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ABSTRACT. Colombian creole breeds Blanco Orejinegro (BON)
and Sanmartinero (SM) are widely used as pure breeds and in
crossbreeding programs due to their excellent performance in the
double ability of milk and meat production. We examined genomic
regions and genes that from generation to generation have been
selected by positive natural selection in favor of the adaptability and
reproductive performance of these two Colombian creole breeds.
Natural selection of genomics region and genes is one of the main
evolutive changes resulting in phenotypic adaptations. The selected
genomic regions can be detected by comparing differences in
regional linkage disequilibrium (LD) between cattle populations with
potential adaptations for economic traits. In this study, we used
58,868 single nucleotide polymorphisms (SNPs) from BON and
57482 SNPs from SM, using genotyping data from 1262 BON and
742 SM animals to estimate the variation of genome-wide LD
between populations using the VARLD program. The top 0.1 and
0.01th percentiles of standardized VarLD scores were used as a
criterion for all comparisons. A total of 10 selection signatures on
chromosomes 3, 5, 11, 15, 18, 21, 22, 23, 25 and 29 were identified
in all populations. These signatures overlapped with quantitative trait
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loci for adaptability and reproductive performance in both breeds.
Within the signature located between 23,903,882 and 23,955,588 bp
on chromosome 18, we identified the SLC6A42 gene involved in the
response to high stress. Also, we identified the genes CTDSP2,
CESI, CFAPI61, CLECI144, HIPKI, RBM4, SSTR involved in the
expressions of economic traits (meat and milk production), KDMID,
OLFML3 genes involved in reproductive traits (age at first calving
and calving interval), and ATP23, LRRTM1, SLC6A42, DEK, SYTb,
KDMID genes involved in cellular stress response and response to
important environmental changes such as high temperature. We
conclude that these genomic regions seem to point toward a recent
selection in BON and SM populations. These regions can be used in
selection and conservation programs.
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INTRODUCTION

The Blanco Orejinegro (BON) and Sanmartinero (SM) Colombian creole cattle
breeds are included in the national genetic conservation and breeding program because of
their excellent adaptation and reproductive performance in tropical production systems.
This has led to genetic characterization studies for applying results obtained in this program.
BON and SM breeds have been genetically characterized by Martinez et al. (2012);
however, this information has had limited impact because of a lack of studies assessing in
depth the variation and genetic differences of these two breeds. These differences can be
measured through determination of selection signatures, which are genomic regions that
may be fixed in individuals within a population as a result of artificial or natural selection
for reasons such as adaptability or productivity (Msalya et al., 2017).

Linkage disequilibrium (LD; non-random association of alleles of different loci
located in the same chromosome) can be used to detect positive selection (Montgomery,
2008). Positive selection (a type of natural selection that favors a single allele and thus the
allele frequency of a population continually goes in one direction) affects the patterns of LD
around the site of a beneficial allele increasing the LD among the alleles due to selection on
the nearby favorable allele (Alachiotis and Pavlidis, 2016). The frequency of favorable
alleles increases rapidly through adaptation and selection when a new beneficial mutation
appears in a population. Therefore, identifying these selection signatures may help in the
exploration of genotype—phenotype relationships to improve economically important traits
(Biswas and Akey, 2006).

Selection is responsible for maintaining from generation-to-generation favorable
alleles increasing its frequency until reaching fixation (Pérez O'Brien et al., 2014). The
strong selection pressure increases frequency of the favorable mutation until completely
replacing the ancestral allele by selective sweep-SW. SW perform a certain pattern of
variation around the selected position, different from that expected under neutrality (Walsh
and Lynch, 2018).

Several methodologies have been proposed to measure patterns of variability of
regions throughout the genome, such as those proposed by Sabeti et al. (2002, 2006, 2007),
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extended haplotype homozygosity (EHH) and Integrated haplotype score (iHS) proposed by
Voight et al. (2006). However, these methodologies are limited because the SNPs
statistically significant can be biologically inactive, although they are probably in LD with
some unknown functional polymorphism. To obtain greater precision in the results, Teo et
al. (2009) propose to explore LD variation (varLD) of these regions because, according to
them, this variation is biologically significant. The varLD methodology basically consists of
exploring the differences of the LD patterns between chromosomal regions of animal or
human populations. This methodological strategy becomes an excellent tool to build fine
genetic mapping of candidate regions (Signature of selection) associated to diseases,
reproduction or production and adaptation traits (Teo et al., 2009).

Therefore, the aim of this study was to look for signatures of selection or genomic
regions that increased in frequency and were fixed in the population, as well genes
annotated in them, since these processes of natural or artificial selection, improve the
adaptative and productive ability in the population, the results obtained can be applied in
programs of conservation and genetic improvement of these two Colombian creole cattle
breeds and for mating with another breeds.

MATERIAL AND METHODS
Animals and study location

Animals come from two Colombian creole cattle breeds, Blanco Orejinegro (BON)
and Sanmartinero (SM), obtained from Germplasm Bank of Corporacién Colombiana de
Investigacion Agropecuaria (Agrosavia, 2019). BON animals are maintained in the
experimental station El Nus in San Roque, department of Antioquia, in a mountainous area
in the Andean region with altitudes ranging from 800 to 1,800 meters. Topography is
undulating with annual average temperatures between 18 and 24 °C and a bimodal rainfall
regime. SM animals are located in the experimental station La Libertad in Villavicencio,
department of Meta, in Colombian Orinoquia on flat lands with heights of 336 m.a.s.1. in the
humid tropical forest zone. There is a rainy season from April to November and a dry
season from December to March, with annual average temperatures that range between 27
and 41°C and relative humidity from 36 to 87%. Both BON and SM populations were
maintained under semi-extensive grazing conditions.

Data source

DNA samples extracted from blood and / or semen were genotyped at the C.L
Genomics Laboratory Agrosavia Tibaitatd following the Infinium HD Assay protocol
(Illumina Inc San Diego, CA, USA, 2016), at the end of the process to obtain the genotypes
each chip was scanned in a HiScan® device and the generated data was analyzed with the
GenomeStudio software (Illumina, 2016), which assigns the genotypes of each SNP based
on signal differences and color intensity, and allows a preliminary edition of the data in
terms of genotyping quality (Call Rate and Gentrain). This procedure generated 58868
SNPs (Single Nucleotide Polymorphism) in the BON breed and 57482 in the SM breed,
these SNPs come from 1,262 genotyped animals of the BON breed and 742 from the SM
breed, Table 1.
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Table 1. Genotyped animals from Blanco Orejinegro (BON) and Sanmartinero (SM) breeds.

Breed 20K GeneSeek BovineSNP50K IlluminaSNP7K Total
BLANCO OREJINEGRO 490 643 129 1262
SANMARTINERO 418 198 126 742

1262 and 742 BON and SM animal respectively was Genotyped. Different types of chips were used for all animals, 7K (7000 SNPs), 20K
(20000 SNPs) and 50K (50000 SNPs). Source: Agrosavia Genomics Laboratory.

Regarding BON breed of a total of 1262 genotyped animals, 129 animals were
genotyped using the IlluminaSNP7K low density chip, 490 animals with the 20KGeneSeek
chip and 643 animals with the BovineSNP50K medium density chip. Regarding SM breed,
of a total of 742 genotyped animals, 126 were genotyped with low density chip
[luminaSNP7K, 418 animals with 20KGeneSeek chip and 198 with the medium density
chip BovineSNP50K. SNPs and their genotypes from the 7K and 20K chips were imputed
to the 50K chip using the Fimpiute program (Sargolzaei et al., 2014). After imputation,
quality control (Quality Control-QC) was performed on 58868 available SNPs to BON
breed and 57482 to SM breed, using PLINK programs (Purcell et al., 2007). SNPs were
excluded, if the call rate was less than 90%, if they presented an extreme deviation from
Hardy-Weinberg equilibrium (P < 0.01) (for example, SNP in autosomal chromosomes
presenting both homozygous genotypes, but without heterozygotes), the same for SNP with
unknown genomic position, or if they were located in sex chromosomes, also if they were
monomorphic or if frequency of less common allele (MAF) was below 0.03. Likewise,
animals that had a Call Rate lower than 90% or with pedigree errors or Mendelian conflicts
between relatives were eliminated. From result of this process, were obtained 51283
effective polymorphic SNPs located in autosomal chromosomes for BON breed and 49009
SNPs for SM breed.

Statistical analysis

The statistical analysis is based on varLLD scores between genomic regions of BON
and SM populations. The analysis was carried out in several phases. First, LD was initially
quantified using correlation equation between alleles of two SNPs, then varLD scores
between all regions, is estimated, using arrays matrix obtained from SNP information using
the program R. Standardization of varLD scores was made taking scores of the percentiles
99.9™ and 99.99™ (Pérez O'Brien et al., 2014). For estimating percentiles in genomic
regions, taken into account means and variances obtained from SNPs in whole genome like
in Teo et al. (2009). Percentiles were calculated and plotted in R program.

LD quantification

1* assess strength of genetic correlation between alleles of two SNPs. r” quantifies
how much LD increases or decreases between two SNPs reflecting, thus the direction of
correlation between two SNPs, so 1* is the most appropriate measure to compare LD (Teo et
al., 2009). r* for two biallelic SNPs with alleles (A, a) and (B, b), is defined as follows.

(Pas- PaPg)?
—_— ()PP

2 _
= R

PaPs PPy (Eq 1 )
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where P g is the frequency of the AB haplotype; P, P,, P and Py, are the respective allelic
frequencies; the term I (Psp < P5Pg), denotes a function indicator that takes a value of one
when P <PPg and zero otherwise.

varLD scores on regions, regional varLD

varLD scores are obtained from construction of two symmetric correlations
matrices, M; and M, one for each population, so from population k it’s obtained My = T A
Ty~ with columns Ty denoting eigenvectors of My. Ay is a diagonal matrix of categorized
values of My in descending order. varLD score is obtained from subtraction of two
diagonals | Ay - A, |, this score provides a measure of dissimilarity degree between
correlation matrices M; and M,, this value will be used to quantify regional LD differences
in the two populations. Matrices elements M, and M, are formed by consecutive overlapped
sliding windows of L. SNPs where each consecutive window is obtained by moving the
existing window in the direction of the forward chain for a SNP. For a particular window of
L SNPs, (i, j) entry in each matrix represents the r* between SNP i and SNP j (Teo et al.,
2009). Therefore, each of these matrices effectively represents a correlation matrix between
L SNPs in the respective population (Zaykin et al., 2006). All these calculations were done
in R.

Statistical significance for each window of L. SNPs

The statistical significance for each window of L SNP was obtained from non-
deterministic Monte Carlo procedure for evaluating evidence against the null hypothesis of
no differences in LD structure in each region of L SNP (Krzanowski, 1993). Significance by
Monte Carlo procedure is defined as (M + 1) / (Niter + 1) where M is the number of varLD
scores obtained from resampling scheme and Niter is the combinations number.
Combinations result from resampling of r* values of both populations. This results in
combined data with replacement, produce two populations of equal size, from this, it can
calculate varLLD value and this value is applied in the Monte Carlo significance test (M + 1)
/ (Niter + 1) j (Teo et al., 2009).

Standardized varLD scores

Because the statistical significance can be affected by the density of the SNPs, it is
advisable to standardize varLD score, for this the 99.99th and 99.9th percentiles are taken as
reference (Pérez O'Brien et al., 2014). Once the varLD scores are calculated, they are
standardized using the formula S; '= (si - E (s)) / Vvar (s), in R, where E(s) and var(s) are the
means and variances of values of the whole genome, to center the distribution of the scores
around an average of zero and a standard deviation of one, which helps to avoid biases in
the VarLD scores due to differences in size of the windows in terms of base pairs (bp) and
the populations that are compared have different LD background levels. The software uses
sliding windows and windows of L SNPs are applied following Teo et al. (2009). A window
was marked as an assumed Signatures of selection (SS region) if the score S;” was greater or
equal to the score in the 99.99th percentile and the 99.9th percentile of all scores across the
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genome. The central position of the first window in an identified SS was taken as the
starting point of a signal, and the final position was half of the final window in the SS.

Determination of signatures of selection

To assess selective sweep in a particular region is relatively easy when the levels of
1* differ greatly, as in this study, the standardized varLD score, S;’, was high, because of
there are higher LD levels in that particular region. The differences of the LD value in the
SS regions identified, can be seen in the standardized varLD graphs using R. Only the
graphs corresponding to the regions explored in detail in this study are presented.

Genes Identification

After determination of candidate SS regions, details such as the chromosome and
start position and end position, windows included in the peak were taken into account.
Then, SS regions were classified by the position on the chromosome in bp. To identify
genes possibly associated with the SS regions, regions position in bp were listed in the
Ensembl tool (Ensembl Biomart, 2019) to visualize genes in common position with SS
regions.

Functional analysis of genes

Functional analysis of the mapped genes was carried out through the website
UniProt, (2019) and GeneCards® (2019), which were used to verify genes functional
information. When no information was available for Bos taurus genes, annotations of
orthologous genes were used in humans, rats or mice to proceed with the functional
analysis, which allowed to define a list of genes located within or surrounding regions of
interest.

RESULTS

Strong SS were limited to narrow regions of the genome. The most distinctive
peaks were observed on chromosomes 3, 5, 11, 15, 18, 23, 25 and 29 (Figure 1) that showed
the differences in the percentile distributions with scores highest 0.01 and 0.1 percentiles,
Table 2.
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Figure 1. Linkage disequilibrium variation analysis in the entire genome of Blanco Orejinegro and Sanmartinero
Breeds. Note the highest peaks corresponding to standardized varLD scores above 4.0, on chromosomes 3, 5, 11,
15,18, 21, 22,23, 25 and 29.
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Table 2. Genomic regions in base pairs (bp) on chromosomes 3,5,11,15,18,21,23,29, Linkage
disequilibrium Variations and Standardized varLD scores, on percentiles 0.01 and 0.1 and genes found in
these regions.

Chr/Percentiles Regions (bp) varLD Standardized varLD scores Genes
Chr3
P 0.01 29.224.886 21.7 4.58
PO.1 29.285.827 21.6 4.54
Chr5
P 0.01 55.085.241 20.3 4.13 ATP23, CTDSP2.
P 0.1 55.582.258 20.2 4.10
Chrl1
P 0.01 55.683.407 20.9 4.33 LRRM]I.
P 0.1 55.443.099 20.8 4.30
Chr 15
P 0.01 24.184.623 21.8 4.61 Z;V;fg 562;1'284'251-
P 0.1 24.186.798 213 4.45 .
Chr18
P 0.01 23.903.882 20.9 4.32 SLC6A2, CESI
P 0.1 23.955.588 20.8 4.30
Chr21
P 0.01 26.990.623 20.3 4.15
POl 26.929.649 199 402 CrAPIGI
P 0.01 48.369.157 20.2 4.12
P 0.1 48.313.773 19.9 4.01 SSTRI
Chr23
DEK:  39.355.962-
P 0.01 39.339.694 23.9 5.24 39.387.656
KDM1B: 39.389.854-
P 0.1 39.354.709 239 5.22 39.432.004
Chr29
P 0.01 44.796.094 21.9 4.64 SPTBN2, RBM4B
PO.1 44.707.685 21.8 4.59

Primary_assembly 3: 29,224,886-29,285,827

BoAS2 TRIMI3 ol 1) < pLFMLY REBN1 = PHTFY MAGI
v 00A8431 et

Gene Legend

Location;  3:29224886-29285827 Gone: [ co | a (] [+ [ — ][>
Figure 2. Genomic region (Selection Signature) identified on chromosome 3 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome. Selection signature (SS) identified in the red rectangle has annotations for the SYT6
gene. Indicating that this SS and the SNPs within it, are highly associated to this gene. Also, very close to this SS
are the OLFM3 and HIPK1 genes at 16 and 17.5 Kb, respectively, possibly associated to this SS.

The chromosomes BTA3, BTAS, BTAll, BTAl15, BTAI18, BTA21, BTA23,
BTA25 and BTA29 showed higher standardized varLD score than the rest, with score >4.00
on percentiles 0.01 and 0.1 with peaks indicating signatures of selection (See Figure 1).

On BTA3, one signature of selection (SS) was identified between 29,224,886 and
29,285,827 bp with standardized varLD score between 4.54 and 4.58 in the 0.01™ and 0.1"
percentiles (Table 2, Figure 2, Figure 2(a)). In this region annotations for the SY76 gene
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(Synaptotagmin 6) were found. Surrounding this SS at 10 Kb, two genes, possibly
associated to this SS, were indentified. The OLFM3 gene (Olfactomedin-like protein 3) to
29,390,850-29,394,608 bp, and HIPKI gene (Homeodomain interacting protein kinase 1) at
29,399,611-29,449,947 bp. (Ensembl, 2019) (Table 2, Supplementary 1).

E : Chr3
P T 344 BB AR BB AR BRI A ARRBBR SRR «Top 0.01%
m 4 B S S S —————
o 3 Top 0.1%
N
N
g
= 0
3 4
w
I I I 1
0 50 100 150

Physical position (Mb)

Figure 2(a) . Physical position in megabases (Mb) on chromosome 3 of the genomic region according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

On BTAS one SS between 55,085,241 and 55,582,258 bp was identified (Table 2;
Figure 3, Figure 3(a)), with annotations for A7P23 gene (Mitochondrial inner membrane
protease ATP23). Near of this region at 5.5 Kb, the CTDSP2 gene (Carboxy-terminal
domain, RNA polymerase II, polypeptide A small phosphatase 2) at 55,634,355-55,656,768
bp was located, possibly associated with this SS (Ensembl, 2019).

Primary_assembly 5: 55,085,241-55,582,258

Scroll. 4 B Track helg ¢ & Drag/Seloct += ||
Farward sians

Figure 3. Genomic region (Selection Signature) identified on chromosome 5 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome. Selection signature (SS) identified in the red rectangle has annotations for the ATP23
gene. Indicating that this SS and the SNPs within it, are highly associated to this gene. Also, very close to this SS
are the CTDSP?2 gene at 5.5 Kb approximately, possibly associated to this SS.

Chr 5
s °7
Top 0.01%

2 A I """'T?):O.I%
8 3
N2
E 1
2 o
g -1

I T T 1

0 50 100 150

Physical position (Mb)

Figure 3(a). Physical position in megabases (Mb) on chromosome 5 of the genomic region according to the value
of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.
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On BTAI1, one SS between 55,443,099-55,683,407 bp was identified (Table 2,
Figure 4, Figure 4(a)), no annotations for genes in this region (Table 2, Annex 1). However,
at 230 Kb, the LRRTMI gene (Leucine-rich repeat transmembrane neuronal protein 1) at
55,211,496-55,214,132 bp. was identified, possibly associated with this SS. mechanisms.

Primary_assembly 11: 55,443,099-55,683,406

Scrol. 4w Trackheight I 2

& Drag/Select: ++ ||
Forwerd syans

Gene Legend

B Eosembipretainceding [ RNAgens
Location:  11:55443099-66683406 3 coe =2 [ ][] 1= (=
Figure 4. Genomic region (Selection Signature) identified on chromosome 11 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome. Selection signature (SS) identified in the red rectangle hasn’t gene annotations.
Outside of rectangle the LRRM1 gene is located at 230 Kb from this region, possibly associated to this SS.
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Physical position (Mb)

Figure 4(a). Physical position in megabases (Mb) on chromosome 11 of the genomic region according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

On chromosome 15, one SS between 24,184,623 and 24,186,798 bp was identified,
no annotations for genes in this region (Table 2; Figure 5; Figure 5 (a); Annex 1). However,
near this SS at 100 Kb, the ZWI10 gene (Centromere / kinetochore protein zwl0) at
24,284,251-24,319,569 bp, was found (Ensembl, 2019) (Table 2; Annex 1).

Primary_assembly 15: 24,184,623-24,186,798

primary_assembly 15 [ | 1
=

Region in detail @

Scroll: « »  Trackheight I % &  Drag/Select & i}

T S T ZZ

Gontigs

Genes (Ensembl) !

oAM= ez <DRO2 < ENSETAGO0000051043 RFO002S > z8TBI8 >
<zwi0 <uspas HTRIE  HTR3AS

:::::::

By Ta00 we ZomE Tao e Taso s

=
Gene Legend I Ensembi protein coding I A gene

Location: 15:24184623-24186798 Gene: [« ][« (] O =] (> [

Figure 5. Genomic region (Selection Signature) identified on chromosome 15 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome. Selection signature (SS) identified in the red rectangle hasn’t genes annotations.
Outside of rectangle the ZW 10 gene is located at 100 Kb from this region, possibly associated to this SS.
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Figure 5(a). Physical position in megabase (Mb) on chromosome 15 of the genomic region according to the value
of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

On BTAL18, one SS between 23,903,882 and 23,955,588 bp, was identified (Table
2; Figure 6; Figure 6 (a)) with annotations for the SLC642 (Transporter) gene and CES]
(Carboxylic ester) gene. (Ensembl, 2019) (Table 2; Annex 1).

s ______________________________________________________________________________|]

Primary_assembly 18: 23,003,882-23,055,588

I sambi protain 0oding . psaudogen
s gere

- e .
g
E

Location:  18:23903862-23955508 [ Go T =2 )l ) [ [ =[]
Figure 6. Genomic region (Selection Signature) identified on chromosome 18 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle has annotations for the
SLC6A2 and CESI genes. Indicating that this SS and the SNPs within it, are highly associated to these genes.

o 5 Chr 18
8 esansenssess TOP 00H%
4 -

L S Top 0.1%

- -

ﬁ 3

5 27

s 1

2 0~
T T T 1
0 50 100 150

Physical position (Mb)

Figure 6(a). Physical position in megabases (Mb) on chromosome 18 of the genomic region according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.
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On BTAZ21, three SS were identified. The first one, between 26,929,649 and
26,990,624 bp, was located, no annotations for genes in this region. However, near this SS
at 9 Kb, the CFAPI61 gene (Cilia and flagella associated protein 161) was found. The
second one, between 48,313,773 and 48,369,157 bp was located, with annotations for the
SSTRI gene (Somatostatin receptor 1). The third SS, between 48.594.114 and 48,651,030
bp was located (Table 2, Figure 7, Figure 7 (a)), no annotations for genes. However, near
this SS at 200 Kb, the CLECI4A gene (C-type lectin domain family 14, member 1) was
found. (Ensembl, 2019) (Table 2).

Primary_assembly 21: 48,313,773-48,369,157

£ < @ %
primary_sssembly 21 [ i ]

Region in detail @

Scroll: 4 B  Trackheight X & £ Drag/Select 4+ i}

&< E ST

2.00 Mo D Tae0 b o0 Mo

Contig
Genes (Ensembi) Tk

) T e Teewe T
Gene Legend [ —
Location:  21:48313773-48369157 Gene: )1 e e e e s e N 9

Figure 7. Genomic region (Selection Signature) identified on chromosome 21 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle has annotations for the SSTR1
gene. Indicating that this SS and the SNPs within it, are highly associated to these gene.

Primary_assembly 21: 48,594,114-48,651,030

£ < @ %
primary_sssembly 21 [ | ]
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Location:  21:48594114-48651030 BB cene: ([ Go ] 0 e e e e | B 3 [

Figure 7. Genomic region (Selection Signature) identified on chromosome 21 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle hasn't genes annotations.
Outside of rectangle the CLEC14A gene is located at 200 Kb from this region, possibly associated to this SS.

Primary_assembly 21: 26,929,649-26,990,623
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Figure 7. Genomic region (Selection Signature) identified on chromosome 21 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle hasn’'t genes annotations.
Outside of rectangle the CFAP161gene is located at 100 Kb from this region, possibly associated to this SS.
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Figure 7(a). Physical position in megabases (Mb) on chromosome 21 of the 3 genomic regions according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

On BTA23, one SS between 39,339,694 and 39,354,709 bp was identified (Table 2,
Figure 8, Figure 8 (a)) with standardized varLD score between 5.0 and 5.1, no annotations
for genes. However, near to this region at 3.5 Kb the DEK gene (DEK protein) at
39,355,962-39,387,656 bp and at 9 Kb the KDMIB gene (Lysine demethylase 1B) at
39,389,854-39,432,004 bp were found. (Ensembl, 2019) (Table 2, Annex 1). These genes
are possibly associated with this SS.
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Figure 8. Genomic region (Selection Signature) identified on chromosome 23 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle hasn't genes annotations.
Outside of rectangle the DEK and KDM1B genes are located at 3.5 and 9 Kb respectively, possibly associated to
this SS.
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Figure 8(a). Physical position in megabases (Mb) on chromosome 23 of the genomic region according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.
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On BTA25, one signature of selection between 5,671,356 and 6,189,134 bp was
identified (Figure 9; Figure 9(a)) no genes annotation for this region.
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Figure 9. Genomic region (Selection Signature) identified on chromosome 25 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle without genes annotations.
Outside of rectangle at distances more than 1 Mb no genes are shown.
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Figure 9(a). Physical position in megabases (Mb) on chromosome 25 of the genomic region according to the

value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

On BTA29, one SS between 44,707.,685 and 44,796,094 bp, was identified (Table
2, Figure 10, Figure 10 (a)) with annotations for the SPTBN2 (Spectrin beta chain) and
RBM4 (RNA-binding protein 4) genes. (Ensembl, 2019) (Table 2, Annex 1).
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Figure 10. Genomic region (Selection Signature) identified on chromosome 29 of Blanco Orejinegro (BON) and
Sanmartinero (SM) genome Selection signature (SS) identified in the red rectangle has annotations for the
SPTBN2 and RBM4 genes. Indicating that these SS and SNPs within it, are highly associated to these gene.
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Figure 10(a). Physical position in megabases (Mb) on chromosome 29 of the genomic region according to the
value of the standardized linkage disequilibrium on percentile 0.1 and 0.01. Figure made in R program.

DISCUSSION

Study of LD variation patterns (varLD) throughout genome, allows to identify
candidate regions (signatures of selection) under positive selection and genes related to
productive and adaptation performance of Colombian creole cattle breeds. varLD method
has great potential to capture recent selection that manifests itself in high LD values in
narrow regions throughout the genome undergo selective seweep (Pérez O'Brien et al.,
2014). Studies on LD in livestock populations have shown that LD is much more extensive
than humans. Human populations analyzed (Ardile et al., 2002; Hee, 2012; Wall and
Pritchard, 2003), had shown very similar extensions and patterns of LD, with very few
differences only in limited regions. Cattle populations differ from human ones because they
have an effective smaller population size and experiencing strong recent selection due to
breed formation and because are constantly subjected to artificial selection and advanced
reproductive technologies in order to overcome the productive performance of milk and
meat, adaptation and reproductive performance (Khatkar et al., 2008; McKay et al., 2007),
which rise LD values. This makes LD comparisons between cattle breeds worthwhile
(Bovine Hapmap consortium, 2009). In the absence of selection, LD breaks down rapidly to
values below 0.3, while natural or artificial selection of genome regions and beneficial
alleles, increases LD between hitchhiking alleles (Li et al., 2017). In general, LD decay
pattern is that it decays at distances of 100 Kb. Bejarano, (2016) in his study of LD decay in
the Creole breeds ROMO and BON showed LD average of 0.3 (+* = 0.3) in the ROMO
breed at a distance of 100Kb, while the BON breed showed a faster fall, reaching this same
value at a distance of 70Kb. In other Bos faurus breeds, to milk and meat production, have
been reported » > 0.3 at distances less than or equal to 30 Kb (Bolormaa et al., 2011b;
Larmer et al., 2014), however, in Holstein Sargolzaei et al. (2008) found optimal LD values
at distances close to 100 Kb, which coincides with the results found in the Bejarano study
(2016) for BON and ROMO Creole breeds.

In the current study, high LD values in some regions were identified (signatures of
selection) on chromosomes 3, 5, 11, 15, 18, 23, 25 and 29 with standardized varLD values
between 4.01 and 5.24 in percentiles 0.1 and 0.01. only on BTA3, 5,18, 21 and 29, genes of
exact location within these regions were identified, while in the rest of the chromosomes
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genes outside of these regions, were located, some of them very near of the SS (BTA23),
others very far (BTA21) and in one region, no annotations for genes (BTA25).

On BTA3, within the SS identified, annotations for the SY76 gene (Synaptotagmin
6) were found. This gene acts in the synapse and dopamine regulation (Uniprot, 2019).
Dopamine is a precursor of adrenaline and norepinephrine involved in the pathophysiology
of stress in the activation of the adrenal hypothalamic axis (Guyton and Hall, 2011). This
gene has been reported for its activity in exocytosis of human sperm acrosome (Michaut et
al., 2001) and human pulmonary synovial sarcoma (Li et al., 2019), but there are no reports
in cattle, which may be is involved in both, reproductive processes and responses to
stressful environmental situations. Surrounding this SS, around 10 Kb, OLFML3 and
HIPK] genes were identified.

OLFML3 (Olfactomedin-like protein 3) is involved in embryo and placental
development, indicating its participation in reproductive processes. This gene has been
reported in prenatal skeletal muscle development in pigs (Zhao et al., 2012), in glaucoma in
dogs Border Collie breed (Pugh et al.,, 2019) and embryonic development (Zeng et al.,
2005). HIPKI gene (Homeodomain interacting protein kinase 1) has been reported acting in
cellular productivity may be in protein production (Inwood et al., 2018). These two genes
are possibly associated to this SS. OLFML3, for its activity in early embryonic development
and skeletal muscle, is possibly involved in productive and reproductive mechanisms in
cattle. HIPK1, is possibly involved in mechanisms of production of meat and milk in cattle.
In another study on signatures of selection in Red Polish cattle breed using the paired
distance methodology Fst, Gurgul et al. (2019) identified one SS on BTA3 at 32.5 to 32.9
Mb very close to the identified region in the current study and within a large region in
strong linkage disequilibrium with extended haplotypic structure indicating reduced genetic
variation caused by pressure of selection. De Leon et al. (2019), identified two regions
associated to adaptability traits on chromosome 3 in BON and SM breeds, the region
66,486,992-66,554,349 bp in BON breed and the region 83,833,592-83,952,776 bp in SM
breed, both regions associated to the coefficient of adaptability (CA). In these regions they
found annotations for the GIPC2 and TM2D1 genes respectively. TM2D1 gene is involved
in the physiological response to heat stress.

On BTAS, one SS between 55,085,241 and 55,582,258 bp was identified. Within
this region annotations for the ATP23 gene were found and near of the SS annotations for
CTDSP2 gene (CTD (Carboxy-terminal domain small phosphatase 2) were found. ATP23
gene has metalloendopeptidase activity, it has been reported in yeasts, humans and other
mammals in protease activity, is involved in proteolysis of intracellular proteins as well as
in the respiratory chain of the mitochondria fulfilling multiple cellular functions in which
temperature sensitive alleles are involved to affect the conversion of oxygen into water by
enzyme cytochrome oxidase causing deficiency in the respiratory chain. This deficiency is
corrected by mutations of COX gene that codes for cytochrome oxidase; mechanism
associated to ATP23 gene (Zeng et al., 2007). By this fact this gene is possibly involved in
adaptive processes. Pitt et al. (2019) identified one signature of selection on BTA5 between
195.000.000 and 200.000.000 bp in their study on signatures of selection in the Colombian
creole cattle breeds Costefio con Cuernos, Romosinuano y Sanmartinero, using the Fst
paired distance methodology in which annotations for the ATP2BI gene they found,
according to them, this gene is involved in adaptive mechanisms of tick resistance. CTDSP2
gene of phosphatase activity is crucial for cell cycle progression. Kloet et al. (2015)
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reported this gene in mice and humans whose expression is controlled by FOXO cells
(Forkhead box), involved in inhibition of cancer in humans and cellular energy homeostasis,
possibly involved in productive mechanisms. Pérez O'Brien et al. (2014), reported on
BTAS, but in a differente region at 48.5-49.1 Mb using varLD methodology a selective
sweep in the Gyr breed, a specific repressor of transforming growth factor beta receptor
(TGF-beta) involved in negative regulation of the cell differentiation of the skeletal muscle.
Igoshin et al. (2019) identified signatures of selection and genes associated with
maintenance of body temperature in Siberian cattle during cold stress using the combination
methodology of four statistics (Haplotypic homozygosity H1, Haplotypic homozygosity
H12, Tajima's D index and Pi nucleotide diversity) taking the p-value from correlation of
the correlation matrix between the 4 statistics and converted into q-values. They identified
one SS on BTAS and MEF24 and NBEA genes. MEF2A (myocyte enhancer factor 2A) is
involved in acclimatization in fish and NBEA (Neurobeachin) associated with maintaining
of body temperature between normal ranges during heat stress.

In others varLD studies in Italian bovine cattle Bos faurus Marchigiana and
Piemontese, Sorbolini et al. (2015) reported SS with varLD standardized > 4 on BTAS,
BTAI11, BTA15, BTA18 and BTA23. In another study of varLD in Bos indicus and Bos
taurus beef and milk cattle, Pérez O'Brien et al. (2014) showed signatures of selection on
chromosomes BTA3 and BTAS5 with varLD standardized between 4.5 and 5.4 in the 0.1"
percentile and between 5.6 and 7.6 in the 0.01"™ percentile. Kukuckova et al. (2017)
determined candidate regions under positive selection in European bovine Bos taurus,
Holstein, Simmental, Charolais among others using varLD methodology, with varLD
standardized > 4 in 0.1 and 0.01 percentiles on chromosomes 7, 9, 11, 14, 20 and 24. In
other different species like swines, Li et al. (2017) determined SS by varLD methodology
on chromosomes 7, 9, 13 and 14 in the percentile 0.1. Urbinati et al. (2016) determined SS
in beef cattle Brazilian Canchim breed by iHS method, showing conserved genomic regions
on chromosomes 5 and 14. These results can explain the conserved trend of chromosomes
specific to show positive selection more than the rest.

On BTAI11 no annotated genes in the SS identified were found. However, at 200
Kb, the LRRTMI gene (Leucine-rich repeat transmembrane neuronal protein 1) was
identified between 55.211.496 and 55.214.132 bp possibly associated to this SS. This gene
has been reported in humans by Beste et al. (2018), expressed almost exclusively in brain
involved in synapse organization, at pre- and post-synapse level, in the control of cognitive
processes, functional brain asymmetry and schizophrenia. According to Oczkowicz et al.
(2018), this gene is of bialelic expression in brain of pigs. Voikar et al. (2013) reported this
gene involved in neuropsychiatric syndrome in mice, expressing in thalamus, hippocampus
and limbic cortex, areas of the brain that generate abnormal behaviors in response to
stressful environmental changes such as claustrophobia. Possibly this gene is involved in
adaptive mechanisms in cattle. Pitt et al. (2019) identified one signature of selection on
BTA11 between 105.500.001 and 106.000.000 bp using the Fst paired distance
methodology, in which annotations for the LRRC26 and SLC34A43 genes involved in
adaptive mechanisms. Kukuckova et al (2017) determined signatures of selection by the
varLD methodology in different European cattle breeds reporting one SS on BTAI11 at
59.04-63.13 Mb close to the SS identified in the current study, identifying the MAP3K7
gene at the 0.01th percentile, associated to feed efficiency and growth, which indicates their
participation in productive mechanisms.
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On BTA 15 one SS at 24.184.623-24.186.798 bp was identified, no annotations for
genes were found. However, near this region at 100 Kb, the ZWI10 gene (Centromere /
kinetochore protein zw10) was identified among 24.284.251 and 24.319.569 bp, possibly
linked to this SS. This gene has been associated to congenital heart disease (Sun et al.,
2017) and Roberts syndrome in humans (Musio et al., 2004) of anchoring chromosomes
activity, chromosomal movements during cell division, movement and segregation of
chromosomes (Uniprot, 2019). There no reports of this gene in cattle.

On BTA 18, one SS was identified. Within this region annotations for the SLC642
(Transporter) and CESI (Carboxylic ester hydrolase) were found. SLC6A42 transports
dopamine inside neurons, it is highly expressed in lung. Dopamine is a neurotransmitter
catecholamine and metabolic precursor of noradrenaline and adrenaline, hormones present
in response to stress (Uniprot, 2019). Many genes expressed in lung are related to response
to stressful situations. Indeed, Zhang et al. (2016) reported polymorphisms of SLC642 gene
associated to post-traumatic stress in human veteran war fighters. Polymorphisms and
methylation of this gene have been associated to suicide in human patients, panic and deep
depressive syndrome (Bayles et al., 2013; Kim et al., 2014). Dikmen et al. (2013) in their
study of genomic association in American Holstein cows undergo heat stress, reported
SLCOICI gene (solute carrier, organic anion transporter, member 1C1) on BTAS, gene of
solute transporter family, in humans, SLCOICI mediates thyroxine and triiodothyronine
transport. This gene possibly acts in response to environmental stress in cattles. The second
gene identified in this SS was CESI, involved in the metabolism of lipids. Sorbolini et al.
(2015) reported the LCAT gene (Lecithin-cholesterol acyltransferase) identified by varLD
method on chromosome 18, in Italian beef cows Bos taurus, involved in cholesterol
homeostasis.

Maiorano et al. (2018), determined signatures of selection by the iHS, Fst and XP-
EHH methodologies in Gyr breed in Brazil in the two subtypes of this breed of milk and
meat production.In a significant XP-EHH genomic region on BTA18 at 54.862.897-
54.863.397 bp pretty far from the SS identified in the currente study, they identified the
SLC8A2 (solute transporter family) gene similar to the SLC6A42 gene identified in the
currente study, involved in responses to stressful environmental situations, therefore in
adaptive mechanisms.

On BTAZ21, three SS were identified, with annotations for the CFAPI61 (Cilia and
flagella associated protein 161), SSTR/ (Somatostatin receptor 1) and CLEC[4A4 (C-type
lectin domain family 14, member A) genes. CFAPI161 was identified near the first SS.
There are few reports of this gene in the literature, McClintock et al. (2008) showed this
gene involved in sperm motility and fluid movements of mice and other mammals including
human being, possibly involved in reproductive mechanisms in cattles. In the second SS,
within it, the SSTRI gene of somatostatin receptor activity was identified, a peptide
hormone that regulates endocrine system. This gene was reported by Zhao et al. (2018)
which codes for the somatostatin receptor involved in productive growth characteristics in
New Zealand's Romney sheep, because it plays a significant role in growth hormone
regulation. Productive traits of weight at birth, weaning weight and carcasses weight were
assessed by these researchers, they showed affecting these traits, favorably and unfavorably
according to the allelic variants of this gene. In another study, Wang et al. (2006), reported
ablation in this gene in mice resulting in alteration of glucose homeostasis due to an
exaggerated increase in insulin levels. By these facts this gene is a strong candidate gene for
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productive mechanisms in cattle. Finally, close to the third SS identified the CLECI4A4 gene
(C-type lectin domain family 14, member A) was found. This gene is involved in the
formation of new blood vessels (angiogenesis) (Uniprot, 2019). Li et al. (2017) identified
aberrant methylation of DNA in epigenetic signatures of selection in human patients with
uterine carcinosarcoma. The hypermethylation of CLEC14A4 gene promoters is associated to
tumors vascularization. There are no reports about function of CLECI4A4 gene in cattle,
possibly involved in productive mechanisms.

Sevane et al. (2018) in their study about the role of epigenetic regulation on the
adaptive processes in Colombian Creole cattle breeds and their Iberian ancestors comparing
the methylomas between these breeds, reported 12 genes in a hypermethylated region on
BTA21 of Costefio con cuernos and Sanmartinero breeds, related to cellular membrane
components. Many of these hypermethylated genes are involved in immune processes
against infections and parasites in adaptive mechanisms. Pitt et al. (2019) identified two
signatures of selection on BTA21, in the Colombian creole cattle breeds Costefio con
Cuernos, Romosinuano and Sanmartinero, using the paired distance methodology, Fist. The
first one between 16,500,000 and 17,000,000 bp and the second one between 29,500,000
and 30,000,000 bp. In the first SS, annotations for the U6 and KLHL25 genes they found.
These genes are involved in productive, reproductive and tuberculosis susceptibility
processes. In the second SS, they identified PCSK6 and SNRPAI genes, involved in
reproductive processes.

On BTA23, one SS between 39.339.694 and 39.354.709 bp was identified, no
annotations for genes. However, very close to this region at 39.355,962-39.387.656 bp the
DEK (DEK protein) and KDM 1B genes (Lysine demethylase 1B), at 39.389.854-39.432.004
bp were identified. DEK gene acts like DNA repair. KDM1B gene of zinc finger activity, a
protein that allows DNA-amino acids binding to then initiate transcription by RNA
polymerase. This gene also has oxidoreductase activity in response to oxidative stress
(Uniprot, 2019). These two genes are possibly associated with this SS. DEK gene is a
widely reported oncogene in human liver carcinomas (Lee et al., 2019), suppression of
apoptosis and development of lung tumors (Zu et al., 2017), promoter of cell metabolism
and glycolysis (Matrka et al., 2017) and as a regulator of hematopoiesis (Capitano and
Broxmeyer, 2017). There is no evidence of this gene in cattle. But by involved in DNA
repair, possibly acts in response to oxidative stress. The KDMIB gene is widely reported in
humans and animals. In humans it has been associated with breast cancer (Chen et al. 2017).
Fellous et al. (2019) showed this gene involved in methylation of the histones, development
and reproduction of mangrove fishes that self-fertilize. (Cui et al., 2018) showed the
association of this gene with testis weight in piglets. As noted here, the KDMIB gene is
involved in different carcinogenic processes in humans, and response to oxidative stress and
reproductive mechanisms in animals, which makes it a candidate gene to play an important
role in adaptation and reproduction processes.

On BTA29 one SS was identified and two genes contained in it. SPTBN2 gene
(Spectrin beta chain) and RBM4 gene (RNA-binding protein 4). SPTBN?2 was reported by
Wang et al. (2014) involved in cerebellar ataxia in humans. Forman et al. (2012) identified a
mutation (deletion) of this gene involved in cerebellar neonatal degeneration in dogs,
Beagle breed. In bovines there are no reports on this gene, possibly negatively affects
muscle development. The RBM4 gene is reported by Lin et al. (2013) of endocrine activity
in promoting the differentiation of pancreatic cells (islets of Langerhans) and differentiation
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of muscle cells. Although there are no reports in cattle, both activities in this gene possibly
affect productive performance. De Leon et al. (2019), identified several regions associated
to reproductive traits on chromosomes 5, 11, 15, 18, 23, 25, 29 in BON and SM breeds. In
these regions they found annotations for the SLC6A416, TMEMS50A, NLRPY9, KHDRBS?2 and
UBE2C genes associated to reproductive performance.

On the other hand, Martinez et al. (2013) studied the adaptability processes of the
BON breed in a study of genetic variability using microsatellites using the principal
componente methodology by measuring Nei’s standar genetic distances between BON
breed populations. They found lower values of genetic distance between populations that
were geographically close and had recently shared bulls. Their results indicated that these
populations shared many alleles and that the frequency of alleles shared between them were
similar, suggesting lower genetically distant populations.

CONCLUSIONS

The high var LD score between genomic regions obtained in this work indicate
strong recent selection acting in these regions for adaptive, productive and reproductive
purposes because selected beneficial alleles are fixed in the population increasing their
frequency, as demonstrated in the 10 regions resulting from the standardized VarLD on
chromosomes 3, 5, 11, 15, 18, 21, 22, 23, 25 and 29. In most of these regions, annotations
were found for genes involved in biological processes. On region 29,224,886 bp on
chromosome 3, annotations for the OLFM3 gene were found involved in reproductive traits.
In another region, 23,903,882 bp on chromosome 18, annotations for the SLC642 gene were
found, involved in the response to high stress. Also, we identified the genes CTDSP2,
CESI1, CFAPI61, CLECI4A4, HIPK1, RBM4, SSTR involved in the expression of economic
traits.

In processes where the natural or artificial selection does not act, LD breaks
quickly through the generations decreasing the score. This study helps to explain the genetic
architecture conformed for productive, reproductive and adaptation processes. The different
genes identified in these selected regions consistent with other research work, are involved
in the various biological processes from production, reproduction and adaptation and can be
used in selection and conservation programs of these Colombian Creole breeds.
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