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POTENTIAL IMPACT OF THIS RESEARCH
First study: This study contributes to understanding genotype-by-environment
interactions affecting sexual precocity indicator traits in Nellore cattle. It demonstrates
that genetic expression and animal ranking change across environments. Identifying
environmental sensitivity in reproductive traits underscores the importance of including
genotype-by-environment interactions in genetic evaluations, especially in tropical beef
production systems with substantial environmental variation. These results may help
develop more accurate breeding strategies. They also enable the identification of animals
with greater adaptability, robustness, and stable performance across different
environments, supporting improved reproductive efficiency and the long-term

sustainability of tropical beef production systems.

Second study: This study expands current knowledge of the genomic architecture
underlying environmental sensitivity and sexual precocity in Nellore cattle by integrating
genomic reaction norm models and genome-wide association analyses. The identification
of genomic regions and candidate genes associated with both average performance and
environmental responsiveness provides a foundation for future studies investigating the
biological mechanisms involved in adaptation and reproductive performance under
tropical conditions. In addition, the results may help refine genomic selection by
supporting the incorporation of genomic information on environmental adaptability into

breeding programs.
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GENOTYPE-BY-ENVIRONMENT INTERACTION AND GENOMIC
ARCHITECTURE OF SEXUAL PRECOCITY IN NELLORE CATTLE
Abstract: Reproductive efficiency is a major challenge in beef cattle production systems,
particularly in tropical environments characterized by significant heterogeneity in
management, nutrition, and climatic conditions. In Nellore cattle, reproductive and sexual
precocity traits are economically relevant because they directly influence productive
longevity, herd profitability, and biological efficiency. In this context, the present
dissertation aimed to investigate the environmental sensitivity and genomic architecture
of sexual precocity indicator traits in Nellore cattle by integrating genomic reaction norm
models and genome-wide association analyses (GWAS). The first study evaluated
genotype-by-environment interaction (GxE) for scrotal circumference at 365 days
(SC365), age at male puberty (APM), age at first calving (AFC), and heifer early calving
probability at 30 months (HC30). Genetic parameters, heritability estimates, and genetic
correlations were estimated across an environmental gradient derived from production
conditions. The results revealed environmental sensitivity for all evaluated traits,
characterized by changes in genetic variances and genotype re-ranking across
environments, particularly under contrasting production conditions. Female reproductive
traits were more environmentally sensitive than male traits. Additionally, the
identification of robust and plastic animals demonstrated variability in adaptive responses
among individuals. The second study integrated genomic reaction norm models with
GWAS to identify genomic regions associated with both average performance (intercept)
and environmental sensitivity (slope) for sexual precocity traits. Several candidate genes
and biological pathways related to reproductive development, endocrine regulation,
metabolism, immune response, and cellular growth were identified. Taken together, the
findings of this dissertation demonstrate that the genetic expression of sexual precocity
traits in Nellore cattle is strongly influenced by environmental conditions and reinforce
the importance of incorporating GxE into genomic evaluations. and provide relevant
information to develop more accurate breeding strategies.

Keywords: genomic reaction norms, environmental sensitivity, genome-wide association

study, reproductive traits.
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INTERACAO GENOTIPO-AMBIENTE E ARQUITETURA GENOMICA DA
PRECOCIDADE SEXUAL EM BOVINOS NELLORE

Resumo: A eficiéncia reprodutiva ¢ um grande desafio nos sistemas de producdo de
bovinos de corte, particularmente em ambientes tropicais caracterizados por significativa
heterogeneidade no manejo, nutrigdo e condigdes climaticas. Em bovinos Nelore,
caracteristicas reprodutivas e de precocidade sexual sdo economicamente relevantes, pois
influenciam diretamente a longevidade produtiva, a rentabilidade do rebanho e a
eficiéncia bioldgica. Nesse contexto, a presente dissertagcdo teve como objetivo investigar
a sensibilidade ambiental e a arquitetura gendmica de caracteristicas indicadoras de
precocidade sexual em bovinos Nelore, integrando modelos de norma de reagdo gendmica
e analises de associacdo gendmica ampla (GWAS). O primeiro estudo avaliou a interagdo
gendtipo-ambiente (GxE) para circunferéncia escrotal aos 365 dias (CE365), idade da
puberdade masculina (IPM), idade ao primeiro parto (IPP) e probabilidade de parto
precoce em novilhas aos 30 meses (PP30). Parametros genéticos, estimativas de
herdabilidade e correlagdes genéticas foram estimados ao longo de um gradiente
ambiental derivado das condi¢des de producdo. Os resultados revelaram sensibilidade
ambiental para todas as caracteristicas avaliadas, caracterizada por mudangas nas
varidncias genéticas e reclassificacdo de genotipos em diferentes ambientes,
particularmente sob condi¢des de producdo contrastantes. As caracteristicas reprodutivas
femininas mostraram-se mais sensiveis ao ambiente do que as masculinas. Além disso, a
identificacdo de animais robustos e plasticos demonstrou variabilidade nas respostas
adaptativas entre os individuos. O segundo estudo integrou modelos de norma de reagdo
gendmica com GWAS para identificar regides gendmicas associadas tanto ao
desempenho médio (intercepto) quanto a sensibilidade ambiental (inclinagdo) para
caracteristicas de precocidade sexual. Varios genes candidatos e vias biologicas
relacionadas ao desenvolvimento reprodutivo, regulacdo endocrina, metabolismo,
resposta imune e crescimento celular foram identificados. Em conjunto, as descobertas
desta dissertagdo demonstram que a expressao genética de caracteristicas de precocidade
sexual em bovinos Nelore ¢ fortemente influenciada pelas condigdes ambientais e
reforgam a importancia da incorporagdo da interagdo gendtipo x ambiente (GxE) em
avaliagdes gendmicas, fornecendo informagdes relevantes para o desenvolvimento de
estratégias de melhoramento genético mais precisas.

Palavras-chave: normas de reacdo genOmica, sensibilidade ambiental, estudo de

associagdo gendmica ampla, caracteristicas reprodutivas
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CHAPTER 1: GENERAL CONSIDERATIONS
1.1. Introduction

Improving the reproductive performance of Nellore cattle can positively impact
production systems in economic and sustainable terms (Brumatti et al., 2011). Therefore,
including these traits in genetic evaluations represents an important strategy to promote
genetic gain through reproductive traits (Portes et al., 2021). Female traits, such as age at
first calving (AFC) and heifer calving at 30 months (HC30), and male traits, such as
scrotal circumference at 365 days (SC365) and age at puberty in males (APM), have been
the focus of studies because they are associated with sexual precocity in animals,
potentially resulting in more efficient males and females for the herd (Mota et al., 2020;
Silva Neto et al., 2020; Mota et al., 2024; Oliveira et al., 2026).

However, it is known that these traits are influenced by several factors that need
to be controlled, such as environmental factors. Some studies in the literature have
reported that traits related to sexual precocity generally present low to moderates
heritability estimates (Chiaia et al., 2015; Silva Neto et al., 2020; Kluska et al., 2018;
Brunes et al., 2023). Studies evaluating the environmental interference on these traits have
observed changes in the reproductive performance of animals across different
environments (Chiaia et al., 2015; Mota et al., 2020; Fernandes Junior et al., 2022),
highlighting the importance of considering environmental effects, including climate,
management, altitude, and housing structure, in genetic evaluations. Thus, considering
these factors may provide a more accurate selection of superior animals for sexual
precocity, since environmental changes and different producer objectives may alter
selection strategies (Silva Neto et al., 2024).

When genotype expression is altered in response to environmental changes,
genotype-by-environment interaction (GXE) occurs (Falconer & Mackay, 1996).
Particularly in Brazil, a tropical country with a high diversity of production systems,
considering GxE is extremely important. Furthermore, it is known that selection
environments, such as nucleus herds, for example, differ from commercial production
environments, which may lead to producer dissatisfaction, since they may acquire a
genetically superior animal that will not fully express its genetic potential on their
property (Menezes et al., 2022; Silva Neto et al., 2024).

These sexual precocity traits are considered complex because they are difficult to

measure, are recorded in only one sex, and are often measured later in life, in addition to
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presenting difficulties in model adjustment for their genetic evaluation (Eler, 2010;
Mamede et al., 2023). Therefore, there is a scarcity of studies involving GXE for these
traits. It is well established that the inclusion of genomics in GxE studies has increased
the accuracy of results (Silva et al., 2014; Mota et al., 2020; Oliveira et al., 2026), which
are commonly conducted using the reaction norm approach, which describes the
continuous change in the phenotypic expression of animals according to environmental
variations (Mota et al., 2019; Silva Neto et al., 2024).

Hence, the objectives of this Master’s thesis were to: (i) investigate GXE for
sexual precocity traits in Nellore cattle using genomic reaction norm (RN) models, aiming
to estimate genetic parameters and genetic associations for HC30, AFC, SC365, and APM
across the environmental gradient, evaluate genotype reranking under contrasting
production conditions, and identify animals with greater environmental robustness or
plasticity; and (ii) integrate RN models with genome-wide association analyses (GWAS)
to identify environmentally sensitive SNPs associated with sexual precocity traits, as well
as to detect candidate genes, biological processes, and metabolic pathways potentially
involved in the regulation of sexual precocity under heterogeneous tropical

environments.
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3.7. Conclusions

This study provides new understandings into the genetic architecture of sexual
precocity traits in Nellore cattle by integrating RN models with GWAS. For HC30, genes
associated with the intercept were linked to folliculogenesis and ovarian development,
while those associated with the slope reflected metabolic regulation, immune responses,
and cellular stress resilience. SC365 revealed a contrasting pattern, with most significant
genes shared between intercept and slope, suggesting that the same genomic determinants
contribute to both baseline testis development and limited environmental sensitivity.
APM presented only intercept-associated candidate genes related to DNA repair,
endoplasmic reticulum stress, and immune response, with no slope-exclusive protein-
coding genes or enriched biological processes detected. Together, these findings
underscore the importance of environmentally sensitive loci and pathways in influencing
reproductive function, providing a more comprehensive understanding of how baseline
genetic potential and environmental sensitivity contribute to sexual precocity in Nellore

cattle.

88



3.8. Supplementary files

Supplementary ~ material is  available at the permanent link:

https://doi.org/10.1186/s12864-026-12547-8

3.9. Declarations

3.9.1. Ethics approval and consent to participate

Not applicable

3.9.2. Consent for publication

Not applicable

3.9.3. Availability of data and materials

The phenotypic and genotypic information is available for academic use from the authors
upon reasonable request (contacting the National Association of Breeders and

Researchers (ANCP, Ribeirao Preto, SP, Brazil; email: transf.tecnologia@ancp.org.br).

3.9.4. Competing interests

The authors declare that they have no competing interests.

3.9.5. Funding

The research was part of the projects supported by Sao Paulo Research
Foundation (FAPESP) grants #2024/04673-4, #2024/18034-3 and #2022/11852-7 and
CAPES - Finance code 001.

3.9.6. Acknowledgments

The authors are thankful to the National Association of Breeders and Researchers

(ANCP, Ribeirao Preto, SP, Brazil; www.ancp.org.br) for providing the data dataset used

in this work.

3.9.7. Authors' contributions

FB conceived and coordinated the study. ESO, LFMM, FB and HRO performed the study

89


https://doi.org/10.1186/s12864-026-12547-8
mailto:transf.tecnologia@ancp.org.br
http://www.ancp.org.br/

design. LFMM, HRO and HAM contributed to the statistical analysis and manuscript
preparation. ESO drafted the manuscript. FB, HRO, MAFC, JBSN, HAM and LFMM
contributed to interpreting results and critically revised the manuscript. All authors read,

revised, and approved the final manuscript.

References

1. Santos, E. A., Piedra-Bonilla, E. B., Barroso, G. M., Silva, J. V., Hejazirad, S. P., &
dos Santos, J. B. (2024). Agricultural resilience: Impact of extreme weather events
on the adoption of rural insurance in Brazil. Global Environmental Change, 89,
102938. https://doi.org/10.1016/J. GLOENVCHA.2024.102938

2. Utsunomiya, Y.T., Milanesi, M., Fortes, M.R.S., Porto-Neto, L.R., Utsunomiya,
A.T.H., Silva, M.V.G.B., Garcia, J.F., Ajmone-Marsan, P., 2019. Genomic clues of
the evolutionary history of Bos indicus cattle. Anim. Genet. 50, 557-568. https://doi.
org/10.1111/age.12836

3. Ambrosini, D. P., Malhado, C. H. M., Martins Filho, R., Cardoso, F. F., & Carneiro,
P. L. S. (2016). Genotype x environment interactions in reproductive traits of Nellore
cattle in northeastern Brazil. Tropical Animal Health and Production, 48 (7), 1401—
1407. https://doi.org/10.1007/s11250-016-1105-7

4. Mota, L. F. M., Costa, L. S., Garzon, N. A. M., Passafaro, T. L., Silva, D. O., Abreu,
L. R. A, Verardo, L. L., Bonafé¢, C. M., & Ventura, H. T. (2019). Unraveling the
effect of body structure score on phenotypic plasticity for body weight at different
ages n Guzerat cattle. Livestock Science, 229, 98-104.
https://doi.org/10.1016/J.LIVSCI.2019.09.015

5. Silva Neto, J. B., Mota, L. F. M., Londono-Gil, M., Schmidt, P. L., Rodrigues, G. R.
D., Ligori, V. A., Arikawa, L. M., Magnabosco, C. U., Brito, L. F., & Baldi, F.
(2024). Genotype-by-environment interactions in beef and dairy cattle populations:
A review of methodologies and perspectives on research and applications. Animal
Genetics, 55(6), 871-892. https://doi.org/10.1111/AGE.13483

6. White, R. R., Brady, M., Capper, J. L., McNamara, J. P., & Johnson, K. A. (2015).
Cow-calf reproductive, genetic, and nutritional management to improve the

sustainability of whole beef production systems. Journal of Animal Science, 93(6),

3197-3211. https://doi.org/10.2527/JAS.2014-8800

90



7. Sagwa, C. B., Okeno, T. O., & Kahi, A. K. (2019). Increasing reproductive rates of

both sexes in dairy cattle breeding optimizes response to selection. South African

Journal of Animal Science, 49(4), 654—663. https://doi.org/10.4314/SAJAS.V4914.7

8. Fernandes Junior, G. A., Silva, D. A., Mota, L. F. M., de Melo, T. P., Fonseca, L. F.

S., Silva, D. B. D. S., Carvalheiro, R., & Albuquerque, L. G. (2022). Sustainable
Intensification of Beef Production in the Tropics: The Role of Genetically Improving
Sexual Precocity of Heifers. Animals 2022, Vol. 12, Page 174, 12(2), 174.
https://doi.org/10.3390/ANI12020174

9. Mota, L.F.M., LM. Arikawa, S.L.C. Nasner, P.I. Schmidt, R. Carvalheiro, H.N.

10.

11.

12.

13.

Oliveira, and L.G. Albuquerque. (2024). Evaluation of the productive and
reproductive performance of sexual precocity at different ages in Nellore heifers.
Theriogenology 230:142—150. https://doi.org/10.1016/j.theriogenology.2024.09.005
Bonamy, M., Kluska, S., Peripolli, E., Lemos, M. V. A., Amorim, S. T., Vaca, R. J.,
Lobo, R. B., de Castro, L. M., Faria, C. U., Borba Ferrari, F., & Baldi, F. (2019).
Genetic association between different criteria to define sexual precocious heifers
with growth, carcass, reproductive and feed efficiency indicator traits in Nellore
cattle using genomic information. Journal of Animal Breeding and Genetics, 136(1),
15-22. https://doi.org/10.1111/jbg.12366

Kluska, S., Olivieri, B. F., Bonamy, M., Chiaia, H. L. J., Feitosa, F. L. B., Berton, M.
P., Peripolli, E., Lemos, M. V. A., Tonussi, R. L., Lobo, R. B., Magnabosco, C. U.,
Di Croce, F., Osterstock, J., Pereira, A. S. C., Munari, D. P., Bezerra, L. A., Lopes,
F. B., & Baldji, F. (2018). Estimates of genetic parameters for growth, reproductive,
and carcass traits in Nelore cattle using the single step genomic BLUP procedure.
Livestock Science, 216, 203-209. https://doi.org/10.1016/J.LIVSCI.2018.08.015
Negreiros, M. P. M., Amorim, S. T., Lobo, R. B., Brunes, L. C., Magnabosco, C. U.,
Bergmann, J. A. G., Espigolan, R., Pereira, A. S. C., & Baldi, F. (2024). Genetic
correlation estimates between calving ease in primiparous cows and economically
important traits in Nellore cattle. Journal of Animal Breeding and Genetics, 141(5),
473-484. https://doi.org/10.1111/jbg.12851

Boligon, A. A., Silva, J. A. V., Sesana, R. C., Sesana, J. C., Junqueira, J. B., &
Albuquerque, L. G. (2010). Estimation of genetic parameters for body weights,
scrotal circumference, and testicular volume measured at different ages in Nellore
cattle. Journal of Animal Science, 88(4), 1215-1219.
https://doi.org/10.2527/JAS.2008-1719

91



14.

15.

16.

17.

18.

19.

20.

21.

Rojas De Oliveira, H., Ventura, H. T., Costa, E. V., Pereira, M. A., Veroneze, R.,
Duarte, M. D. S., Dias De Siqueira, O. H. G. B., & Fonseca E Silva, F. (2017). Meta-
analysis of genetic-parameter estimates for reproduction, growth and carcass traits in
Nellore cattle by using a random-effects model. Animal Production Science, 58(9),
1575-1583. https://doi.org/10.1071/AN16712
Souza, F. M., Lopes, F. B., Rosa, G. J. M., Fernandes, R. da S., Magnabosco, V. S.,
& Magnabosco, C. U. (2022). Genetic selection of Nellore cattle raised in tropical
areas: Economic indexes and breeding decisions risks. Livestock Science, 265,
105098. https://doi.org/10.1016/J.LIVSCI.2022.105098
Silva Neto, J. B., Peripolli, E., Costa e Silva, E. V., Espigolan, R., Neira, J. D. R,,
Schettini, G., Costa Filho, L. C. C., Barbosa, F. B., Macedo, G. G., Costa-Brunes, L.,
Lobo, R. B., Pereira, A. S. C., & Baldi, F. (2020). Genetic correlation estimates
between age at puberty and growth, reproductive, and carcass traits in young Nelore
bulls. Livestock Science, 241, 104266.
https://doi.org/10.1016/J.LIVSCI.2020.104266
Ila, S. K., Gollamoori, G., & Nath, S. (2019). Evaluation of selection program by
assessing the genetic diversity and inbreeding effects on Nellore sheep growth
through pedigree analysis. Asian-Australasian Journal of Animal Sciences, 33(9),
1369. https://doi.org/10.5713/AJAS.18.0553
Londono-Gil, M., Cardona-Cifuentes, D., Rodriguez, J. D., Brunes, L. C.,
Magnabosco, C. U., Pereira, A. S. C., Peripolli, E., Lobo, R. B., & Baldi, F. (2022).
Heritability and genetic correlations between marbling in longissimus dorsi muscle
and conventional economic traits in Nellore beef cattle. Tropical animal health and
production, 54 (5), 274. https://doi.org/10.1007/s11250-022-03293-6
Mamede, M. M. S., Rosa, G. J. M., Eifert, E. C., Lopes, F. B., Baldi, F., Costa, M. F.,
Sainz, R. D., Carmo, A. S.; Mascioli, A. S., & Magnabosco, C. U. (2023). Estimating
genetic parameters of reproductive, carcass, and meat quality traits in Polled Nellore
cattle.  Tropical ~Animal Health and Production, 55 (2), 1-9.
https://doi.org/10.1007/s11250-023-03541-3
Oliveira, E. S., Temp, L. B., Gubiani, G., Teodoro, M., Rodrigues, G. R. D., de
Negreiros, M. P. M., Pereira, L. S., Magnabosco, C. U., & Baldi, F. (2025). Genetic
Parameters and Genomic Prediction for Calving Ease in Primiparous Nellore Heifers.
Journal of Animal Breeding and Genetics. https://doi.org/10.1111/jbg.12932
Mota, L. F. M., Fernandes, G. A., Herrera, A. C., Scalez, D. C. B., Espigolan, R.,

92



22.

23.

24.

25.

26.

27.

28.

Magalhdes, A. F. B., Carvalheiro, R., Baldi, F., & Albuquerque, L. G. (2020).
Genomic reaction norm models exploiting genotype x environment interaction on
sexual precocity indicator traits in Nellore cattle. Animal Genetics, 51(2), 210-223.
https://doi.org/10.1111/AGE.12902
Falconer, D. S. (1952). The problem of environment and selection. The American
Naturalist, 86(830), 293-298. https://doi.org/10.1086/281736

Carvalho Filho, 1., Arikawa, L. M., Mota, L. F. M., Campos, G. S., Fonseca, L. F. S,
Fernandes Junior, G. A., Schenkel, F. S., Lourenco, D., Silva, D. A., Teixeira, C. S.,
Silva, T. L., Albuquerque, L. G., & Carvalheiro, R. (2024). Genome-wide association
study considering genotype-by-environment interaction for productive and
reproductive traits using whole-genome sequencing in Nellore cattle. BMC
Genomics, 25(1). https://doi.org/10.1186/S12864-024-10520-X,

Toro-Ospina, A. M., Faria, R. A., Dominguez-Castafio, P., Santana, M. L., Gonzalez,
L. G., Espasandin, A. C., & Silva, J. A. V. (2022). Genotype—environment interaction
for milk production of Gyr cattle in Brazil and Colombia. Genes and Genomics, 45
(2), 135—-143. https://doi.org/10.1007/s13258-022-01273-6

Carvalho, C. V. D., Costa, R. B., Camargo, G. M. F., & Bittencourt, T. C. C. (2019).
Genotype x Environment Interaction for reproductive traits in brazilian Nellore breed
cattle. Revista Brasileira de Satde e Producdo Animal, 20, e0512019.
https://doi.org/10.1590/S1519-9940200512019
Ferreira, J. L., Lopes, F. B., Garcia, J. A. S., Silva, M. P. B., Nepomuceno, L. L.,
Marques, E. G., & Silva, M. C. (2017). Climate Spatialization and Genotype-
Environment Interaction Effects on Weaning Weights of Nellore Cattle in Extensive
Systems in Tropical Regions of Brazil. Ciéncia Animal Brasileira, 18(1), €39597.
https://doi.org/10.1590/1089-6891V18E-39597
Santana, M. L., Bignardi, A. B., Rodrigues, G. R. D., Cyrillo, J. N. S. G., Brito, L. F.,
& Mercadante, M. E. Z. (2025). Genotype-by-environment interaction for yearling
weight of Nellore cattle in pasture and feedlot conditions using a “double” genomic
reaction norm model. Journal of Animal Science.
https://doi.org/10.1093/JAS/SKAF169
Silva Neto, J. B., Mota, L. F. M., Amorim, S. T., Peripolli, E., Brito, L. F.,
Magnabosco, C. U., & Baldi, F. (2023). Genotype-by-environment interactions for
feed efficiency traits in Nellore cattle based on bi-trait reaction norm models.

Genetics Selection Evolution, 55(1), 1-12. https://doi.org/10.1186/S12711-023-

93



00867-2/FIGURES/5

29. Shi, R., Brito, L. F., Li, S., Han, L., Guo, G., Wen, W., Yan, Q., Chen, S., & Wang,
Y. (2025). Genomic prediction and validation strategies for reproductive traits in
Holstein cattle across different Chinese regions and climatic conditions. Journal of
Dairy Science, 108(1), 707—725. https://doi.org/10.3168/JDS.2024-25121

30. Goddard, M. E., & Hayes, B. J. (2009). Mapping genes for complex traits in domestic
animals and their use in breeding programmes. Nature Reviews Genetics, 10 (6),
381-391. https://doi.org/10.1038/nrg2575

31. Mota, L. F. M., Carvajal, A. B., Bernardes, P. A., Buzanskas, M. E., Baldi, F., Lobo,
R B., & Munari, D. P. (2022). Integrating genome-wide association study and
pathway analysis reveals physiological aspects affecting heifer early calving defined
at  different  ages in  Nelore cattle. Genomics, 114:110395.
10.1016/j.ygeno.2022.110395.

32. Zepeda-batista, J. L., Nufiez-Dominguez, R., Ramirez-Valverde, R., Jahuey-Martinez,
F., Herrera-Ojeda, J. B., & Parra-Bracamonte, G. M. (2021). Discovering of
Genomic Variations Associated to Growth Traits by GWAS in Braunvieh Cattle.
Genes, 12 (11), 1666. https://doi.org/10.3390/genes12111666

33. Silva Neto, J. B., Brito, L. F., Mota, L. F. M., Magnabosco, C. U., & Baldi, F.
Genome-wide association study for feed efficiency indicator traits in Nellore cattle
considering  genotype-by-environment interactions. (2025). Front Genet,
16:1539056. https://doi.org/10.3389/fgene.2025.1539056

34. Arikawa, L. M., Mota, L. F. M., Schmidt, P. 1., Frezarim, G. B., Fonseca, L. F. S.,
Magalhdes, A. F. B., Silva, D. A., Carvalheiro, R., Chardulo, L. A. L., &
Albuquerque, L. G. de. (2024). Genome-wide scans identify biological and metabolic
pathways regulating carcass and meat quality traits in beef cattle. Meat Science, 209.
https://doi.org/10.1016/j.meatsci.2023.109402

35. Raza, S. H. A., Khan, S., Amjadi, M., Abdelnour, S. A., Ohran, H., Alanazi, K. M.,
El-Hack, M. E. A., Taha, A. E., Khan, R., Gong, C., Schreurs, N. M., Zhao, C., Wei,
D., & Zan, L. (2020). Genome-wide association studies reveal novel loci associated
with carcass and body measures in beef cattle. Archives of Biochemistry and
Biophysics, 694, 108543. https://doi.org/10.1016/j.abb.2020.108543

36. Tolley, S. A., Brito, L. F., Wang, D. R., & Tuinstra, M. R. (2023). Genomic prediction
and association mapping of maize grain yield in multi-environment trials based on

reaction norm models. Frontiers n Genetics, 14, 1221751.

94


https://doi.org/10.3390/genes12111666

https://doi.org/10.3389/fgene.2023.1221751

37. Wolf, F. R., Almquist, J.O., & Hale, E. B. (1965). Prepuberal behavior and pubertal
characteristics of beef bulls on high nutrient allowance. J. Anim. Sci, v.24, p.761-
764. https://doi.org/10.2527/jas1965.243761x

38. Misztal, 1., Tsuruta, S., Lourenco, D., Aguilar, 1., Legarra, A., & Vitezica, Z. (2018).
Manual for BLUPF90 family of programs. Athens: University of Georgia.

39. Mota, L. F. M., Lopes, F. B., Fernandes Junior, G. A., Rosa, G. J. M., Magalhaes, A.
F. B., Carvalheiro, R., & Albuquerque, L. G. (2020). Genome-wide scan highlights
the role of candidate genes on phenotypic plasticity for age at first calving in Nellore
heifers. Scientific Reports 2020 10:1, 10(1), 1-13. https://doi.org/10.1038/s41598-
020-63516-4

40. Aguilar, I., Misztal, 1., Johnson, D. L., Legarra, A., Tsuruta, S., & Lawlor, T. J. (2010).
A unified approach to utilize phenotypic, full pedigree, and genomic information for
genetic evaluation of Holstein final score. Journal of Dairy Science, 93,743—752.
https://doi.org/10.3168/jds.2009-2730

41. VanRaden, P. M. (2008). Efficient Methods to Compute Genomic Predictions.
Journal of Dairy Science, 91 (11), 4414-4423. https://doi.org/10.3168/jds.2007-0980

42. Dempster, E. R., & Lerner, I. M. (1950). Heritability of threshold characters. Genetics,
35(2), 212-236.

43. Geweke J. (1992). Evaluating the accuracy of sampling-based approaches to the
calculation of posterior moments. Bayesian Statistics 4, 169-93.

44. Heidelberger P, Welch P (1983). “Simulation Run Length Control in the Presence of
an Initial Transient.” Operations Research, 31, 1109-1144

45. Smith, B. J. (2007). boa: an R Package for MCMC output convergence assessment
and posterior inference. Journal of Statistical Software, 21, 1-37.
https://doi.org/10.18637/jss.v021.i11

46. Aguilar, 1., Misztal, 1., Tsuruta, S., Legarra, A., & Wang, H. (2014). PREGSF90—
POSTGSF90: Computational Tools for the Implementation of Single-Step Genomic
Selection and Genome-Wide Association with Ungenotyped Individuals in
BLUPF90 Programs. 10th World Congress of Genetics Applied to Livestock
Production. https://www.inia.uy/sites/default/files/publications/2024-10/Aguilar-et-
al2014WCGALP.pdf

47. Wang, H., Misztal, 1., Aguilar, L., Legarra, A., Fernando, R. L., Vitezica, Z., Okimoto,
R., Wing, T., Hawken, R., & Muir, W. M. (2014). Genome-wide association mapping

95



48.

49.

50.

51.

52.

53.

54.

55.

including phenotypes from relatives without genotypes in a single-step (sSGWAS)
for 6-week body weight in broiler chickens. Frontiers in Genetics, S(MAY).
https://doi.org/10.3389/FGENE.2014.00134
Aguilar, 1., Legarra, A., Cardoso, F., Masuda, Y., Lourenco, D., & Misztal, I. (2019).
Frequentist p-values for large-scale-single step genome-wide association, with an
application to birth weight in American Angus cattle. Genetics Selection Evolution,
51(1), 1-8. https://doi.org/10.1186/S12711-019-0469-3/FIGURES/3

Gualdrén Duarte, J. L., Cantet, R. J., Bates, R. O., Ernst, C. W., Raney, N. E., &
Steibel, J. P. (2014). Rapid screening for phenotype-genotype associations by linear
transfor- mations of genomic evaluations. BMC Bioinformatics, 15, 246.
https://doi.org/10.1186/1471-2105-15-246

Corbin, L. J,, Liu, A. Y. H., Bishop, S. C., & Woolliams, J. A. (2012). Estimation of
historical effective population size using linkage disequilibria with marker data.
Journal of Animal Breeding and  Genetics, 129(4),  257-270.
https://doi.org/10.1111/J.1439-0388.2012.01003.X

Ogunbawo, A. R., Hidalgo, J., Mulim, H. A., Carrara, E. R., Ventura, H. T., Souza,
N. O., Lourenco, D., & Oliveira, H. R. (2025). Applying the algorithm for Proven
and young in GWAS Reveals high polygenicity for key traits in Nellore cattle.
Frontiers in Genetics, 16. https://doi.org/10.3389/fgene.2025.1549284

Goddard, M. E., Hayes, B. J., & Meuwissen, T. H. E. (2011). Using the genomic
relationship matrix to predict the accuracy of genomic selection. Journal of Animal
Breeding and Genetics, 128(6), 409-421. https://doi.org/10.1111/J.1439-
0388.2011.00964.X

Fonseca, P. A. S., Suarez-Vega, A., Marras, G., & Canovas, A. (2020). GALLO: An
R package for genomic annotation and integration of multiple data sources in
livestock for positional candidate loci. GigaScience, 9(12).
https://doi.org/10.1093/GIGASCIENCE/GIAA 149

Rosen, B. D., Bickhart, D. M., Schnabel, R. D., Koren, S., Elsik, C. G., Tseng, E.,
Rowan, T. N., Low, W. Y., Zimin, A., Couldrey, C., Hall, R., Li, W., Rhie, A.,
Ghurye, J., McKay, S. D., Thibaud-Nissen, F., Hoffman, J., Murdoch, B. M.,
Snelling, W. M., Medrano, J. F. (2020). De novo assembly of the cattle reference
genome  with  single-molecule  sequencing.  GigaScience, 9(3), 1-9.
https://doi.org/10.1093/GIGASCIENCE/GIAA021

Kolberg, L., Raudvere, U., Kuzmin, L., Vilo, J., & Peterson, H. (2020). gprofiler2 --

96



56.

57.

58.

59.

60.

61.

62.

63.

an R package for gene list functional enrichment analysis and namespace conversion
toolset g:Profiler. F1000Research, 9, ELIXIR-709.
https://doi.org/10.12688/F1000RESEARCH.24956.2
Hu, Z. L., Park, C. A., Wu, X. L., Reecy, J. M. (2013). Animal QTLdb: an improved
database tool for livestock animal QTL/association data dissemination in the post-
genome era. Nucleic Acids Res, 41(Database issue):D871-9.
https://doi.org/10.1093/nar/gks1150
Santana Janior, M. L., Eler, J. P, Bignardi, A. B., & Ferraz, J. B. S. (2015). Two-trait
random regression model to estimate the genetic association of scrotal circumference
with female reproductive performance in Nelore cattle. Theriogenology, 83,9, 1534-
1540. https://doi.org/10.1016/j.theriogenology.2015.02.003
Shi, L., & Bergson, C. M. (2020). Neuregulin 1: an intriguing therapeutic target for
neurodevelopmental  disorders.  Translational  Psychiatry, 10(1), 1-11.
https://doi.org/10.1038/S41398-020-00868-5
Veikkolainen, V., Ali, N., Doroszko, M., Kiviniemi, A., Miinalainen, 1., Ohlsson, C.,
Poutanen, M., Rahman, N., Elenius, K., Vainio, S. J., & Naillat, F. (2020). Erbb4
regulates the oocyte microenvironment during folliculogenesis. Human Molecular
Genetics, 29(17), 2813-2830. https://doi.org/10.1093/HMG/DDAA161
Guo, S., Yan, X., Shi, F., Ma, K., Chen, Z. J., & Zhang, C. (2018). Expression and
distribution of the zinc finger protein, SNAI3, in mouse ovaries and pre-implantation
embryos. Journal of Reproduction and Development, 64(2), 179-186.
https://doi.org/10.1262/jrd.2017-088
Meng, Z., Chu, M., Yang, H., Zhang, S., Wang, Q., Chen, J., Ren, C., Pan, Z., &
Zhang, Z. (2025). Regulatory element map of sheep reproductive tissues: functional
annotation of tissue-specific strong active enhancers. Frontiers in Veterinary Science,
12, 1564148. https://doi.org/10.3389/fvets.2025.1564148
Zhao, D., Fan, Y., Xiong, X., Yin, S., Fu, W, Ma, Y., Yue, Y., Zhao, Z., Li, J., &
Xiong, Y. (2022). Molecular characterization of TRIB1 gene and its role in regulation
of steroidogenesis in bos grunniens granulosa cells. Theriogenology, 191, 1-9.
https://doi.org/10.1016/J. THERIOGENOLOGY.2022.07.012
Sun, X., Wang, S., Miao, X., Zeng, S., Guo, Y., Zhou, A., Chen, Y., Chen, Y., Lv, F.,
Fan, Z., Wang, Y., Xu, Y., & Li, Z. (2023). TRIB1 regulates liver regeneration by
antagonizing the NRF2-mediated antioxidant response. Cell Death & Disease 2023
14:6, 14(6), 1-14. https://doi.org/10.1038/s41419-023-05896-9

97



64

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hu, K. Y., & Bauer, R. C. (2021). Competing tissue-specific functions for the
Tribbles-1 plasma lipid associated locus. Current Opinion in Lipidology, 32(3), 175—
182. https://doi.org/10.1097/MOL.0000000000000748

Verver, D. E., Zheng, Y., Speijer, D., Hoebe, R., Dekker, H. L., Repping, S., Stap, J.,
& Hamer, G. (2016). Non-SMC Element 2 (NSMCE2) of the SMC5/6 Complex
Helps to Resolve Topological Stress. International Journal of Molecular Sciences
2016, Vol. 17, Page 1782, 17(11), 1782. https://doi.org/10.3390/IJMS17111782

Ping, X., Chen, Y., Wang, H., Jin, Z., Duan, Q., Ren, Z., & Dong, X. (2025). Whole-
genome sequencing reveals patterns of runs of homozygosity underlying genetic
diversity and selection in domestic rabbits. BMC Genomics, 26(1), 1-14.
https://doi.org/10.1186/s12864-025-11616-8

Sheldon, I. M., Cronin, J., Goetze, L., Donofrio. G, & Schuberth, H. (2009). Defining
Postpartum Uterine Disease and the Mechanisms of Infection and Immunity in the
Female Reproductive Tract in Cattle. Biology of Reproduction. 81, 6, 1025-1032.
https://doi.org/10.1095/biolreprod.109.077370

Waclawik, A., Kaczmarek, M. M., Blitek, A., Kaczynski, P., & Ziecik, A. J. (2017).
Embryo-maternal dialogue during pregnancy establishment and implantation in the
pig. Mol Reprod Dev.84: 842—-855. https://doi.org/10.1002/mrd.22835

Hansen, P. J. (2009). Effects of heat stress on mammalian reproduction. Philos Trans
R Soc Lond B Biol Sci. 27;364(1534):3341-50.
https://doi.org/10.1098/rstb.2009.0131

Galvao, K. N. (2012). Postpartum uterine diseases in dairy cows. Anim Reprod, 9(3),
290-296.

Berchieri-Ronchi, C. B., Kim, S. W., Zhao, Y., Correa, C.R., Yeum, K. J., & Ferreira,
A. L. A. (2011). Oxidative stress status of highly prolific sows during gestation and
lactation. Animal.;5(11):1774-9. https://doi.org/10.1017/S1751731111000772

Li, J., Chen, W., Li, D., Gu, S., Liu, X., Dong, Y., Jin, L., Zhang, C., & Li, S. (2021).
Conservation of imprinting and methylation of mkrn3, magel2 and ndn genes in
cattle. Animals, 11(7), 1985. https://doi.org/10.3390/ani11071985

Mercer, R. E., & Wevrick, R. (2009). Loss of Magel2, a Candidate Gene for Features
of Prader-Willi Syndrome, Impairs Reproductive Function in Mice. PLOS ONE,
4(1), e4291. https://doi.org/10.1371/journal.pone.0004291
Miller, N. L. G., Wevrick, R., & Mellon, P. L. (2008). Necdin, a Prader—Willi

syndrome candidate gene, regulates gonadotropin-releasing hormone neurons during

98



75.

76.

77.

78.

79.

80.

81.

82.

development. Human Molecular Genetics, 18(2), 248.
https://doi.org/10.1093/HMG/DDN344
Silva, T. de L., Carneiro, P. L. S., Ambrosini, D. P., Lobo, R. B., Filho, R. M., &
Malhado, C. H. M. (2019). Genotype-environment interaction in the genetic
variability analysis of reproductive traits in Nellore cattle. Livestock Science, 230,
103825. https://doi.org/10.1016/j.1ivsci.2019.103825
Chiaia, H. L. J., De Lemos, M. V. A., Venturini, G. C., Aboujaoude, C., Berton, M.
P., Feitosa, F. B., Carvalheiro, R., Albuquerque, L. G., De Oliveira, H. N., & Baldi,
F. (2015). Genotype X environment interaction for age at first calving, scrotal
circumference, and yearling weight in Nellore cattle using reaction norms in
multitrait random regression models. Journal of Animal Science, 93(4), 1503—-1510.
https://doi.org/10.2527/JAS.2014-8217
Bohrer, R., Rosa, P., Ferreira, R., Bordignon, V., Oliveira, J., & Gongalves, P. (2012).
Grb14 mRNA Levels During Follicular Deviation in Cattle are Higher in Granulosa
Cells of Subordinate Compared to Dominant Follicles. Reproduction in Domestic
Animals, 48(3), 396—401. https://doi.org/10.1111/rda.12086
Rosa, P. R. A., Bohrer, R. C., De Cesaro, M. P., Gutierrez, K., Ferreira, R., Pereira,
G. R., Oliveira, J. F. C., & Gongalves, P. B. D. (2013). Growth factor receptor-bound
protein 14: a potential new gene associated with oocyte competence. Zygote, 22(2),
103-109. https://doi.org/10.1017/S0967199413000221
Yang, H., Li, M., Zhang, B., Zhang, J., Shi, Y., Ma, T., & Sun, Y. (2025). CircGRB14
Inhibits Proliferation and Promotes Apoptosis of Granulosa Cells in Chicken Follicle
Selection Through Sponging miR-12264-3p and miR-6660-3p. International Journal
of Molecular Sciences, 26(5), 2214. https://doi.org/10.3390/1JIMS26052214
Cavarocchi, E., Whitfield, M., Saez, F., & Tour¢, A. (2022). Sperm lon Transporters
and Channels in Human Asthenozoospermia: Genetic Etiology, Lessons from
Animal Models, and Clinical Perspectives. International Journal of Molecular
Sciences 2022, Vol. 23, Page 3926, 23(7), 3926.
https://doi.org/10.3390/1JMS23073926
Gardner, C. C., & James, P. F. (2023). The SLC9C2 Gene Product (Na+/H+
Exchanger Isoform 11; NHE11) Is a Testis-Specific Protein Localized to the Head
of Mature Mammalian Sperm. International Journal of Molecular Sciences, 24(6),
5329. https://doi.org/10.3390/ijms24065329
Zhao, J., Zhao, J., Xu, G., Wang, Z., Gao, J., Cui, S., & Liu, J. (2017). Deletion of

99



&3.

&4.

85.

86.

87.

88.

9.

Spata2 by CRISPR/Cas9n causes increased inhibin alpha expression and attenuated
fertility in male micef. Biology of Reproduction, 97(3), 497-513.
https://doi.org/10.1093/biolre/iox093

Kar, S., Tenugu, S., Pranoty, A., Anusha, N., Udit, U. K., Sangem, P., &
Senthilkumaran, B. (2024). Impact of gonadotropin on certain testis-related genes
identified through testicular transcriptome analysis in the Asian and the African
catfish. Comparative Biochemistry and Physiology Part D: Genomics and
Proteomics, 52, 101349. https://doi.org/10.1016/j.cbd.2024.101349

Fu, W., Liu, F., Wang, Y., Li, Z., Deng, W., Liu, W., Liu, J., Peng, L., & Xiao, Y.
(2024). Discovery of a novel miRNA involved in the regulation of male infertility in
zebrafish. Genomics, 116(2), 110813. https://doi.org/10.1016/j.ygeno.2024.110813
Masola, V., Greco, N., Tozzo, P., Caenazzo, L., & Onisto, M. (2022). The role of
SPATA2 in TNF signaling, cancer, and spermatogenesis. Cell Death and Disease,
13(11), 1-5. https://doi.org/10.1038/s41419-022-05432-1

Han, Y., & Pefiagaricano, F. (2016). Unravelling the genomic architecture of bull
fertility in Holstein cattle. BMC Genetics, 17(1), 1-11.
https://doi.org/10.1186/s12863-016-0454-6

Chen, H., Li, P., Du, X., Zhao, Y., Wang, L., Tian, Y., Song, X., Shuai, L., Bai, X.,
& Chen, L. (2022). Homozygous Loss of Septinl2, but not its Haploinsufficiency,
Leads to Male Infertility and Fertilization Failure. Frontiers in Cell and
Developmental Biology, 10, 850052. https://doi.org/10.3389/fcell.2022.850052
Lin, Y. H., Wang, Y. Y., Chen, H. L., Kuo, Y. C., Chiou, Y. W., Lin, H. H., Wu, C.
M., Hsu, C. C., Chiang, H. S., & Kuo, P. L. (2012). SEPTIN12 Genetic Variants
Confer Susceptibility to Teratozoospermia. PLOS ONE, 7(3), e34011.
https://doi.org/10.1371/journal.pone.0034011

Terakado, A. P. N., Boligon, A. A., Baldi, F., Silva, J. A. V., & Albuquerque, L. G.
(2015). Genetic associations between scrotal circumference and female reproductive
traits in Nelore cattle. Journal of Animal Science, 93(6), 2706-2713.
https://doi.org/10.2527/JAS.2014-8817

90. Pujol-Gualdo, N., Karjalainen, M. K., Vosa, U., Arffman, R. K., Mégi, R., Ronkainen,

J., Laisk, T., & Piltonen, T. T. (2024). Circulating anti-Miillerian hormone levels in
pre-menopausal women: novel genetic insights from a genome-wide association
meta-analysis. Human Reproduction, 39(7), 1564-1572.
https://doi.org/10.1093/humrep/deael17

100



91.

92.

93.

94.

95.

Miinch, C., Kirsch, S., Fernandes, A. M. G., & Schempp, W. (2008). Evolutionary
analysis of the highly dynamic CHEK2 duplicon in anthropoids. BMC Evolutionary
Biology, 8(1), 1-16. https://doi.org/10.1186/1471-2148-8-269

Wu, X, He, L., Lin, Y., Zheng, Y., Jiang, P., Tian, C., Mao, R., Yang, B., Shi, Y.,
Ge, H., Hu, J., & Yuan, R. (2025). XBP1 promotes endometrial fibrosis through
cGAS-STING signaling pathway in intrauterine adhesion. Scientific Reports 2025
15:1, 15(1), 1-13. https://doi.org/10.1038/s41598-025-06162-y

Xu, W., Yang, Y., Li, Y., Yang, D., Wan, S., Li, N., & Hua, J. (2022). Spliced X-box
binding protein 1 (XBP1s) protects spermatogonial stem cells (SSCs) from
lipopolysaccharide (LPS)-induced damage by regulating the testicular
microenvironment. Theriogenology, 191, 132-140.
https://doi.org/10.1016/j.theriogenology.2022.07.014

Xu, W., Wang, C., & Hua, J. (2020). X-box binding protein 1 (XBP1) function in
diseases. Cell Biology International, 45(4), 731-739.
https://doi.org/10.1002/cbin.11533

Santos, T. C. F., Silva, E. N., Frezarim, G. B., Salatta, B. M., Baldi, F., Fonseca, L.
F. S., Albuquerque, L. G. De, Muniz, M. M. M., & Silva, D. B. D. S. (2025).
Identification of cis-sQTL demonstrates genetic associations and functional
implications of inflammatory processes in Nelore cattle muscle tissue. Mammalian

Genome, 36(1), 106—117. https://doi.org/10.1007/s00335-024-10100-0

101





