 0.08 werereported in Holstein cattle (Solarte et al., 2012), while birth and
weaning weights of offspring reported higher values of 0.11 and 0.19, respectively (Donicer ef al., 2009).
These" reports would vindicate /a limitation in selecting young animals considering the phenotypic
performance of their initial measurements.

The estimation of variance components in Colombian populations has also included the use of genomic
information, ‘mainly through the single-step genomic best linear unbiased prediction (ssGBLUP)
methodology, generating a relationship matrix that combines pedigree and molecular information. The
reports in Colombia are scarce and the evidence generated is that the genomic information did not
produce important changes in the estimation of heritability, at least for traits associated with beef
production such as weighing at different ages, milk production, age at first calving. and calving interval

(Amaya et al., 2019; Amaya et al., 2020a; Ramirez et al., 2020).
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The number of animals with genomic information in those evaluations ranged from 718 to 1224, with a
genotyping density of 30106 and 50932 molecular markers, respectively. These results may be partially
explained by the conditions of the genotyped animals, which usually do not have a significant number of
offspring with phenotypic records, reducing the benefit of using genomic information for genetic
estimates. Another factor to consider is that usually most animals genotyped in Colombian populations
are females with few progenies with phenotypes, which further limits the opportinity to obtain a pedigree

with a greater number and magnitude of genetic relationships.

Genetic evaluation and selection indexes

In quantitative genetics, the use of statistical methods allows/Scientists tocobtain not only an estimation
of the genetic variances but also the empirical best linear,unbiased predictor, which is a quantity
associated to the breeding values of each parent. The breeding value of a parent can be defined as the
capacity due genetic factors to modify an oyverall mean under a specific population, meaning its
assessment varies over time and space.

Genetic evaluations can be classified as uniracial if the target population belongs to a single genetic
group, and multiracial if the population belongs:to various genetic groups or crossbred animals (Elzo,
2007). Regardless of whether the evaluation is uniracial or multiracial, selection decisions should
preferably be based on a combination of\several economically important traits, which may be
phenotypically and genetically related (Mrode, 2014). Subsequently, breeding values are used to
construct a selection index that.considers the economic weight of each trait. These indexes are the best
methodology for increasing genetic progress of multiple traits simultaneously within a population.

In Colombia, most genetic evaluations have been developed using uniracial methodology. However,
more than 90% of the cattle destined for meat and milk production in the country could have a multiracial
genetic composition. (Elzo, 2011). Elzo et al. (1997) suggested a strategy to implement a national genetic
evaluation program in cattle. However, since then, scientific and technical publications on multiracial
evaluations have been scarce and isolated in the country. The conclusion in all the consulted studies was
the same. Multiracial evaluations are a more objective method of selection given our production context;
however, the amount of phenotypic information available is extremely low, resulting in biases in the
selection processes. In Colombian cattle production systems, data collection, even if not widespread, is

a more prevalent practice among farmers who manage uniracial populations than among those who use
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crossbred animals. This condition further limits the implementation of multiracial evaluations in the
medium and long term.

Regarding uniracial genetic evaluations, the breeds with the largest participation in Colombian livestock
are foreign, primarily Brahman, Holstein, Jersey, Normando, and Simmental. On the other hand,
Colombian Creole cattle breeds (Blanco Orejinegro, Romosinuano, Harton del Valle, Costefio Con
Cuernos, Casanarefio, Sanmartinero, Chino Santandereano) are the populations that have the highest
number of studies in the field of genetics to date. This is consistent with AGROSAVIA and some
Colombian universities having the direct responsibility to research,/conserve, and disseminate these
genetic resources.

The traits included in genetic evaluations appear to be universal'across breeds. Among the most studied
for meat production are daily weight gain and weights at‘different ages, such as birth weight, weight at
120, 240, 365, 480, and 720 days of age (Amaya et al., 2020a; Martinez ef al., 2018; Ramirez et al.,
2020; Ossa et al., 2021a; Ramirez et al., 2021). Few studies have evaluated carcass quality traits such as
backfat thickness, loin eye area, and hip fat thickness (Jiménez et al., 2010). For milk production, there
were more reports, evaluating variables such as\ilk yield, fat and protein production, linear
classification, and somatic cell count (Ceron etal., 2001; Echeverri et al., 2014; Munera et al., 2014;
Amaya et al., 2019; Rincén et al., 2015; Solarte et al., 2012). The most explored reproductive traits were
age at first calving, calving/interval, and services per€onception (Amaya et al., 2020a; Caivio-Nasner et
al.,2021; Ramirez et al., 2021; Restrepo et.al., 2008).

Although there is@ wideérange of populations and traits evaluated, it is important to highlight the most
significant limitations that seem to'bercommon to all the studies consulted. The utility of genetic
evaluations depends on the accuracy with which breeding values are estimated. However, based on the
experiencerof researchers, the precisions are often low (<0.5) in most evaluations. The precision of
breeding values depends on several factors, such as the heritability of the trait (which mainly depends,
among other factors, on the genetic diversity and homogeneity of the productive systems where it is
evaluated), the accuracy of the parents of the evaluated animal (which depends primarily on the number
of offspring), the availability of phenotypic, genealogical, and genomic records of the animal (i.e.,
complete information per animal), non-genetic effects considered in the models (quantification of the
productive system and environmental variables), and the genetic correlations with other traits included

in the evaluation.
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In relation to the number of available records, according to the literature review, this could be the factor
that contributes the most to low accuracies. Only two studies had more than twenty thousand records.
Although this number of records is not negligible, its effect is diluted in the models when considering
non-genetic aspects such as year, birth season, farm, sex, parity number, among others. Another important
aspect is the climatic and management heterogeneity of local herds, which further complicates capturing
sources of variation to adjust phenotypic values and improve the precision of breeding values. A last
aspect, of equal importance, is the genetic connectivity required in genetic evaluations, which is usually
low in Colombian herds and is also not evaluated a priori for the development of genetic evaluations,
further limiting estimations and corrections for non-genetic effects (Kennedy y Trus, 1993).

In recent years, efforts have been made in Colombia to incorperate the concept of genomic selection. The
breeds in the country with the most scientific evidence at the moment are Brahman, Simmental, Holstein,
Blanco Orejinegro and Romosinuano (Bejarano et al., 2018; Martinez et al., 2018; Amaya et al., 2019;
Zambrano et al., 2019). The number of animals with genomic information in the Brahman breed did not
exceed 1700 animals and in the other breeds 1000 animals. Even reports on the Holstein breed do not
exceed 150 animals. Although the accuracies of\the breeding values for animals with genomic
information could improve, the change is minimal or absent for the rest of the population included in the
genetic evaluation. This context limits the.use of genomic information in genetic improvement programs
on a national scale.

Although there are numerous statistical methodologies to incorporate genomic information in genetic
evaluations, all of them require a robust reference population with phenotypic and genomic information.
Goddard and Hayes (2009) showed the relationship between the number of animals required in the
reference population and the accuracy of breeding values for animals without phenotype in a genomic
program. Considering traits with medium heritabilities (0.3), we would need at least 4500 animals in the
reference population so that the precision of the estimation of genetic values in animals without
phenotype ‘is.approximately 0.5. In this context and given the theoretical requirements of genomic
selection, the benefits in Colombian populations could occur, but in the long term and through a strong
practice of farm record-keeping. Although researchers and farmers have proposed the inclusion of foreign
genotyped populations, its use must be analyzed in detail and caution, given that genomic estimates, like
quantitative estimates, will depend on the genetic structure of each population and environments

conditions in which animals perform.



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429

Environmental effects also require attention within genetic evaluations, especially when the response of
a genotype may be different according to the environment. Studies in Colombia that evaluated this effect
are scarce (Cerdn et al., 2004; Arboleda Zapata et al., 2010; Toro-Ospina et al., 2023). Cer6n et al. (2004)
and Toro-Ospina et al. (2023) evaluated the genotype-environment interaction of Holstein cattle in
Colombia and Brazil. Although the evaluation of this effect between countries is important for decision-
making in the use of imported semen, the evaluation of the environment and genotypes.could be more
important within Colombia given the high heterogeneity in the systems, not only at the climatic level but
zootechnical management. The only report found that evaluated the interaction of genotypes and
environments within the country was the one carried out by Arboleda Zapata_ et al. (2010), however, its
use for decision-making at a national scale is very limited given that the.data came from a single livestock
company.

Once all the aspects described above are considered, the modelsused to estimate breeding values can be
unitrait or multi-trait, but the most recommended methodology is a multi-trait evaluation. One of the
main advantages of this approach is increasing the accuracy of breeding values, which is particularly
beneficial for traits with low heritability (Mrode, 2014). However, genetic evaluations published in
Colombia tend to be unitrait, maifily due to_the low number of records and incomplete pedigrees
(sometimes with inconsistencies), leading to numerical issues in multi-trait model algorithms.

Once breeding values are obtained, a common practiee is to combine all the breeding values into a single
value, a methodology known as selectiondndex, which is theoretically the most efficient method (Hazel
y Lush, 1942). The application of this methodology requires fulfilling two assumptions: estimating
breeding values using multi-trait model$s and estimating economic values. However, most published
genetic evaluations come from single-trait models, and what is more concerning, they do not include
economic analyses forthe traits'and its expected genetic progress.

Several selection iindexes have been reported in the literature for cattle populations in Colombia
(Restrepo et al., 2008; Betancur-Zambrano et al., 2012; Agudelo-Gémez et al., 2016; Amaya et al.,
2020b; Amaya et al., 2021; Ramirez et al., 2021; Amaya et al., 2022). Methodologies for estimating the
weights have been primarily regressions, principal component analysis, and relative importance
considering the phenotypic variance of the traits. Economic approaches for their estimation have also
been used, however, there are only two articles of this type to date (Amaya et al., 2020b; Amaya et al.,
2022).
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The use of these indexes is limited because they do not consider all the traits that the farmers wish to
improve. The indexes included between three and eight productive traits (Agudelo-Gémez et al., 2016;
Amaya et al., 2022), but they are often very focused on a group of variables. For example, for populations
whose zootechnical objective is meat production, it was identified that weighting at different ages
accounted for 71-75% in the construction of the indexes (Ramirez et al., 2021; Agudelo-Gomez et al.,
2016). For populations with a milk production objective, volume and quality of the milk accounted for
50-66% of the traits included in the indexes, with the remaining variables being associated with
reproductive performance (Betancur-Zambrano et al., 2012; Amaya etal., 2021).

Traits associated with adaptation, longevity, and product quality stand out in production systems due to
their economic importance, but their weighting and inclusioen in indexes are virtually non-existent in
Colombia. It is important to design more robust information, systems that allow for the evaluation of
these traits and their inclusion in indexes. An additional limitation is that given the heterogeneity of
production systems in Colombia, the proposed weightings would not apply to all farmers, so it is
necessary to characterize the production systems and offer recommendations based on the productive
context of each type of systems.

In Colombia, some breeders’ associations have inecorporated indexes into the catalogues of imported bulls
based on the country's productive and economic realities. These indexes include milk production traits,
anatomical conformation, mastitis resistance, and repfoductive efficiency. However, the breeding values
used for the index are still those obtaineddor European populations, and there is no scientific evidence
regarding the methodologies used for estimating the economic weights. While the proposed indexes for
some populations in Colombia could-beuseful in genetic improvement programs and serve as a guide
for some farmers, technical limitations such as the precision of breeding values, the inclusion of a greater

numbeér of traits, and their economic analysis are aspects that need to be investigated.

Economic evaluation and genetic variability

The real objective of selection is to change the population in a certain desired direction, rather than
maintaining a group of traits within an optimal range (Simianer et al., 2023). These changes must be
evaluated economically, considering that the farmers’ real interest is the increase in economic utility, not
the phenotypic change of traits.

According to this literature review, there are few scientific papers that include economic aspects for the

construction of selection indexes, but no studies related to the economic evaluation of genetic progress
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were found. While the academic community has estimated genetic and phenotypic trends (Vergara et al.,
2016; Ramirez et al., 2020; Ossa et al., 2021a), the results are inconclusive due to limitations in the
precision of estimated breeding values and also did not include economic analysis. Although phenotypic
changes in traits of zootechnical interest have been reported, it is unknown whether these changes have
resulted in an increase or a decrease in profit for farmers. Research in this field is an immediate need to
evaluate the selection processes that have been carried out in the different cattle populations of Colombia.
An interesting example to use as a reference is the structure of the breeding scheme in New Zealand. The
selection of dairy cattle relies on a selection index that considers<nine traits associated 'with milk
production, milk quality, resistance to mastitis, reproductive efficiency, and adult live weight. Genetic
progress is estimated in dollars and considers the simultaneous change in<all traits. For the period from
2013 to 2023, the genetic gain measured by the annual changes.in the index reported.an economic average
gain of 14.93, 17.82, and 7.98 New Zealand Dollars for the Jersey, Holstein, and Ayrshire populations,
respectively (DairyNZ, 2023). This index reflects the potential of breeders to produce offspring whose
productive performance is as profitable as possible. It is necessary to have a mechanism in Colombia to
evaluate the economic improvement of systems due te'the use of genetic selection tools.

Finally, breeding programs must ensure the maintenance or minimal reduction of genetic variability. One
of the most widespread criteria for assessing genetic diversity in a population has been the estimation of
inbreeding rate. According to FAO (2013), the acceptable rate of inbreeding increase per generation
depends on the population status and characteristics of each species. Recommendations range from
values less than 1% in populations at risk of extinction to a maximum of 2% in commercial breeds.
Assessments of{ genetic variability havebeen more widespread in Colombian Creole cattle populations
(Martinez et al., 2008; Martinez et al., 2023). In specialized breeds, reports exist for Simmental,
Normande;and Holstein breeds/(Rodriguez ef al., 2017; Amaya et al., 2020c; Betancur-Zambrano et al.,
2022).

For Colombian Creole breeds, the results have varied depending on the population evaluated. Bejarano
et al. (2018) reported high correlations between genetic markers (SNP) at 70 to 100 Kb in a conservation
nucleus of AGROSAVIA for Blanco Orejinegro cattle. Ocampo et al. (2020) estimated an effective
population size of 124 animals and an increase of 0.4% in inbreeding rate per generation, meeting the
FAO recommendation (<1%). Caivio-Nasner et al. (2021b) also estimated an effective population size

of 123 for this breed.
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Valderrama et al. (2021) evaluated the genetic structure of three populations of Blanco Orejinegro cattle,
differentiated by their zootechnical purpose (germplasm bank, genetic improvement program,
commercial farmers). As expected, the effective population size for animals categorized as part of the
commercial farmers was high (400), but much lower for the improvement program and germplasm bank
(<150). While comparing variability estimates can be complex due to differences in databases and
methodologies (genealogical, genomic, or both), there is a trend in the results indicating acceptable
variability in these genetic resources, except for the Sanmartinero breed, which had the lowest reported
effective population size of only 27 animals (Martinez et al., 2008).

The maintenance of variability in Creole resources may be attributed to controlled mating programs,
where there is a rotation of males among families of each breed in designs known as rotational mating
schemes, minimizing the loss of variability despite being<losed populations. For foteign breeds, mating
decisions should be simpler due to a wider availability of genetic material worldwide. However, breeders
often focus on the massive and indiscriminate use of a small group of sires in the artificial insemination
programs, leading to a loss of genetic variabilityin the population.

In the Colombian Cebu population, inbreeding levelsiof up to 15.5% have been reported (Martinez et al.,
2008). In taurine breeds, studies baséd on genealogical information have been extended to the Simmental
and Normande populations. Reports on Simmental cattle indicate that 51.8% of the population has a non-
zero value for inbreeding (Amaya et al., 2020c). Forthe Normande breed, despite analysing a pedigree
of 77311, the effective population size estimated ranged between approximately 118 and 139 animals
(Rodriguez et al.,2017).This same scenario, although not evidenced in scientific publications, could be
occurring in other foreign breeds in the.country such as Holstein, Jersey, Ayrshire, where the massive use
of a low number of sires leads to a higher probability of matings that generate inbreeding. An additional
problem, mainly in foreign breeds, is the lack of genealogical records in most commercial herds, further
limiting "the estimation of parameters of genetic structure and diversity. While cattle breeders'
associations require the genealogy of each animal for registration, most breeders are not affiliated with
these associations, increasing the complexity in collecting information to evaluate genetic variability and

progress.

Crossbreeding
Although crossing systems are not within the structure of a genetic improvement program for a pure

population, their use in animal breeding allows greater profit given the effect of heterosis. Technically,
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crossings must be carried out between individuals from populations that were subjected to genetic
selection, as currently occurs on a massive scale in poultry and pig farming. In Colombia, the benefit of
crossbreeding has been explored through mating animals of different breeds, but without any selection
criteria based on the genetic merit of the individuals. This condition significantly limits the objective
quantification of heterosis in studies carried out in Colombia. However, the most representative research
will be presented and discussed in this review.

Studies in Colombia methodologically designed to evaluate non-additive genetic effects in crossing
schemes have just been done by Elzo et al. (2001) and Martinez et‘al. (2012)..In the first study, an
incomplete diallelic scheme was designed that considered the Zebi and Sanmartinerobreeds, including
animals born between 1971 and 1996, evaluating birth weight, weaning weight and weight gains.
However, the results were obtained in experimental farms, which “differs sighificantly from the
management practices of commercial farmers. In this same study; the authors recommended expanding
these analyses in commercial herds, but to date, studies wete not found on a national or commercial scale.
In the second study, Martinez et al. (2012) used 37 bulls from 9 breeds (Braunvieh, Limousin, Normando,
Simmental, BON, Romosinuano, Gray Brahman, Red Brahman and Guzerat) in 352 Brahman cows. This
study was carried out in the Cesardregion during the years 2008 and 2009. The traits evaluated were
weighings, loin eye area and back fat thickness at different ages. Although the main objective of the study
was the estimation of non-additive genetic effects, the study concluded that although it was carried out
in commercial herds, the number of animals included per genetic group was low (between 22 and 100
animals), therefore the errorsin all parameters were high, recommending an estimation based on larger
populations for more efficient decisionimaking. However, as for the study by Elzo et al. (2001), no reports
have been generated to date with a significantly higher number of animals and on a commercial scale.
Other studies carried out in Colombia, with less impact on the evaluation of crossbred animals, have been
carried out from historical databases of animals whose parental breeds were Angus, Zebu, BON,
Romosinuanes Holstein and Senepol (Madrigal et al., 1998; Arango et al., 2000; Martinez et al., 2011;
Quijano et al:, 2000). The number of animals in these studies varied between 10 (milk production per
lactation) and 15256 (birth weight). However, the databases were from one or a maximum of four farms,
limiting the inference about the genetic parameters of crossed animals and their benefits in commercial-
scale crossing schemes. Furthermore, the evaluations have been more focused on productive comparison

than on the estimation of non-additive genetic effects.
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Elzo (2006) describes that the multiracial databases available in countries that carry out productive
monitoring are characterized by: 1) having an extremely unbalanced structure, 2) a large number of
parental breeds represented (many of them with very little information), and 3) a large percentage of
production and pedigree records with incomplete information. The collection of this information has
been the product of articulated work between associations of pure cattle breeders and associations of
breeders of commercial producers. Although in Colombia there are associations of pure.cattle breeders,
there is no official association for commercial breeders that carries out productive controh of crossed
animals.

Pure cattle associations currently lead programs related to genealogical registration and.to alesser extent
the productive control of animals. However, logistics still depénd a lot on the intention and reports given
by affiliated farmers, who are a minority compared to those commercial farms thatd@are not affiliated. In
this context, the role of associations in data analysis for genetic decision-making at the national level
would require greater articulation between government entities, livestock breeders' associations, and
commercial farmers. Meanwhile, the isolated efforts of farmers, researchers, private and public entities
will hardly allow the optimization of cattle production systems through the use of genetic improvement

technology.

Conclusion

The design and development of a genetic improvement program require breeding objectives, information
systems, variancec€components, genetic evaluations, selection indexes, and genetic variability. In light of
this literature review, the major challenges currently could be related to 1) discussing the definition of
breeding objectives with farmers and breeders' associations, 2) improving both the quality and quantity
of information available in current databases, and 3) addressing the lack of economic analyses in genetic
evaluations. In this,context, decision-making to implement and direct genetic improvement programs
becomes a'challenge, which can only be overcome through coordinated and ongoing work among
farmers, cattle, breeders' associations, and researchers. Finally, it is important to consider the
heterogeneity of production systems for some breeds, which must be somehow incorporated into the
genetic selection procedures of Colombian cattle, as in other regions (Europe or North America), this

issue either does not exist or does not significantly influence the outcome of genetic evaluations.

Declarations



583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

Acknowledgments

The authors would like to express their gratitude to all those who have contributed in one way or another
to the development of research in the field of animal breeding and genetics in Colombia. The research
carried out by all of them has made this publication possible. Although we have achieved key results for
optimizing genetic selection of cattle in Colombia, we still have many challenges to explore and improve

as an academic and productive community.

Funding
This study was funded by Universidad de Ciencias Aplicadas y AmbientalesU.D.C.A (Colombia) and
Universidad Nacional de Colombia, Sede Medellin (Colombia)

Conflicts of interest
The manuscript was prepared and reviewed by the authors, who ‘declare that there is no conflict of

interest.

Author contributions
Alejandro Amaya: Information search; writing, and review of the article. José-Miguel Cotes-Torres:

Writing and review of the article.

Use of artificial intelligence (Al)

No Al or Al-assisted technologies weremused during the preparation of this work.

References

Aby BA; Aass L, Sehested E, vangen O. A bio-economic model for calculating economic values of traits
for intensive’ and extensive beef cattle breeds. Livestock Science 2012; 143(2): 259-269
https://doi.org/10.1016/j.livsci.2011.10.003

Agudelo-Gomez DA, Agudelo-Trujillo JH, Ceron-Muiioz MF. Selection index for meat and milk traits
of buffaloes in Colombia. Livestock Science 2016; 191: 6-11.
https://doi.org/10.1016/1.1ivsci.2016.06.016



https://doi.org/10.1016/j.livsci.2011.10.003
https://doi.org/10.1016/j.livsci.2016.06.016

613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

Amaya A, Garrick D, Martinez R, Cerén-Mufioz M. Economic values for index improvement of dual-
purpose Simmental cattle. Livestock Science 2020b; 240: 104224
https://doi.org/10.1016/j.livsci.2020.104224

Amaya A, Lopez L, Ramirez J. Selection indexes to optimise genetic and economic progress in
Colombian  Blanco  Orejinegro  cattle.  Livestock  Science  2022;  263: 105015
https://doi.org/10.1016/j.1ivsci.2022.105015

Amaya A, Martinez R, Ceréon-Mufioz M. Genetic parameters for growth and reproduction in.Simmental
cattle from pedigree and genomic relationship. Journal MVZ Cordoba) 2020a; 25(1): 1-8
https://doi.org/10.21897/rm

Amaya A, Martinez R, Ceron-Mufioz MF. Parametros genéticos para produccion de leche en ganado
Simmental (Bos taurus) mediante modelos gendémicos y/poligénicos. Rev.Med Vet Zoot. 2019; 66(2):

131-140 https://doi.org/10.15446/rfmvz.v66n2.82431

Amaya A, Martinez R, Cerén-Muii6z M. Population structure and, genetic diversity in Colombian
Simmental cattle. Trop Anim Health Prod. 2020¢; 52(3): 1133-1139
https://doi.org/10.1007/s11250-019-02 14 1-w

Amaya A, Martinez R, Ceron-Mufioz M. Selection mdexes using principal component analysis for
reproductive, beef and milk traits in Simmental cattle. Tropical Animal Health and Production 2021; 53:
378 https://doi.org/10.1007/s11250-021-02815-y

American Angus Association. Angus Genetic Trend by Birth Year; [access date: 15-02-2024] URL.:

https://www.angus.org/Nee/GeneticTrends

Arango AJ, Gaviria JD, Montoya C:Heterosis para el peso y la ganancia de peso desde el nacimiento
hasta los 18 meses en el cruce de bovinos Angus por Cebu. Rev Fac Nal Agr. 2000; 53: 863-885.
Arboleda-Zapata EM, Ceron-Mufioz MF, Cotes-Torres JM, Vergara-Garay OD. Genotype-environment
interaction in multibreed bovine populations in the Colombian low tropic Rev Colomb Cienc Pecu 2010;
23:145-157. https://doi.org/10.17533/udea.rccp.324557

Asocebtl. Evaluacion genética, [access date: 15-02-2024] URL:

https://www.asoeebu.com/index.php/evaluacion-genetica

Bejarano D, Martinez R, Manrique C, Parra LM, Rocha JF, Gomez Y, Abuabara Y, Gallego J. Linkage

disequilibrium levels and allele frequency distribution in Blanco Orejinegro and Romosinuano Creole
cattle using medium density SNP chip data. Genetics and Molecular Biology 2018; 41(2) 426-433
http://dx.doi.org/10.1590/1678-4685-GMB-2016-0310


https://doi.org/10.1016/j.livsci.2020.104224
https://doi.org/10.1016/j.livsci.2022.105015
https://doi.org/10.21897/rm
https://doi.org/10.15446/rfmvz.v66n2.82431
https://doi.org/10.1007/s11250-019-02111-w
https://doi.org/10.1007/s11250-021-02815-y
https://www.angus.org/Nce/GeneticTrends
https://doi.org/10.17533/udea.rccp.324557
https://www.asocebu.com/index.php/evaluacion-genetica
http://dx.doi.org/10.1590/1678-4685-GMB-2016-0310

644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674

Betancur-Zambrano MF, Paez-Ordofies KN, Solarte-Portilla C, Osejo-Rosero E. Construccion de indices
de seleccion para ganado Holstein en el tropico alto de Narifio. Revista Investigacion Pecuaria
investig.pecu. 2012; 1(2): 13 -23

Betancur-Zambrano MF, Rincén J, Ochoa R, Solarte C. Genetic diversity analysis in dairy cows of
Narifio, southwestern Colombia. Semina ciénc. Agrar 2022; 43(6): 2563-2578.
10.5433/1679-0359.2022v43n6p2563

Byrne TJ, Santos BFS, Amer PR, Martin-Collado D, Pryce JE, Axford M. New breeding objectives and

selection indices for the Australian dairy industry. J. Dairy Sein, 2016; 99: 1-22
http://dx.doi.org/10.3168/1ds.2015-10747

Caivio-Nasner S, Lopez-Herrera A, Gonzalez-Herrera LGy Rincédn  JC{ Diversity analysis, runs of
homozygosity and genomic inbreeding reveal recent selectioniin Blanco Orejinegroattle. ] Anim Breed
Genet. 2021b; 138(5): 613-627.

10.1111/jbg.12549

Caivio-Nasner SL, Lopez-Herrera A, Gonzalez-Herrera LG, Rincon JC.'Genetic parameters and trends
for reproductive traits in Blanco Orejinegro cattle from Colombia. Semina ciénc. agrar 2021; 42(4):
2523-2538.

10.5433/1679-0359.2021v42n4p2523

Ceron-Muinoz MF, Tonhati'H, Costa C, Benavides F.dnteraccion genotipo-ambiente en ganado Holstein
colombiano. Arch. Latinoam. Prod. Anim«2001. 9(2): 74-78

Cer6n-Munoz MEF, Tonhati ‘H, Costa C, Maldonado-Estrada J, Rojas-Sarmiento D. Genotype X
Environment Interaction for Age at First Calving in Brazilian and Colombian Holsteins. J. Dairy Sci.
2004; 87: 2455-2458.

https://doizerg/10.3168/jds.S0022-0302(04)73369-X

DairyNZ. . Genetic. Trends in the National Herd; [access date: 15-02-2024] URL:

https://www.dairynz.co.nz/animal/breeding-decisions/genetic-trends-in-the-national-herd/

De Ledn C, Martinez R, Rocha JF. Genealogical and genomic heritability for adaptability and
reproductive traits in the Colombian Creole cattle breeds Blanco Orejinegro and Sanmartinero. Genet.

Mol. Res. 2021; 20 (3): 1-12 http://dx.doi.org/10.4238/gmr18878

Echeverri J, Zambrano JC, Lopez A. Genomic evaluation of Holstein cattle in Antioquia (Colombia): a

case study. Rev Colomb Cienc Pecu 2014; 27: 306-314. https://doi.org/10.17533/udea.rccp.324905

Elzo M. Evaluacion genética multirracial en poblaciones bovinas. Rev Col Cienc Pec 2007; 20: 4.


https://ojs.uel.br/revistas/uel/index.php/semagrarias/article/view/46211
http://dx.doi.org/10.3168/jds.2015-10747
https://onlinelibrary.wiley.com/doi/10.1111/jbg.12549
https://ojs.uel.br/revistas/uel/index.php/semagrarias/article/view/41670
https://doi.org/10.3168/jds.S0022-0302(04)73369-X
https://www.dairynz.co.nz/animal/breeding-decisions/genetic-trends-in-the-national-herd/
http://dx.doi.org/10.4238/gmr18878
https://doi.org/10.17533/udea.rccp.324905

675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

https://doi.org/10.17533/udea.rccp.324206

Elzo M. Evaluacion genética de animales en poblaciones multirraciales de bovinos utilizando modelos
lineales. Arch. Latinoam. Prod. Anim. 2006. Vol. 14 (4): 154-160.

Elzo M, Manrique C, Ossa G. Genetic evaluation of criollo cattle and their crossbreds in Colombia.
Revista Corpoica 1997; 2(1): 34-44.

Elzo M, Martinez G, Gonzélez F, Huertas H. Variabilidad y predicciones genéticas aditivas, no aditivas
y totales para la produccion de ganado de carne en el rebafio multirracial Sanmartinero-Cebt de La
Libertad. Revista Corpoica 2001; 3: 51-64.

Elzo M. University of Florida. Evaluacion Multirracial de Bovines en Colombia: desde la genética a la
genomica. [access date: 15-02-2024] URL:
https://animal.ifas.ufl.edu/elzo/publications/proceedings/does/2011 1 elzo.pdf

FAO. In vivo conservation of animal genetic resources. FAO Animal Production and Health Guidelines.
No. 14. Rome. 2013.

Galeano AP, Manrique C. Estimaciéon de parametros /genéticos para caracteristicas productivas y
reproductivas en los sistemas doble propoésito del trépico bajo colombiano. Rev. Med. Vet. Zoot. 2010;
57:119-131.

Garcia-Ruiz A, Cole JB, VanRaden PM; Wiggans GR, Ruiz-Lopez FJ, Van Tassell CP. Changes in genetic
selection differentials and generation intervalsin US Holstein dairy cattle as a result of genomic selection.

Proc Natl Acad Sci USA 2016; 113(28): 3995-4004. https://doi.org/10.1073/pnas. 1519061113

Garrick DJ, Golden BL:Producing and using genetic evaluations in the United States beef industry of
today. J Anim Sei 2009; 87(14): 11-18:https://doi.org/10.2527/jas.2008-1431

Goddard ME, Hayes BJ. Mapping genes for complex traits in domestic animals and their use in breeding
programmes. Nature Reviews Genetics. 2009; 10: 381-391. https://doi.org/10.1038/nrg2575

Hazel LN, Lush JI: The efficiency of three methods of selection. Journal of Heredity 1942; 33(11): 393-
399 https://deitorg/10.1093/oxfordjournals.jhered.al05102

Henderson CR. Best linear unbiased estimation and prediction under a selection model. Biometrics 1975;
31(2): 423-447 . https://doi.org/10.2307/2529430

Jiménez A, Manrique C, Martinez CA. Parametros y valores genéticos para caracteristicas de
composicion corporal, area de ojo del lomo y grasa dorsal medidos mediante ultrasonido en la raza

Brahman. Rev Med Vet Zoot. 2010; 57: 178-190


https://doi.org/10.17533/udea.rccp.324206
https://animal.ifas.ufl.edu/elzo/publications/proceedings/docs/2011_1_elzo.pdf
https://doi.org/10.1073/pnas.1519061113
https://doi.org/10.2527/jas.2008-1431
https://doi.org/10.1038/nrg2575
https://doi.org/10.1093/oxfordjournals.jhered.a105102
https://doi.org/10.2307/2529430

705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735

Kennedy BW, Trus D. Considerations on genetic connectedness between management units under an

animal model. J Anim Sci. 1993; 71(9): 2341-2352 https://doi.org/10.2527/1993.7192341x

Lopez J, Ossa G, Santana M. Estimacion de pardmetros genéticos para caracteres de crecimiento en
bovinos  criollos  Romosinuano. Rev Colombiana Cienc Anim. Recia. 2021; 13(2): 1-11

https://doi.org/10.24188/recia.v13.n2.2021.845

Lopez-Villalobos N, Blair HT, Garrick DJ. Cumulative dairy cow genetic change from selection and
crossbreeding over the last 2 decades in New Zealand closely aligns ‘to. model-based predictions

published in 2000. JDS Communications 2021; 2: 51-54 https://doi.org/10.3168/idsc.2020-0043

Madrigal O, Valencia L, Vazquez M, Maldonado JG. Andlisis y caracterizacion dewla mortalidad en
lactancia en ganado Cebt comercial y BON x Cebt en la hacienda La Candelaria. Rev:Colomb Cienc

Pecu 1998; 11: 2. https://doi.org/10.17533/udea.rccp.27045

Martinez H, Bedoya G, Berrocal M, Palomino M, Vergara O. Evaluacion productiva y reproductiva de
diferentes grupos raciales en sistemas de doble propdsito en el Valle del Sinu Medio. Livestock Research
for Rural Development. 2011; 23(4).

Martinez R, Bejarano D, Ramirez J, Ocampo R, Polanco N, Perez JE, Onofre HG, Rocha JF. Genomic
variability and population structure of six Colombian, cattle breeds. Tropical Animal Health and

Production 2023; 55: 185 https://doi.org/104007/s11250-023-03574-8

Martinez R, Burgos-Paz W Bejarano D, Reyes P, Rocha JF. Genomic predictions and accuracy of weight
traits in a breeding program for Colombian Brahman. Proceedings of the World Congress on Genetics

Applied to Livestock Production. 2018.

Martinez R, Gareia D, Gallego JL, Onofre G, Cafion J. Genetic variability in Colombian Creole cattle
populations, estimated by /pedigree information. J Anim Sci. 2008; 86(3): 545-552
https://do1.org/10.2527/jas.2007-0175

Martinez-Nifie CA, Manrique C, Elzo M, Jiménez A. Additive genetic group and heterosis effects on
growth and corporal composition of crossbred cattle in southern Cesar (Colombia). Rev Colomb Cienc

Pecu 2012; 25: 377-390. https://doi.org/10.17533/udea.rccp.324781

Montes D, Vergara O, Prieto E, Barragdn W. Estimacion de la repetibilidad y factores que afectan el
peso al nacer y al destete en ganado bovino cebl Brahman. Rev Colombiana Cienc Anim. Recia. 2009;
1(1): 19-36 https://doi.org/10.24188/recia.v1.n1.2009.405

Mrode RA. Linear models for the prediction of animal breeding values. 3Rd de. CABI; 2014.



https://doi.org/10.2527/1993.7192341x
https://doi.org/10.24188/recia.v13.n2.2021.845
https://doi.org/10.3168/idsc.2020-0043
https://doi.org/10.17533/udea.rccp.27045
https://doi.org/10.1007/s11250-023-03574-8
https://doi.org/10.2527/jas.2007-0175
https://doi.org/10.17533/udea.rccp.324781
https://doi.org/10.24188/recia.v1.n1.2009.405

736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765

http://dx.doi.org/10.1079/9780851990002.0000

Munera O, Herrera A, Gonzélez L, Henao A, Cerén-Mufioz M. Variance and covariance components and
genetic parameters for fat and protein yield of first-lactation Holstein cows using random regression

models. Rev Colomb Cienc Pecu 2014; 27: 253-263 https://doi.org/10.17533/udea.rccp.324899

Ocampo R, Ramirez J, Lopera J, Restrepo G, Gallego J. Genetic diversity assessed by pedigree analysis
in the blanco orejinegro (BON) cattle breed population from the colombian germplasm bank. Chilean J.

Agric. Anim. R. Sci. 2020; 36(1): 69-77. http://dx.doi.org/10.29393/chjaas36-4d30004

Ossa G, lopez J, Santana M, Garcés J. Heredabilidad y tendencias genéticas, para caracteres del
crecimiento en bovinos criollos. Archivos Latinoamericanos de Produccion Animal 2021a;29(3): 139-

150 https://doi.org/10.53588/alpa.293407

Ossa G, Lopez J, Quijano J, Santana M, Garcés J. Retrospective analysis of réproductive traits in
Colombian Romosinuano creole bovine females. Cienc. Tecnol Agropecuaria 2021b; 22(1): e1804

https://doi.org/10.21930/rcta.vol22 numl art:1804

Ponzoni RW, Newman S. Developing breeding ebjectives for australian beef cattle production. Anim.

Prod. 1989; 49: 35-47 https://doi.org/101017/S0003356100004232

Pryce JE, Wales WJ, de Hass Y, Veetkamp RF, Hayes BJ.:Genomic selection for feed efficiency in dairy
cattle. Animal 2014, 8(1): 1-10. https://doi.erg/10.1017/S1751731113001687

Quijano JH, Montoya C. Comparacion produetiva de‘vacas Holstein y F1 Blanco Orejinegro x Holstein
produccion y calidad de la leche. Rev FacANal Agr 2000; 53: 1115-1128
Ramirez EJ, Barréto G, Martinez R, Ceron-Muiioz M. Genetic selection indices for growth traits in

Blanco-Orejinegro cattle. Transl. AnimsSci. 2021; 5: 1-7 https://doi.org/10.1093/tas/txab133

Ramirez EJ, Burges WO, Elzo M, Martinez R, Ceron-Munoz M. Genetic parameters and trends for
growth traits in » Blanco/ Orejinegro  cattle. Transl. Anim. Sci. 2020; 4: 1-9
https://doi.org/10.1093/tas/txaal 74

Restrepo G, Pizarro EJ, Quijano JH. Indices de seleccion y niveles independientes de descarte para dos
caracteristicas productivas y reproductivas en un hato holstein (Bos taurus). Rev Colomb Cienc Pecu

2008; 21: 239-250. https://doi.org/10.17533/udea.rccp.324285

Rincon J, Zambrano J, Echeverri J. Estimation of genetic and phenotypic parameters for production traits
in Holstein and Jersey from Colombia. Rev. MVZ Cérdoba 2015; 20(Supl): 4962-4973.
https://doi.org/10.21897/rmvz.11



http://dx.doi.org/10.1079/9780851990002.0000
https://doi.org/10.17533/udea.rccp.324899
http://dx.doi.org/10.29393/chjaas36-4d30004
https://doi.org/10.53588/alpa.293407
https://doi.org/10.21930/rcta.vol22_num1_art:1804
https://doi.org/10.1017/S0003356100004232
https://doi.org/10.1017/S1751731113001687
https://doi.org/10.1093/tas/txab133
https://doi.org/10.1093/tas/txaa174
https://doi.org/10.17533/udea.rccp.324285
https://doi.org/10.21897/rmvz.11

766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

Rocha JF, Gallego JL, Vasquez RF, Pedraza JA, Echeverri J, Ceron-Muiioz M, Martinez R. Estimation
of genetic parameters for age at first calving and calving interval in Blanco Orejinegro (BON) breed
cattle populations in Colombia. Rev Colomb Cienc Pecu 2012; 25: 220-228.
https://doi.org/10.17533/udea.rccp.324749

Rodriguez D, Tullo E, Rizzi R. Pedigree-based analysis of genetic variability in the registered Normande
cattle breed in  Colombia. Animal Production Science 2017; 57: 422-429
http://dx.doi.org/10.1071/AN15057

Schaeffer LR. Strategy for applying genome-wide selection in dairy cattle. J. Anim. Breed. Genet. 2006;
123: 218-223 https://doi.org/10.1111/1.1439-0388.2006.00595.x

Schenkel FS, Miller SP, Wilton JW. Genetic parameters and bréed differences for feed efficiency, growth,
and body composition traits of young beef bulls. <Can. J. Anim. Sci. 2004; 84(2): 177-185
https://doi.org/10.4141/A03-085

Simianer H, Heise J, Rensing S, Pook T, Geibel J4Reimer C. How economic weights translate into genetic
and phenotypic progress, and vice versa Genet Sel Evol. 2023; 55(1): 38. https://doi.org/10.1186/s12711-
023-00807-0

Solarte CE, Zambrano GL. Characterization aand genetic evaluation of Holstein cattle in Narifio,
Colombia. Rev Colomb Cienc Pecu 20125 25: 539-547. https://doi.org/10.17533/udea.rccp.324796
Taborda JJ, Ceron-Muiioz MF, Barrera DC, Corrales JD, Agudelo DA. Inferencia bayesiana de

parametros genéticos para caracteristicaside crecimiento en bufalos doble propdsito en Colombia.
Livestock Research for Rural Development 2015; 27(10): 1-10.
http://www.lrrd.org/lrrd27/10/cero27196:html

Toro-Ospina AM, Faria RA, Dominguez-Castafio P, Santana ML, Gonzalez LG, Espasadin AC, Silva JA.
Genotype-environment, interaction for milk production of Gyr cattle in Brazil and Colombia. Genes

Genomics 2023; 45(2): 135-143. https://doi.org/10.1007/s13258-022-01273-6

Valderrama Yy Ramirez J, Burgos W, Martinez R, Ocampo R, Cerén-Muiidéz MF. Estructura genética de
poblaciones de ganado Blanco Orejinegro en Colombia. Livestock Research for Rural Development
2021; 33(4).

Vergara O, Ceron-Muiioz MF, Arboleda EM, Orozco Y, Ossa G. Direct genetic, maternal genetic, and
heterozygosity effects on weaning weight in a Colombian multibreed beef cattle population. J. Anim.

Sci. 2009; 87: 516-521. https://doi.org/10.2527/jas.2007-0636


https://doi.org/10.17533/udea.rccp.324749
http://dx.doi.org/10.1071/AN15057
https://doi.org/10.1111/j.1439-0388.2006.00595.x
https://doi.org/10.4141/A03-085
https://doi.org/10.1186/s12711-023-00807-0
https://doi.org/10.1186/s12711-023-00807-0
https://doi.org/10.17533/udea.rccp.324796
http://www.lrrd.org/lrrd27/10/cero27196.html
https://doi.org/10.1007/s13258-022-01273-6
https://doi.org/10.2527/jas.2007-0636

796
797
798
799
800
801
802
803
804
805
806
807
808
809
810

Vergara GO, Ossa SG, Cabrera AJ, Simanca SJ, Pérez GJ. Heritabilities and genetic trends for
reproductive traits in a population of Romosinuano cattle in Colombia. Journal MVZ Cordoba 2016;
21(1): 5250-5257 https://doi.org/10.21897/rmvz.34

Wolfova M, Wolf J, Pribyl J, Zahradkova R, Kica J. Breeding objectives for beef cattle used in different

production systems: 1. Model development. Livestock Production Science 2005; 95(3): 201-215
https://doi.org/10.1016/j.livprodsci.2004.12.018

Zambrano J, Echeverri J, Lopez-Herrera A. Genomic Evaluation of Colombian Holstein Cattle Using
Imputed Genotypes at Medium Density. Rev. MVZ Cordoba 2019; 24(2): 7248-7255.
https://doi.org/10.21897/rmvz.1704

Zambrano J, Rincon J, Lopez A, Echeverri J. Estimation and‘comparison‘of conventional and genomic
breeding values in Holstein cattle of Antioquia, Colombia. Rev. MVZ Cérdoba 2015; 20(3): 4739-4753.
https://doi.org/10.21897/rmvz.44

Zuidhof MJ, Schneider BL, Carney VL, Korvet DR, Robinson FE. .Growth, efficiency, and yield of
commercial broilers from 1957, 1978, and 2005. Poultry Science 2014; 93(12): 2970-2982.
https://doi.org/10.3382/ps.2014-04291



https://doi.org/10.21897/rmvz.34
https://doi.org/10.1016/j.livprodsci.2004.12.018
https://doi.org/10.21897/rmvz.1704
https://doi.org/10.21897/rmvz.44
https://doi.org/10.3382/ps.2014-04291

