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HIGHLIGHTS

e Portuguese Iberian and Brazilian Iberian-derived locally adapted breeds studied.

o Genetic architecture of Portuguese iberian cattle were observed.

o Portuguese breeds appear to have influenced Brazilian locally adapted population.
o Indicine breeds also seem to have influenced Brazilian locally adapted population.
o Brazilian locally adapted and Portuguese breeds as an enormous genetic reservoir.

ARTICLE INFO ABSTRACT

Keywords: The domestication of bovines has given rise to distinct phenotypes resulting in diverse breeds worldwide.
Admixture population Subsequent artificial selection has further enriched the complexity and diversity to cattle sub-species adapting
SNP

them to their various purposes and evolving environment. Among these cattle sub-species, native Portuguese
cattle breeds are considered a repository of biodiversity shaped by genetic and environmental effects accumu-
lated over the years. In Brazil, taurine animals were introduced between the 16th and 17th centuries by the
European conquerors to be used for food, leather, and animal traction. Through generations of casual crossings in
diverse ecosystems, these animals became adapted to a wide range of environments and displaying varying levels
of phenotypic variability and improved fitness to local conditions, hereafter recognized as Iberian-derived
Locally Adapted breeds. Thus, we focused in assess 13 cattle breeds representing two geographic origins: Por-
tuguese Iberian cattle and Brazilian Iberian-derived Locally Adapted breeds. The aim is to understand the genetic
architecture of Brazilian Iberian-derived Locally Adapted breeds and their potential relationship with Portuguese
Iberian cattle and Brazilian indicine breeds. In our study, we observed varying extents of linkage disequilibrium
across the evaluated breeds, along with differences in effective population size. Runs of homozygosity analyses
revealed different genes associated with common traits, even within a cluster group. For instance, genes related
to immune response, such as MAVS (Mertolenga), DTX (Barrosa), ZBTB16 (Brava de Lide), DUSP22 (Pantaneiro),
and IL7R (Caracu Dairy and Caracu Beef). Overall, our results highlight that both populations studied, with their
specificities, are crucial sources of animal genetic resource of animal genetic resources for food and agriculture.

Candidate genes
Genomic

* Correspondent author.
E-mail address: marcos.vb.silva@embrapa.br (M.V.G.B. da Silva).

https://doi.org/10.1016/j.1ivsci.2024.105455
Received 22 September 2023; Received in revised form 14 February 2024; Accepted 15 March 2024

Available online 16 March 2024
1871-1413/© 2024 Elsevier B.V. All rights reserved.


mailto:marcos.vb.silva@embrapa.br
www.sciencedirect.com/science/journal/18711413
https://www.elsevier.com/locate/livsci
https://doi.org/10.1016/j.livsci.2024.105455
https://doi.org/10.1016/j.livsci.2024.105455
https://doi.org/10.1016/j.livsci.2024.105455
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2024.105455&domain=pdf

L.L. Verardo et al.

Livestock Science 282 (2024) 105455

While consanguineous matings are somehow controlled in both Portuguese Iberian and Brazilian Iberian-derived
Locally Adapted breeds, our analysis of genetic variability suggests that ongoing precautions are necessary in the
management of these populations.

1. Introduction

The process of bovine domestication has given rise to distinct phe-
notypes resulting in various breeds worldwide. According to mtDNA
data, there is evidence suggesting that differentiation between taurine
and indicine cattle sub-species occurred approximately 10,000 years
ago, predating the formal domestication process (Loftus et al., 1994).
Taurine animals are believed to have originated in the Fertile Crescent
encompassing modern-day Iraq, Syria, Lebanon, Israel, Palestine, Jor-
dan, the Northeast Nile Valley regions of Egypt, the Southeast region of
Turkey, and the Western fringes of Iran. In contrast, indicine cattle are
thought to have emerged in the Indus Valley, covering Northeast
Afghanistan, much of Pakistan, and Western and North-western India
(Ajmone-Marsan et al., 2010). Distinct traits that defined domesticated
cattle species became evident as domestication progressed, with artifi-
cial selection introducing even more complexity and diversity to cattle
sub-species based on their intended uses and evolving environments.

Considering this, Portuguese native cattle breeds undoubtedly
represent a repository of biodiversity shaped by a myriad of factors
accumulated over the years. These factors include geographical, eda-
phoclimatic, land-related, historical, cultural, and political-economic
influences, among others. Iberian cattle breeds exhibit remarkable
phenotypic diversity, encompassing variations in shape, profile, body
proportions, coat, and function, as extensively described by Felius et al.
(2014). This diversity extends to coat colors and horn morphology, with
these breeds primarily utilized for beef, work, and even fighting pur-
poses. The origin and establishment of these cattle breeds have been
investigated using microsatellite markers (Canon et al. 2001; Beja-Per-
eira et al. 2003; Mateus et al. 2004; Cymbron et al. 2005; Ginja et al.,
2009), mitochondrial DNA (mtDNA) (Cymbron et al. 1999; Ginja et al.,
2019), chromosome sequence variation (Ginja et al. 2009) and, more
recently, SNP arrays (Upadhyay et al., 2017; da Fonseca et al., 2019).
Historical records and the evolution of Portuguese cattle farming suggest
the influence of African and Central European cattle. In the mid-20th
century, with the implementation of the first Herd Books and shift to-
wards meat production, the current Portuguese native bovine pop-
ulations became properly organized. Since the last decade of the 20th
century, these breeds have been included into conservation or genetic
improvement programs based on herd size and priorities defined by
breeders for each breed.

In Brazil, taurine animals were introduced between the 16th and
17th centuries by the European conquerors. Their introduction aimed at
various purposes, such as food supply, leather for clothes, and animal
traction. Over many generations of casual crossings in diverse and var-
iable ecosystems throughout the country, these cattle adapted to a wide
range of environments. As a result, they exhibited diverse levels of
phenotypic variability and improved fitness to local conditions, subse-
quently recognized as Iberian-derived Locally Adapted breeds (Egito
et al., 2007; McManus et al., 2009). Distinct breeds, including Caracu
(comprising both Caracu Caldeano lineage for dairy purposes and Car-
acu for beef), Crioulo Lageano (and a distinct lineage raised in Rio
Grande do Sul State known as Franqueiro), Curraleiro Pé-Duro, Pan-
taneiro, and Mocho Nacional, were established. These breeds also
appear to have influence of indicine cattle (Verardo et al., 2021). The
introduction of more productive breeds from the early 20th century
posed a threat to these native breeds, pushing them towards extinction.
To prevent the loss of this valuable genetic material, the Brazilian
Agricultural Research Corporation (Embrapa) included these pop-
ulations in its genetic material conservation programs since 1983
(Mariante and Egito, 2004). The history of a population and its

demography, breeding system, and patterns of geographic subdivision
can be reflected in both runs of homozygosity (ROH) and linkage
disequilibrium (LD) patterns across the genome. ROH are defined as
continuous homozygous segments of DNA (Gibson et al., 2006), while
LD is a non-random association between alleles at different loci (Ardlie
et al., 2002). The calculation of these parameters is essential for per-
forming genomic selection (GS) and genome-wide association studies
(GWAS). Studies have demonstrated that LD patterns among pop-
ulations affect genome association studies and estimated breeding
values (EBV) (Meuwissen et al., 2001; Marigorta et al., 2013; Hayes
et al., 2009; Veroneze et al., 2014). Additionally, Luan et al. (2014)
suggested that predicting genomic EBV based on ROH provided better
genomic EBV prediction accuracy for simulated data compared to pre-
dictions based on linkage analysis relationships. It is also possible to
identify islands of homozygosity shared among animals, which may
result from selection proceedings using ROH (Zhang et al., 2015;
Verardo et al., 2021). Therefore, studying LD and ROH patterns in
bovine breeds is crucial for designing efficient genomic selection or
conservation programs. Recently, from genome wide analyses of 19
breeds raised in Brazil, a possible genetic influence of indicine cattle
(ranging from 7 to 23 %) in the Brazilian Iberian-derived Locally
Adapted breeds was observed (Verardo et al., 2021). However, more
than 77 % of the genetic architecture remains to be explore and un-
derstood in terms of its origin.

In this study, we assessed 13 cattle breeds representing two
geographic origins, Portuguese Iberian cattle and Brazilian Iberian-
derived Locally Adapted breeds. The primary aim was to understand
the genetic architecture of Brazilian Iberian-derived Locally Adapted
breeds and their potential relationship with Portuguese Iberian cattle, in
addition to the observed relationship with indicine cattle. The specific
objectives of this study were as follows: (i) to compare the overall LD
decay patterns among these different populations; (ii) to estimate the
effective population size (N,) of each population across generations; (iii)
to evaluate ROH across populations; (iv) to calculate the inbreeding
coefficient from ROH; and (v) to assess the breed composition across all
populations.

2. Materials and methods
2.1. Data

The Iberian cattle breeds of Portugal included in this study (Cachena
- CAC; Mertolenga - MER; Barrosa - BAR; Marinhoa - MAR; Alentejana —
ALE and Brava de Lide — BRA) are representative of the three strains of
cattle formed in the Westernmost region of the Iberian Peninsula, as
classified by Miranda do Vale (1949). This classification is based on
ethnic traits and geographical distribution, distinguishing Mauritanian
or Bos taurus mauritanicus (Barrosa and Cachena), Iberian or Bos taurus
ibericus (Brava de Lide and Marinhoa) and Aquitanic or Bos taurus aqui-
tanicus (Alentejana and Mertolenga). The samples of Brazilian Locally
Adapted breeds (Crioulo Lageano - CRI, Curraleiro Pé-Duro - CUR,
Mocho Nacional - MOC, Pantaneiro - PAN, Franqueiro- FRA, Caracu
Caldeano selected for milk - CCD and Caracu selected for beef - CCB)
used in this study were obtained from Embrapa’s DNA banks, originated
from private breeders and conservation nuclei. Although the recom-
mendation by the Commission on Genetic Resources for Food and
Agriculture (FAO, 2023) suggests analyzing at least 100 animals per
breed for genetic variation, it is important to note that all animals in this
study were selected based on their representativeness within each breed.
This approach was adopted to prevent bias resulting from the use of a
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limited number of families (lineages) in the population, as also high-
lighted by Verardo et al. (2021). Portuguese samples were genotyped
using the Affymetrix commercial genotyping array (60k), while Brazil-
ian Locally Adapted breeds were genotyped using the Illumina Bovine
HD Chip (777k SNPs). To maintain a uniform set of markers across the
studied breeds, a standardized set of Single Nucleotide Polymorphism
(SNPs) based on HD was generated, given that Portuguese breeds were
not genotyped with the Bovine HD Chip (777k SNPs), which contains a
higher number of markers. SNPs from sexual and unknown chromo-
somes were excluded from the analysis Additionally, genotypes were
excluded when the call rate was < 0.95 and minor allele frequency <
0.01. In addition, samples showing overall call rates < 0.90 were
excluded from further analysis. After quality control, a total of 933 an-
imals from Portuguese breeds and 258 from Brazilian Locally Adapted
breeds were retained for the analyses (Table 1).

2.2. Linkage disequilibrium and its decay over time

To assess the extent of linkage disequilibrium (LD), we employed the
12 statistics, a robust not sensitive to gene frequency and effective pop-
ulation size (Terwilliger et al., 2002; Zhao et al., 2007). Calculations
were performed using PLINK v1.07 (Purcell et al., 2007) and pair-wise
linkage disequilibrium between SNPs was computed with a genomic
distance of 1 Mb utilizing the following command: . /plink -bfile filename
—cow -ld-window 5 -ld-window-kb 1000 -ld-window-r2 0 —out outname
-r2.

Parametric nonlinear regression models have been employed to
investigate the physical distance between markers, commonly referred
to as LD decay. This methodology has been reported in studies by Heifetz
et al. (2005), Amaral et al. (2008), Abasht et al. (2009) and Veroneze
et al. (2014). In this context, the pairwise rg from each population were
regressed against the distance between the marker pairs using a
nonlinear model described by Sved (1971):

1

LDy = (U + 4fdy) e + 1

(€Y

where LDy was the observed rg between SNPs i and j in breed k; d;; was
the distance in Kb (kilo-base pair) between SNPs i and j; f; was the co-
efficient that describes the LD decay with distance for breed k, and e;
was the random error. In summary, according to Sved (1971), smaller g
estimates indicate a higher extent of LD.

An identity test for the nonlinear regression model (Regazzi and

Table 1

Number of animals by breed, number of SNPs after quality control, and number
of animals by Portuguese Iberian and Brazilian Iberian-derived Locally Adapted
breed origin.

Breed origin Breed' Animals  Markers Sample
size
Portuguese Iberian ALE 191 34,431 933
BAR 96 34,997
BRA 94 33,482
CAC 96 35,688
MAR 82 34,701
MER 374 35,734
Brazilian Iberian-derived Locally CCD 55 33,023 258
Adapted CCB 24 35,612
CRI 61 37,036
CUR 17 31,120
FRA 55 35,146
MOC 28 36,527
PAN 18 32,778
Total

1 ALE: Alentejana; BAR: Barrosa; BRA: Brava de Lide; CAC: Cachena; MAR:
Marinhoa; MER: Mertolenga; CCD: Caracu Dairy; CCB: Caracu Beef; CRI: Crioulo
Lageano; CUR: Curraleiro Pé-Duro; FRA: Franqueiro; MOC: Mocho Nacional;
PAN: Pantaneiro.
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Silva, 2010) was employed to compare the nonlinear curves among
breeds. This test allows for a statistical comparison of the LD decay

parameter (ﬁ) and the facilitates the visualization of clusters. Clustering
was conducted using on NbClust package v. 3.0 (Charrad et al., 2014) in
the software R (R Core Team). Groups were identified based on
Euclidian distance using the Ward aggregation method, selecting the
best grouping according to the maximum and minimum differences
between and within group indices. Based on clustering values, a
dendrogram was generated using the hclust function on R software v.
4.0.0 (R Core Team) to highlight similarities among the contrasting
groups. The nonlinear models were fitted using the nils function in R
software (R Core Team).

2.3. Effective population size

The effective population size (N¢) in the corresponding generation
(T) was estimated based on the associated estimated average of 2. The
estimate of N, across generations followed the formula:

= (1) (E1). @

where c is the marker distance in Morgans, assuming 1 Mb=1 cM, and T
= 1/2c (Hayes et al., 2003; Meuwissen and Goddard, 2007). From the
estimated r?, the average values were grouped into four ranges of dis-
tances (<0.01Mb, 0.011-0.03Mb, 0.031-0.05Mb and >0.05Mb) and
used to determine the N, in 50, 16.6, 10 and 5 generations, respectively.

2.4. Runs of homozygosity (ROH)

We employed the Runs of Homozygosity (ROH) approach, as out-
lined by Peripolli et al. (2017), utilizing the software PLINK v1.07
(Purcell et al., 2007). The parameters for each population were set as
follows: minimum window length of 120 SNPs, maximum gap size be-
tween two SNPs of 1,000 kb, minimum ROH length of 1,000 kb, mini-
mum number of potential marked SNPs of 50, one heterozygote allowed
per window, maximum of five missing calls per window, sliding window
length of 50 SNPs and proportion of overlapping windows that must be
homozygous > 0.05.

Additionally, to identify ROH islands throughout the genome, the
most observed homozygous segments shared by individuals in each
breed were considered. The “~homozyg-group” function implemented in
PLINK was utilized to assess ROH islands shared among individuals.
GenBank annotation based on the ARS-UCD1.2 assembly of the bovine
genome was then used to identify genes in the ROH regions. To further
understand the biological processes associated with the identified gene
sets for each breed group (Brazilian Iberian-derived Locally Adapted and
Portuguese Iberian), gene networks were generated using the ClueGO
plugin for Cytoscape (Bindea et al., 2009). ClueGO employs a two-sided
hypergeometric test and Bonferroni correction to associate one or more
sets of genes with gene ontology (GO) terms or pathways, establishing
edges between each gene and the chosen GO term. This process allowed
the creation of gene networks highlighting biological roles, enabling the
comparison of gene clusters by visualizing their functional differences or
similarities.

2.5. Inbreeding coefficients from runs of homozygosity

The inbreeding coefficient based on the proportion of autosomes
covered in runs of homozygosity (Fron) per individual was determined
according to McQuillan et al. (2008) using the following formula:

i1 Lron,

Froy = =" 3)
kot Lmzal

where Lrop; is the length of ROH;, and Ly is the total size of the au-
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tosomes covered by markers. L, was taken to be 2550,380,751 bp,
based on the consensus map. The detectRUNS package of R software was
used to calculate and plot the distribution of inbreeding coefficients per
group based on PLINK output .hom files.

2.6. Breed composition

The ADMIXTURE package (Alexander et al., 2009), which catego-
rizes individuals into K-predefined clusters based on genotype data, was
employed to assess hierarchical clustering across cattle breeds. In this
phase, aiming to better understand the structure of Brazilian
Iberian-derived Locally Adapted and Portuguese Iberian breeds, we also
included African (Muturu - MUT; Ndama — NDA; Keteku — KTE and
Yakanaji — YAK), Indicine (Gir — GIR and Nelore - NEL), and Holstein —
HOL breeds. Consequently, we have two sets of populations: Population
1: Portuguese Iberian breeds (CAC, MER, BAR, MAR, ALE and BRA);
Population 2: Portuguese Iberian, African, Holstein, Brazilian
Iberian-derived Locally Adapted and Indicine breeds (CAC, MER, BAR,
MAR, ALE, BRA, MUT, NDA, KTE, YAK, HOL, CCD, CCB, CRI, CUR, FRA,
MOC, PAN, GIR and NEL).

The ADMIXTURE analysis was conducted with 10 random seeds, and
the most representative run for each value of K was selected. Ancestry
was estimated using a reduced panel (18,375; 18,682 and 4198 SNPs)
pruned by LD between subsequent markers. Randomly selected animals
comprised reduced groups of up to 82 and 35 animals per breed for
Population 1 and 2, respectively. It is important to note that genotype
quality control was also performed for African, Indicine and Holstein
breeds. The two populations were assessed by computing the number of
clusters, ranging K values from 2 to 5. To evaluate the phylogenetic
relationships among cattle breeds within each population, the Euclidean
distance between populations was evaluated using dartR package
(Gruber et al., 2018) in R. Subsequently, a dendrogram tree was con-
structed using a neighbor-joining approach with APE program (Paradis
et al., 2004). Principal component analysis (PCA) with the first and
second principal components (PC), as well as the first, second and third
PC was also conducted to investigate each population using dartR
package (Paradis et al., 2004) in R.

3. Results
3.1. Linkage disequilibrium

In this study, the LD decay parameter (/Ai) was estimated from the
curves of r? values over distances (bp) for each population using a
nonlinear regression model (Table 2). Additionally, statistical tests for
the equality of LD decay curves suggested that the overall pattern of the
inflection point differed among breeds, particularly among Brazilian

Iberian-derived Locally Adapted (Fig. S1). Since smaller values of f
indicate a higher extent of LD, they were utilized to cluster the different
breeds based on these estimates (Fig. S2). Consequently, we were able to
observe six defined clusters. CUR (Cluster 1) and CRI (Cluster 3)
exhibited the highest and the smallest extent of LD, respectively. Among
Portuguese breeds, CAC and MER (Cluster 4) demonstrated the smallest
extent of LD values, while BRA (Cluster 2) showed the highest extent of
LD values.

3.2. Effective population size

The effective population size (N.) was estimated across four gener-
ations classes (5, 10, 16.6 and 50) based on marker distances in the
genome. It should be noted that the shorter the marker distance, the
higher the estimated generation (Fig. S3). To assess the behavior of N
across generations in each population, the difference between genera-
tions 50 and 5 was calculated (Table S1). Among Portuguese breeds,
BAR displayed the most significant difference in N, values, ranging from

Livestock Science 282 (2024) 105455

Table 2

LD decay parameter estimates (/A}), standard-errors (SE) and p-values for the
significance of p parameter of Sved model fitted to Brazilian Iberian-derived
Locally Adapted and Portuguese Iberian cattle breeds.

Origin Breed B SE p-
value*
Portuguese Iberian Cachena 3.517x107°  2.6136x1072  <107°
Mertolenga 3.493x107°  2.6411x1072  <10°°
Barrosa 3.071x107°  3.0113x1072  <107°
Marinhoa 2.926x107°  3.1482x1072  <10°°
Alentejana 2.629x107°  3.5625x107%  <10°°
Brazilian Iberian- Crioulo 4.112x107° 2.5178x1072 <107
derived Locally Lageano
Adapted Mocho 3.251x107°  3.2063x1072  <10°°
Nacional
Caracu Beef 2.779x107°  3.5431x1072  <107°
Franqueiro 2.650x107°  4.0041x1072  <10°°
Brava de Lide  2.141x10™°  4.3693x107% <107°
Caracu Dairy ~ 2.035x10™°  4.7352x1072  <107°
Pantaneiro 1.886x10™°  5.1329x1072 <107°
Curraleiro Pé ~ 1.285x107°  6.7890x1072  <10°°
Duro

*Significance associated to the significance of B parameter from Sved model.

41.86 at generation 50 to 16.48 at generation 5, while BRA exhibited the
smallest values, ranging from 29.19 to 12.62 at generation 50 and 5,
respectively. In addition, Brazilian Iberian-derived Locally Adapted
breeds showed the largest difference and lowest value of N, as observed
in PAN and CUR, respectively.

3.3. Runs of homozygosity

The pattern of runs of homozygosity (ROH) varied across breeds
(Fig. S4). Among Portuguese breeds, MER exhibited the highest per-
centage of long-range ROH (>31Mb; >6 %), while MAR, BAR and CAC
showed higher percentages of short-range ROH (<5Mb; >50 %). In
Brazilian Iberian-derived Locally Adapted breeds, CUR displayed the
highest percentage of long-range ROH (>31Mb; >10 %), while PAN,
CCB, and CRI showed higher percentages of short-range ROH (<5Mbj;
>50 %). Furthermore, we conducted for the most shared regions in
homozygosis within each breed (Fig. 1 and Fig. 2), followed by gene
identification (Table S2). Among the identified genes, the biological
process network (Fig. S5) highlighted MAVS and CDC25B genes, both
identified in the MER population, which are related to the immune
system via regulation of IP-10 production and germ cell development,
respectively. Similarly, in germ cell development, we observed the
ZBTB16 gene from BRA, which shares immune-related biological pro-
cesses with the DTX1 gene identified in the BAR breed. The BAR breed
also showed the SDS gene related to amino acids metabolic process. In
CAC breed, the FAR2 gene was found to be related with wax and fatty
acids metabolic processes. Concerning the Brazilian Iberian-derived
Locally Adapted breeds, we observed genes related also with the im-
mune system (e.g. IRF4, EXOC2, IL7R, DUSP22, and SERPINB9), pro-
lactin (PRLR) and genetic imprinting (KDM1B), as observed in Fig. S6
and S7.

3.4. Inbreeding coefficients from runs of homozygosity

Descriptive statistics of the inbreeding coefficient in the breeds are
summarized in Table 3. Among the Brazilian Iberian-derived Locally
Adapted breeds, the average Froy of CUR was the highest (Froy =
0.1492), while the average Fropy of CRI (0.0351) was the lowest.
Considering the Portuguese Iberian breeds, CAC had the lowest average
Frou (0.0476), while BRA was the highest, at 0.1540. At the individual
level, individuals with the highest Froy appeared in the CUR breed
(0.4539), which also exhibited more individuals with extreme values
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Fig. 1. Manhattan plot of the distribution of runs of homozygosity (ROH)
hotspots in the Portuguese Iberian cattle breeds genome. The x-axis represents
the SNP genomic coordinate, and the y-axis shows the frequency ( %) of
overlapping ROH shared among individuals. Grey boxes highlight the most
shared ROH in each population. CAC: Cachena; MER: Mertolenga; BAR:
Barrosa; MAR: Marinhoa; ALE: Alentejana; BRA: Brava de Lide.

compared with other populations (Fig. S8).

3.5. Breed composition

The breed composition for each Portuguese breed was determined
using the admixture analysis (Fig. S9 and Fig. S10). With K = 2, it was
observed that BRA exhibited distinct genotypes (red; >90 %). AtK = 3
another genotype was discriminated (light green) in ALE and MER,
while at K = 4, a third ancestry was observed in MAR (purple). Finally,
at K = 5, the MER population displayed a distinct ancestry (yellow).

Furthermore, the breed composition for each population was eval-
uated when African (MUT, NDA, KTE and YAK), indicine (GIR and NEL),
and Holstein breeds were included in the admixture analysis (Fig. S11
and Fig. 3). At K = 2, it was observed that GIR and NEL showed distinct
genotypes (red; >95 %). At K = 3 other genotypes were discriminated
(light green) in African breeds, while at K = 4, a third ancestry was
observed in Brazilian Iberian-derived Locally Adapted breeds (purple).
Finally, at K = 5, the HOL population displayed a distinct ancestry
(orange).

The neighbor-joining analysis of the Portuguese breeds indicated
three distinct and representative groups: Bos taurus mauritanicus (CAC
and BAR), Bos taurus ibericus (MAR and BRA), and Bos taurus aquitanicus
(ALE and MER) (Fig. 4a). Comparing the breeds within the groups, it is
possible to observe that the CAC and BAR breeds showed a higher
relationship, as expected. When evaluating Portuguese Iberian, Brazil-
ian Iberian-derived Locally Adapted, Indicine and Holstein breeds
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Fig. 2. Manhattan plot of the distribution of runs of homozygosity (ROH)
hotspots in the Brazilian Iberian-derived Locally Adapted cattle breeds
genome. The x-axis represents the SNP genomic coordinate, and the y-axis
shows the frequency (%) of overlapping ROH shared among individuals. Grey
boxes represent the most shared ROH in each population. CCD: Caracu Dairy;
CCB: Caracu Beef; CRI: Crioulo Lageano; CUR: Curraleiro Pé Duro; FRA: Fran-
queiro; MON: Mocho Nacional; PAN: Pantaneiro.

together, it was observed that the Portuguese breeds were more distantly
related to Africans and Indicine breeds than the Brazilian Iberian-
derived Locally Adapted, while the African and Indicine were more
closely grouped (Fig. 4b).

In the PCA plot with PC1 and PC2 (Fig. 5a), the animals were clas-
sified into three groups (Groupl: ALE, Group2: MER, and Group3: MAR,
CAC, BAR and BRA), where ALE and MER were the breeds more
distantly related. The inclusion of the PC3 allowed a better distinction of
MAR, CAC, BAR and BRA breeds (Fig. 5b), showing that BRA animals
were more distantly related to MAR, CAC and BAR. CAC and BAR breeds
were more closely grouped. Thus, Portuguese breeds were grouped in
four different groups: Groupl- ALE; Group2 - MER; Group3 - MAR, CAC
and BAR; and Group4 - BRA.

The cattle groups were also clearly discriminated according to the
history of development when the Portuguese Iberian, Brazilian Iberian-
derived Locally Adapted, Indicine, and Holstein were evaluated in the
PCA analyses. The GIR and NEL were clustered together, as well as
Portuguese Iberian breeds. The Brazilian Iberian-derived Locally
Adapted breeds were also well-grouped, while the African breeds were
clustered into two distinct groups, one including YAK and KTE, and the
second including MUT and NDA (Fig. 5c and 5d).
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Table 3
Descriptive statistics of inbreeding coefficients (Froy) in Portuguese Iberian and
Brazilian Iberian-derived Locally Adapted cattle breeds.

Group Breed* Fron
Median  Mean SE Range
Portuguese Iberian ALE 0.1045 0.1166  4.378x107>  0.0244 -
0.3283
BAR 0.0432 0.0626 6.610x10° 0.0126 -
0.4023
BRA 0.1499 0.1540  9.306x1073  0.0009 -
0.3902
CAC 0.0273 0.0476 5.887x107°2 0.0021 -
0.3296
MAR 0.0414 0.0519  5.153x10°  0.0014 -
0.3163
MER 0.0604 0.0808  3.679x1073  0.0006 -
0.4279
Brazilian Iberian- CCD 0.0954 0.0914  2.852x102  0.0410 -
derived Locally 0.1324
Adapted CCB 0.0437 0.0482  5.124x1073  0.0077 -
0.1025
CRI 0.0202 0.0351 5.624x107°2 0.0007 -
0.2800
CUR 0.1486 0.1492  3.445x10°2  0.0023 -
0.4539
FRA 0.048 0.0691  8.044x10~3  0.0013 -
0.2536
MON 0.0379 0.0413  6.492x10~%  0.0009 -
0.1326
PAN 0.0181 0.0392  7.095x1073  0.0043 -
0.1087

* CAC: Cachena; MER: Mertolenga; BAR: Barrosa; MAR: Marinhoa; ALE: Alen-
tejana; BRA: Brava de Lide; CCD: Caracu Dairy; CCB: Caracu Beef; CRI: Crioulo
Lageano; CUR: Curraleiro Pé Duro; FRA: Franqueiro; MON: Mocho Nacional;
PAN: Pantaneiro.

4. Discussion
4.1. Linkage disequilibrium

The LD decay differed among breeds from each group of origin
(Portuguese Iberian and Brazilian Iberian-derived Locally Adapted)

based on LD curves parameter estimates (ﬁ) (Table 1). Among breeds,
the pattern of LD diverged, and the resulting decay curves were dis-
played according to the group of origin (Fig. S1a and S1b). All Portu-
guese Iberian breeds followed a similar pattern of decreasing LD as the
physical distance increased in the genome. Portuguese cattle breeds, in
general, have a history of inbreeding, which can increase the levels of
linkage disequilibrium in the population. This can make it more chal-
lenging to separate the effects of individual genes and make traditional
selective breeding techniques less effective.

The Brazilian Iberian-derived Locally Adapted breeds showed higher
variation among them compared to the Portuguese Iberian breeds. At
short marker distances, CRI exhibited lower LD for autosomes compared
to either Portuguese or Brazilian breeds, while CUR showed a higher LD.
When the distance between markers was 25 kb, the average LD (%)
observed for CRI and CUR was 0.20 and 0.45, respectively, which is
lower to the LD reported for indicine cattle (0.25) but equal to the value
previously reported for taurine breeds in Australia (0.45) (Porto-Neto
et al., 2014). The difference among Portuguese Iberian breeds is not as
clear for markers separated by a larger physical distance (> 70 kb)
where LD quickly approached background levels, and r? values were ~
0.10 in both studies. Nevertheless, we found that LD decay for the
Brazilian breeds was, in general, slower than the Portuguese.

Population mating patterns and admixture can strongly influence LD.
In general, LD decays more rapidly in outcrossed populations, and that
might explain the result for CRI. In fact, Ribeiro (1993) reported
experimental crossings with the Nellore and Charolais breeds in projects
approved in 1984. In addition, Spritze et al. (2003), when evaluating
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different generations of the CRI breed, mentioned that zootechnical data
from the beginning of the 90's indicate that crossbred animals may have
been kept in the herds. Studies with other molecular markers, in addi-
tion to historical reports, also demonstrate the possible introgression of
indicine genes (Nellore) in the past, where these animals were sampled
(Spritze et al. 2003; Egito et al. 2007). Also, Verardo et al. (2021),
performing similar studies using 19 breeds raised in Brazil, observed
that CRI breed was the Brazilian Iberian-derived Locally Adapted breed
with a more variable genetic composition and LD decay partner similar
as Canchim and Girolando breeds (Bos taurus x Bos indicus crossbreed).

Otherwise, Egito et al. (2007) reported that among the five Creole
breeds investigated, the highest inbreeding was detected in CUR, and
the reason was the very limited number of bulls available for this breed.
Additionally, historical data showed the difficulty of exchanging ani-
mals between different herds, as well as the fact that this breed was only
officially recognized by the Brazilian government in 2012, which pre-
vented the commercialization of frozen semen. Moreover, the indicine
introgression in CUR may be less pronounced. The LD results found in
our research corroborate the fact that the observed LD in this breed is
higher in relation to the other breeds. This might be due to less effective
recombination in inbred breeds, where individuals are more likely to be
homozygous, than in outbred populations.

Many different authors working with distinct taurine and indicine
breeds using the average r> showed the same pattern of LD decrease
(McKay et al., 2007; Lu et al., 2012; Zhu et al., 2013; O’Brien et al.,
2014; Mokry et al., 2014; Toro Ospina et al., 2019; Xu et al., 2019),
although they did not use a linear model to analyze the equality of the
curves as performed in our study. As presented by Verardo et al. (2021),
the use of a linear model allowed not only to verify the existence of breed
differences but also to make a pairwise comparison across all breeds.

According to the comparison of LD decay among breeds, six clusters
were identified (Fig. S2). In this current study, clustered breeds showed
a similar LD decay pattern, suggesting that a similar marker density
could be used in genomic studies for each one of these breeds. The LD
extent provides insight into the number of SNPs required for genomic
selection (GS) and genome-wide association studies (GWAS). However,
this does not signify that the same markers are suitable for a particular
breed cluster group since different set of markers may be segregating in
each breed. For example, in cluster 2, we observed the presence of
Brazilian and Portuguese breeds (CCD and BRA, respectively) high-
lighting the similarity of LD extent, although they may have different
genetic backgrounds. Thus, the set of SNPs that could provide the best
prediction accuracy at a given marker density should be different be-
tween CCD and BRA. We also observed different extents of LD between
clusters 1 and 4, with higher LD observed in cluster 4 and lower in
cluster 1. This information implies that different marker densities may
be used for GS and GWAS for these breeds, which could also influence
the accuracy of GS. However, in practical terms, it is important to state
that a minimal marker density of 60 kb would be useful for all breeds, in
addition to removing monomorphic SNPs.

4.2. Effective population size

The effective population size in cattle refers to the number of in-
dividuals in a population that contribute to its genetic diversity and
future generations. This number is often smaller than the actual popu-
lation size due to factors such as inbreeding, unequal mating and
reduced fertility. Effective population size is a crucial metric for the
conservation and management of cattle populations, as it helps deter-
mine the rate of genetic drift and loss of diversity over time. According
to the Commission on Genetic Resources for Food and Agriculture (FAO,
2022), the ideal population size for cattle is generally considered to be
over 6000 individuals to avoid being considered at risk. However, an
effective population size of about 50 animals per generation is accepted,
leading to a rate of inbreeding of 1 % per generation (FAO, 1998).

Based on our results, we observe that in all Portuguese Iberian
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Fig. 3. Admixture analysis reflecting genetic clustering of twenty breeds grouped by Portuguese Iberian, African, Holstein, Brazilian Iberian-derived
Locally Adapted and Indicine animals. Individual vertical bars along the x-axis represent individual cattle which are grouped by breed. ADMIXTURE analysis
using the first 5 K solutions for twenty populations. ALE: Alentejana; BAR: Barrosa; CAC: Cachena; BRA: Brava de Lide; MAR: Marinhoa; MER: Mertolenga; MUT:
Muturu; NDA: Ndama; KTE: Keteku; YAK: Yakanaji; HOL: Holstein; CCD: Caracu Dairy; CCB: Caracu Beef; CRI: Crioulo Lageano; CUR: Curraleiro Pé-Duro; FRA:

Franqueiro; MOC: Mocho Nacional; PAN: Pantaneiro; GIR: Gir; NEL: Nelore.
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Fig. 4. Dendrogram showing genetic relationships among twenty cattle breeds. Dendrogram constructed using a neighbour-joining approach using Euclidian
distance. a) Clustering including six Portuguese Iberian breeds; b) Clustering including Portuguese Iberian, African, Holstein, and Brazilian Iberian-derived Locally
Adapted and Indicine animals. CAC: Cachena; MER: Mertolenga; BAR: Barrosa; MAR: Marinhoa; ALE: Alentejana; BRA: Brava de Lide; MUT: Muturu; NDA: Ndama;
KTE: Keteku; YAK: Yakanaji; HOL: Holstein; CCD: Caracu Dairy; CCB: Caracu Beef; CRI: Crioulo Lageano; CUR: Curraleiro Pé-Duro; FRA: Franqueiro; MOC: Mocho

Nacional; PAN: Pantaneiro; GIR: Gir; NEL: Nelore.

breeds, the Ne across generations was lower than 50. Using pedigree
information, Maia (2020) and Carolino et al. (2020a, b) found similar
results for Ne in the Barrosa, Cachena, and Mertolenga breeds, respec-
tively. In the Brazilian Iberian-derived Locally Adapted breeds, Ne for
CUR and FRA was below 50 in all generations. For CCD, CCB, CRI, MON,
and PAN the Ne values were above this threshold only for generation 50.
Dias et al. (2011), Pezzini et al. (2018), and Ribeiro et al. (2021) ob-
tained analogous results, respectively, for CCB, CRI, and CUR breeds

using pedigree information. Interestingly, it should be recalled that
when a pedigree is uninformative, as in a small set database, in some
cases, Ne is underestimated, and thus, the estimations using pedigree
and genotypes may vary.

Moreover, the effective population size in cattle per generation can
vary greatly depending on various factors such as mating system, pop-
ulation size, genetic structure, and the system of selection or conserva-
tion. The values found for all Portuguese and Brazilian breeds for
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Fig. 5. PCA analyses showing the relationships between twenty breeds grouped by Portuguese Iberian, African, Holstein, Brazilian Iberian-derived
Locally Adapted and Indicine animals. a) PCA analyses with PC1 and PC2 (PC) using six Portuguese Iberian breeds; b) PCA analyses with first, second, and
third PC. c¢) PCA analyses with first and second PC using twenty breeds grouped by Portuguese Iberian, African, Holstein, Brazilian Iberian-derived Locally Adapted
and Indicine animals; d) PCA analyses with first, second and third PC using twenty breeds grouped by Portuguese Iberian, African, Holstein, Brazilian Iberian-derived
Locally Adapted and Indicine animals. CAC: Cachena; MER_VER: Red Mertolenga; MER_ROS: Roan Mertolenga; MER_MAL: Red Spotted Mertolenga; MER_MAL:
Mertolenga Malhado; BAR: Barrosa; MAR: Marinhoa; ALE: Alentejana; BRA: Brava de Lide; MUT: Muturu; NDA: Ndama; KTE: Keteku; YAK: Yakanaji; HOL: Holstein;
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different types of generations were lower than the minimum value (Ne
minimum = 50) proposed by FAO (FAO, 1998). Ne affects the dynamics
of the population, which in turn can influence the rate and size of the
allele frequency of a given genotype. Nevertheless, it is important to
note that the Ne can change over time and may be influenced by de-
cisions of breeders, demographic, genetic, and environmental factors.
Regular monitoring of the effective population size and adjusting the
breeding programs as necessary can help maintaining genetic diversity
and ensure the long-term viability of cattle populations used in this
study. This fact is extremely important for Brazilian Locally Adapted
breeds since, with the exception of the Caracu and Mocho Nacional
(included as hornless variation of Caracu breed), the other have breeder
associations formed less than 25 years ago and a recent history of
introduction into breeding programs.

4.3. Runs of homozygosity (ROH) and inbreeding coefficients from roh

In the present study, we initially identified runs of homozygosity
(ROH) in six Portuguese Iberian and seven Brazilian Iberian-derived
Locally Adapted breeds. The characterization of ROHs, particularly
their size and frequency, provides information about relatedness within

a population. In this step, it is important to note that a higher density
SNP chip, instead of a medium, as used here to maintain a uniform set of
markers among the studied breeds, would be more informative. How-
ever, this choice may be justified in terms of the unique set of animals
available for this study, serving as a valuable genetic resource from
Brazil and Portugal. Our findings indicated that most individual samples
(>75 %) showed ROHs <10 Mb. Since long ROH fragments are in-
dicators of recent inbreeding, we can hypothesize that consanguineous
matings are somehow controlled in the Portuguese Iberian and Brazilian
Iberian-derived Locally Adapted farming systems. In Brazilian breeds,
this hypothesis corroborates the work conducted at the in situ Conser-
vation Nuclei that are part of the Animal Genetics Resource Conserva-
tion Program developed by Embrapa in partnership with universities
and private breeders. In the Pantaneiro breed, for example, efforts since
the implementation of the in situ conservation nucleus, in 1984, have
been focused on increasing the representativeness of the animals, as well
as maintaining the genetic variation and inbreeding rate at acceptable
levels through reproductive management (Mazza et al., 1994). However,
CUR showed the highest frequency (>10 %) of long ROH (>31 Mb),
probably for the reasons mentioned above, also associated with the
breeding system of this breed due to the cultural and family nature of the
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activity (Fioravanti et al., 2021). It is hoped that with the unification of
breeders’ associations and the official recognition of the breed, this
situation can be reversed. Mainly because this is particularly problem-
atic as long autozygous ROHs are generally associated with an increased
incidence of strongly deleterious mutations as well as mild deleterious
mutations. Since ROH represents the probability that all consecutive
markers on a pair of homologous chromosome segments, in the same or
different individual(s), display identical alleles (Hayes et al., 2003), the
extent and frequency of ROH may provide information about the
ancestry of an animal and its population. Thus, we used the same pa-
rameters and thresholds for all populations, and we were able to observe
significant different patterns of ROH among them. Furthermore,
inbreeding may be suggested from the presence of long ROH, with
longer segments indicating recent inbreeding within a population (Kirin
et al., 2010), suggesting a small effective population size. Therefore, we
also evaluated the Ne to better understand the relationship between
ROH and Ne.

Among Portuguese Iberian breeds, although BRA showed the lowest
Ne in the estimated generation 5, we observed a similar occurrence of
the longest ROH in all Portuguese breeds. Additionally, when compared
with the Brazilian breeds, they showed larger ranges of Froy, even
though the median was lower, except in BRA breed. In general, this
indicates a proper matting scheme in Portuguese breeds to prevent
higher inbreeding, but special attention to the BRA breed is needed to
prevent higher inbreeding rates (e.g., the design of mating to minimize
the kinship between parents). These results observed in the BRA breed
may be related to the excessive use of some breeding males. Moreover,
breeders may have preferences regarding the lineages to be used and,
consequently, use breeding males in very different ways.

As also observed by Verardo et al. (2021) in a comparison of 19
breeds raised in Brazil, the Brazilian Iberian-derived Locally Adapted
CUR breed in this study presented the lowest Ne value in the generation
5. It suggests a recent inbreeding event, supported by the occurrence of
the longest ROH and higher inbreeding coefficients (Froy) found in this
study. Using microsatellite markers, Egito et al. (2007, 2015) also
detected inbreeding in this breed, and according to Carvalho (2015), this
breed comprises approximately five thousand individuals only. Egito
et al. (2015) suggested that in herds where genealogical record is
difficult to implement, genetic management could be carried out by
exchanging animals between more genetically distant properties after
their molecular evaluation. Based on our results, special attention
should be given to mating schemes in this breed to preserve the germ-
plasm or other conservation strategies based on low or non-inbred
mating. There is a need to plan and implement, as soon as possible,
management strategies for these genetic resources in order to minimize
a possible allelic loss.

All breeds in this study exhibited shared runs of homozygosity (ROH)
islands among individuals. From these islands, genes were retrieved, and
their biological processes were investigated to understand their roles in
each breed. In the Portuguese Iberian breeds, the biological process
network highlighted the MAVS and CDC25B genes, both identified in the
MER population, which are related to the immune system via regulation
of IP-10 production and germ cell development, respectively. MAVS
encodes mitochondrial antiviral signaling protein, known to be required
for defense against viruses (Kumar et al., 2006; Seth et al., 2005).
CDC25B encodes a cell division cycle 25B protein, which was indicated
to be important for normal mouse oocyte maturation, fertilization, and
early embryonic development, together with other proteins like YWHA
(Eisa et al., 2019). Moreover, CDC25B gene shares its biological process
with the ZBTB16 gene from the BRA breed, which was also associated
with the regulation of T-cell differentiation. This gene encodes a zinc
finger and BTB domain containing 16 proteins and has been related to
innate and innate-like lymphoid lineage development in mice (Mao
et al., 2017) and defense response to gram-positive bacteria in goats
(Rout and Verma, 2021). Also, its overexpression is suggested to pro-
mote white adipogenesis and induce brown-like adipocyte formation in
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bovine white intramuscular preadipocytes (Wei et al., 2018).

Sharing the regulation of the T-cell differentiation process with
ZBTB16, we observed the DTX1 gene, which encodes a deletion in E3
ubiquitin ligase 1 protein and is reported to play a regulatory role in
immune responses in teleost fish (Zheng et al., 2021). This gene was
highlighted in the BAR breed, in which we also observed the SDS gene
which is associated with amino acid metabolic processes. SDS encodes a
serine dehydratase protein and has been found to be involved in
gluconeogenesis in rats and potential association with weight gain
(Imam et al., 2003). Moreover, in the CAC breed, we observed the FAR2
gene, which encodes fatty acyl-CoA reductase 2 and has been associated
with feed conversion in pigs (Xiang et al., 2020).

Concerning the Brazilian Iberian-derived Locally Adapted breeds, we
observed genes related to the immune system (e.g. IRF4, EXOC2, IL7R,
DUSP22, and SERPINB9Y), prolactin (PRLR) and genetic imprinting
(KDM1B) in the biological process network. The DUSP22 gene, identi-
fied in the PAN breed, shared the negative regulation of the lymphocyte-
mediated immunity process with the IL7R gene, identified in the CCD
and CCB breeds. DUSP22 encodes the dual specificity phosphatase 22
protein and has been related to immune responses in humans and mice
(Chuang et al., 2016; Melard et al., 2016). In humans, variations in the
ILR7 (interleukin 7 receptor) gene have been linked to autoimmune risk
(Al-Mossawi et al., 2019), while in livestock animals, it has been
described to be associated with growth traits (Jia et al., 2019; Zhu et al.,
2019). Given the known adaptability and rusticity of PAN, CCD, and
CCB breeds and the immune system-related genes identified in this
study, we could suggest that these breeds have been successfully
selected for rusticity. In Caracu lineages (CCD and CCB), we identified
islands in chromosome 20 with a gene associated, for example, with the
Prolactin signaling pathway (PRLR). This gene encodes the prolactin
receptor protein and was previously reported to be a useful genetic
marker for milk production (Zhang et al., 2008) and a promising
candidate gene for growth traits in cattle (Lii et al., 2011). Also, there is
evidence that this gene contains the ‘slick hair’ mutations that confer
thermotolerance to tropically adapted Bos taurus cattle (Littlejohn et al.
2014; Florez Murillo, 2021), and Faza et al. (2021) have shown that
Caracu populations contain the SNP 39,136,666 mutation. Since CCD
and CCB have been selected for dairy and beef, respectively, in Brazil, it
makes sense to suggest that this gene could have been fixed and could be
linked to milk production, growth and heat stress tolerance.

Some studies conducted with Brazilian Iberian-derived Locally
Adapted breeds revealed that they are efficient in building innate im-
munity response (Juliano et al., 2016); had a greater responsiveness to
vaccines, indicating a profile of resistance in combating intracellular
infectious agents (Maggioli et al., 2013), and better adaptability to heat
stress (Bianchini et al., 2006; Cardoso et al., 2016). Even though the
robustness genes observed in the Brazilian Iberian-derived Locally
Adapted breeds could originate from indicine breeds, Verardo et al.
(2021) evaluating the RHO islands of 19 breeds raised in Brazil,
including indicine and Brazilian Iberian-derived Locally Adapted
breeds, did not observe shared genes or ROH island between the two
groups.

In general, our results identified candidate genes for important
economical traits in both Portuguese Iberian and Brazilian Iberian-
derived Locally Adapted breeds, such as those related to immune sys-
tems, fertility, milk, heat stress, and meat production. Some gene
functions corroborate with the breed’s known specificities, such as those
related to the immune systems, and thus, the rusticity observed in Bra-
zilian breeds and some of the Portuguese breeds (e.g.: MER), as cited by
Monteiro et al. (1981). However, it is important to note that different
genes were found to be related to common traits even within a cluster
group, for example, those related to immune response such as MAVS
(MER), DTX (BAR), ZBTB16 (BRA), DUSP22 (PAN) and IL7R (CCD and
CCB). This could indicate that each breed traced its genetic path in
defining its main attributes probably due to selection pressure in totally
different environments and, even though they have some common
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attributes, they also have their specific genetic architecture.
4.4. Breed composition

The admixture model, neighbor-joining, and PCA analyses allowed
us to evaluate the breed composition of Portuguese Iberian, Brazilian
Iberian-derived Locally Adapted, Holstein, African, and Indicine cattle.
Firstly, it is important to note that the Portuguese and Brazilian Iberian-
derived Locally Adapted breeds have a taurine origin, similar to the
Holstein breed. On the other hand, African breeds Muturu and N’dama
are of taurine origin, while the Keteku breed is a crossbred between
Muturu and Zebu animals, and the Yakanaji breed, also known as White
Fulani, has Zebuine origin (Joshi et al. 1957; Adebambo, 2001; Gwaza
and Momoh, 2016). Miscegenation between different subspecies occurs
at distinct levels in African breeds due to the extensive breeding system
(Joshi et al. 1957; Adebambo, 2001; Gwaza and Momoh, 2016).

Initially, the study focused on the six Portuguese Iberian breeds were
studied, followed by a comparison with others breeds. Based on
admixture analysis (K = 4), CAC and BAR animals formed one cluster,
while the other breeds formed independent groups. Previous studies
using the admixture model, neighbor-joining, and PCA analyses also
described CAC and BAR as closely related breeds (Ginja et al., 2009;
Martin-Burriel et al., 2011), which it is consistent with their evolution
history. According to Leite and Dantas (2000), historical evidence sup-
ports a close genetic relationship between these breeds, where they were
considered a single population until 1998 when BAR was recognized as
an independent breed. Martin-Burriel et al. (2011) described BRA as one
of the most divergent breeds within the 40 populations evaluated in
their study, supporting our results found with ancestral population
identified from K = 2.

The inclusion of African and indicine breeds in the analyses allowed
the identification of a Zebuine-like genotype (red) in Portuguese Iberian
animals, likely originating from African breeds. This result is consistent
with previous studies that evaluated mtDNA sequences and Y haplo-
types, detecting African alleles in Portuguese Iberian breeds, suggesting
that Zebu gene flow in Portugal with African origins (Beja-Pereira et al.,
2006; Ginja et al., 2009). At K = 3, a light green genotype was found,
discriminating mainly African taurine breeds, identified to a lesser
extent in Portuguese Iberian and Brazilian Iberian-derived Locally
Adapted breeds. This explains the greater genetic distance of African
MUT and NDA breeds, and KTE and YAK closer to the breeds of Zebuine
origin when evaluating PCA results. This result highlights the influence
of African cattle in Iberian breeds, consistent with their demographic
history resulting from the Arab occupation of the Iberian Peninsula for
more than seven centuries since AD 711 or due to the later importation
of African animals carried out by Portuguese colonizers in Africa
(Cymbron et al., 1999). Similarly, at K = 5, a Bos taurus fraction detected
in the HOL breed (yellow) was found in low density in Portuguese cattle.
The Brazilian Iberian-derived Locally Adapted breeds CCD, CCB, CRI,
CUR, FRA, MOC, and PAN were grouped in neighbor-joining and PCA
analyses. The admixture results (K = 2) displayed an Indicine genome,
as also observed by Verardo et al. (2021) and others authors using STR
markers (Egito et al., 2007; Ginja et al., 2010). This result was expected,
as historical data show that animals of Indian origin were introduced in
South America from the end of the 19th century, with the predominant
importation of males of Indian origin. Although Zebu breeds are pre-
dominant in Brazil, it is known that only around 7000 animals were
imported, which were used for absorptive crossing, replacing the Bra-
zilian Iberian-derived Locally Adapted breeds. Thus, it is expected that
even after these years, there will be alleles of Zebu origin in the Locally
Adapted base. Cytogenetic studies have shown the presence of the
Indicine (acrocentric) Y chromosome in bulls of Locally Adapted breeds
(Issa et al., 2009), and it was also possible to verify this introgression
through historical reports (Mazza et al., 1994) and other specific Y
markers (Ginja et al., 2019). Several genetic studies support these facts,
including this study, where one could observe in K = 2 that NEL and GIR

10

Livestock Science 282 (2024) 105455

breeds still had a slight taurine influence (Egito et al., 2007a; Ginja et al.,
2019). Moreover, the majority of Brazilian Indicine breeds have mito-
chondrial haplotypes of taurine origin (Meirelles et al., 1999; Egito,
2007; Ginja et al., 2019).

At K = 3, the PCA and the dendrogram generated also reveal the
influence of African breeds on the Brazilian ones. Evaluating mito-
chondrial DNA studies (Miretti et al., 2002; 2004; Egito, 2007; Ginja
etal. 2019), it appears that most of the existing haplotypes are taurine of
African origin, including one that occurs at high frequency only in
Brazil, including in Indicine breeds. It is suggested that there may be
three possible hypotheses, which are not mutually exclusive. First, this
genome was introduced from the Iberian breeds, originating from North
Africa, probably as the result of the Arab occupation prior to European
migration to the New World, and due to the bottleneck effect and genetic
drift; it remained in the Brazilian breeds (Lenstra et al., 2014). It is also
possible to suggest the possibility that these animals were introduced
through undocumented imports on ships that brought slaves to Brazil or
more recently, due to the officially importation of African breeds by
private breeders. At K = 4, a purple background taurine ancestry was
highlighted, discriminating the Brazilian Iberian-derived Locally
Adapted from the other evaluated breeds. On the other hand, Portuguese
Iberian and Indicine breeds seem to have a genetic influence on Bra-
zilian Iberian-derived Locally Adapted animals, which could be
explained by the Portuguese origin of these breeds and the intense use of
adapted animals in crossbreeding cattle at the beginning of livestock
farming in Brazil (Alderson, 1992; Madalena et al., 2002). Nevertheless,
the remarkable purple background ancestry in Brazilian Iberian-derived
Locally Adapted breeds was not found in the Portuguese Iberian, Afri-
can, Holsteins, or Indicine breeds. Historical reports demonstrate that
animals of Spanish origin also participated in the formation of Locally
Adapted breeds, as the current delimitation of Brazil took place long
after the introduction of cattle in the South American continent, which
also had a strong Spanish colonization (Mazza et al., 1994). The genetic
divergence observed in Brazilian Iberian-derived Locally Adapted
breeds, as also observed by Verardo et al. (2021), probably occurred as a
result of many years of natural selection in distinct environments during
Brazil’s colonization, associated with miscegenation of different breeds.
This could have contributed to the formation of bovine populations with
higher adaptation to the tropical environment with a unique gene pool.
Thus, the Brazilian Iberian-derived Locally Adapted breeds genetic
represent an important genetic resource for Brazil and other tropical
countries since these breeds seem to contain a repository of alleles
associated with adaptation to different climates and regions of Brazil. In
this way, more attention should be invested in the conservation and
breeding programs of CCD, CCB, CRI, CUR, FRA, MOC, and PAN breeds.

Moreover, a highly homogeneous indicine ancestry in the indicine
GIR and NEL breeds was observed from K = 2 up to 5. This reinforces
that the ancestry of these breeds is very conserved, as described by
Verardo et al. (2021), which found >99 % of indicine background at K =
5. This may be a relevant source to support the international market
between Brazil and foreign countries interested in importing these
indicine-improved breeds, which are suitable for use in commercial Bos
indicus x Bos taurus crossbred production systems in tropical regions of
the globe.

5. Conclusions

This study revealed varying extents of linkage disequilibrium (LD)
across the assessed breeds, along with differences in effective population
size (Ne), particularly attributable to specific genetic programs or their
absence, particularly evident in some Locally Adapted Brazilian Iberian
breeds. Furthermore, the analysis of runs of homozygosity (ROH)
identified different genes associated with common traits, even within a
cluster groups, highlighting the importance of continued caution in
managing these populations. Despite controlled consanguineous mating
in Portuguese Iberian and Brazilian Iberian-derived Locally Adapted
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breeds farming systems, the analysis of genetic variability suggests the
need for ongoing precautions in their management.

Importantly, certain ancestral components observed in Locally
Adapted Brazilian Iberian breeds were absent in Portuguese Iberian and
other Taurine, African, and Zebu breeds. This discrepancy may be a
consequence of extensive artificial and natural selection over many
years after the colonization of Brazil, contributing to the formation of
cattle populations with enhanced adaptation to the tropical environ-
ment. Consequently, the genetic background of Brazilian Iberian-
derived Locally Adapted breeds emerge as a crucial genetic resource
for Brazil and for other tropical countries, potentially harboring alleles
associated with adaptation to different climates and regions of Brazil.
Therefore, conservation and breeding programs for these breeds warrant
increased attention. Additionally, both sets of populations, Locally
Adapted Brazilian and Portuguese breeds, represent substantial reser-
voirs of animal genetic resources for food and agriculture, thriving in
different challenging environments in two geographically distant re-
gions, yet sharing similarities in facing heat and water scarcity for a
significant part of the year.
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