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Abstract: The Peruvian creole cattle (PCC) is a neglected breed, and is an essential livestock resource
in the Andean region of Peru. To develop a modern breeding program and conservation strategies
for the PCC, a better understanding of the genetics of this breed is needed. We sequenced the whole
genome of the PCC using a paired-end 150 strategy on the Illumina HiSeq 2500 platform, obtaining
320 GB of sequencing data. The obtained genome size of the PCC was 2.77 Gb with a contig N50 of
108Mb and 92.59% complete BUSCOs. Also, we identified 40.22% of repetitive DNA of the genome
assembly, of which retroelements occupy 32.39% of the total genome. A total of 19,803 protein-cod-
ing genes were annotated in the PCC genome. We downloaded proteomes and genomes of the Bo-
vinae subfamily, and conducted a comparative analysis with our draft genome. Phylogenomic anal-
ysis showed that PCC is related to Bos indicus. Also, we identified 7,746 family genes shared among
the Bovinae subfamily. This first PCC genome is expected to contribute to a better understanding of
its genetics to adapt to the tough conditions of the Andean ecosystem, and evolution.

Dataset: The genome sequence is openly available in Genbank of NCBI under the accession number
JANIWYO000000000 (https://www.ncbi.nlm.nih.gov/nuccore/JANIWY000000000.1). The associated
Bioproject; Biosample and SRA numbers are PRINA849594; SAMN29095626; and SRS13407845; re-
spectively

Dataset License: CCO
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1. Summary

According to Scheu et al [1] cattle domestication started in the 9th millennium BC in
Southwest Asia. Similarly, Upadhyay et al [2] referred to the genetic origin and domesti-
cation of European cattle to start around 10,000 years ago in the Near East. Over the years
its use has been extended worldwide, where cattle species have been distributed and
adapted to various climates. The genus Bos is divided into six species: B. gaurus, B. javani-
cus, B. mutus, B. bison, B. sauveli, and B. primigenius [3]. From these, four are domesticated
species, B. mutus, B. javanicus, B. gaurus, and B. primigenius which is represented by their
domestic forms B. taurus and B. indicus primigenius [3]. The taxonomic status of B. taurus
and B. indicus are controversial [4]. Through a mitochondrial analysis, Hiendleder et al.
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[4] determined that B. taurus and B. indicus lineages diverged 1.7-2.0 million years ago,
suggesting these species deserved a subspecies status for taurine and zebuine cattle. The
genomics of the cattle has been fully studied with its genome being completely sequenced
by 2009; B. taurus is one of the most studied species in the livestock area [5]. This project
was developed by more than 300 scientists from different countries. Similar efforts are
being performed by other institutes to broaden the knowledge of other breeds.

Genetic characterization studies of the creole cattle from Latin America are still lim-
ited. Delgado et al. [6] characterized Latin-American creole cattle from 10 countries using
19 microsatellite markers, which included 26 creole cattle breeds. Their results indicated
high genetic diversity among creole cattle, suggesting the necessity to implement conser-
vation measures. Similarly, Giovambattista et al [7] reported the Bovine MHC DRB3 gene
diversity in Bolivian “Yacumefio” cattle and Colombian “Hartén del Valle” cattle. The
authors results suggested a high level of genetic diversity for these breeds that could be
explained tentatively by multiple origins of creole germplasm (European, African, and
Indicus). In a comprehensive study, Ginja et al. [8] evaluated the genetic ancestry of the
American Creole cattle utilizing microsatellite markers, mitochondrial DNA, and Y chro-
mosome information. They sampled 40 creole breeds representing the whole American
continent. Latin American countries contemplated, additionally to the ones already con-
sidered by Delgado et al. [6], were Bolivia, Chile, Caribe, Suriname, and Venezuela. Ginja
et al. concluded that creole cattle possess a mixed ancestry where African cattle have
played a role in its development. Unfortunately, none of these studies included samples
or information from Peruvian cattle. Recently, Raschia and Poli [9] employed a medium-
density SNP array to characterize the Argentinian creole cattle. They concluded that the
genetic relationships showed a close relationship among four groups of creole animals
from Argentina. Liu et al. [10] studied the mitochondrial genome of Uruguayan native
cattle and demonstrated that it clustered with Korean breeds. Also, Riofrio et al. [11] per-
formed a microsatellite analysis for the genetic characterization of the creole cattle in the
Southern region of Ecuador. They concluded that the bovines studied are genetically dis-
tant from zebuine breeds and their ancestral origin must be related to the Iberic popula-
tions. Aracena and Mujica [12] reported the morphological and reproductive characteri-
zation of the Chilean Patagonian bovine, and indicated that brown is the color base for its
hair. They also compared the Chilean Patagonian bovine to the Argentinian cattle, finding
similarities in productive and reproductive aspects.

In Peru, bovine creole cattle have received little importance. Through the use of six
microsatellite markers, Yalta-Macedo et al. [13] inferred the PCC ancestry and proposed
that it descended from cattle from the Iberian peninsula. This study also suggested male-
mediated African cattle influenced in the PCC. More recently, Arbizu et al. [14] confirmed
these findings by revealing the phylogenetic relationship of the PCC with African cattle
(Boran and Arsi). According to M. Rosemberg (UC del Sur, pers. comm.), PCC can be
found as a cross-breed with Brown Swiss breeds around 3500 m.a.s.l., mainly in the Peru-
vian highlands [15]. PCC lacks of a national registration program [16]. They are pheno-
typically distinguishable by their smaller size when compared to other exotic breeds. Ef-
forts to determine the full potential of muscle growing of the PCC are still limited [17-19].

Therefore, further studies in PCC genomics will be beneficial for conservation pro-
grams and future selection activities. For this, additional sampling of bovine creole indi-
viduals is currently being conducted by the National Institute of Agrarian Innovation
(INIA for its acronym in Spanish), a Peruvian government research institution. The goal
of this study is to contribute to the understanding of the genetics of the PCC, as well as its
comparative genomics among the Bovinae subfamily.

2. Data Description

The whole genome sequencing data was deposited in the Short Read Archive (SRA)
database under accession number SRR19664292, Biosample SAMN29095626, Bioproject
PRJNA849594. The total of raw pair-reads were 854,737,766 sequences with mean length
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of 150 pb, 44% GC content, and a total output of 320 GB sequencing data. After the trim-
ming, we retained 88.2% of sequencing data, more 790 million high-quality sequence
reads with approximate 281.6 Gb total sequencing data were generated. We did not detect
overrepresented sequences and adapters. Also, the average quality per read was 40.

2.1. Genomic Survey

We obtained a low heterozygosity, slightly repetitive (40.22%), and the estimation of
the genome (2.67 Gpb) was closed to the reported references of genomes for B. taurus
(ARS-UCD1.3: 2.71 Gpb, ARS-LIC_NZ_Jersey: 2.64Gpb, Brown Swiss: 2.66Gpb, ARS-
LIC_NZ_Holstein-Friesian_1: 2.66 Gpb, Btau_5.0.1: 2.72 Gpb). Based on the draft genome
size estimated, subsequent de novo assembly and genome annotation were performed with
the sequencing depth of approximately 47.44 X coverage (Figure 1).
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Figure 1. Distribution of K-mers in the draft genome of the Peruvian creole cattle.

Table 1. Statistics of the completeness of the de novo assembly of the Peruvian creole cattle genome.

Statistic Contigs Scaffolds
N50 12,843 108,727,214
N75 7,242 74,944,637
L50 63,921 11
L75 133,082 19
Largest contig 109,017 164,677,788
Total length 2,679,899,159 2,771,461,908
GC (%) 41.92 41.87
# contigs (>= 1000 bp) 307,114 10,953
# contigs (>= 5000 bp) 179,627 1,848
# contigs (>= 10000 bp) 92,431 777
# contigs (>= 25000 bp) 14,279 210

# contigs (>= 50000 bp) 726 75
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2.1. Assembly de novo and validation

We obtained different assemblies from SOAPdenovo2 [20], and Masurca [21] pro-
grams. We continued our analysis with Masurca due to a better N50 and longer contigs
(Supplementary Data 1). Assembly Masurca genome was scaffolded, and we obtained a
total length of 2.77 GB, which had 10,953 contigs (= 1,000 bp) with a GC content of 41.92
%. The longest contig was of 16,467,778 pb. In addition, we found that 99.21% of the raw
paired-end reads generated from the small insertion libraries were aligned to our final
assembled genome. Also, with the scaffolding approach, we improved the N50, from 12.84
kb to 108.72 Mb (Table 1), and the number of complete mammalian single-copy BUSCOs
(Benchmarking Universal Single Copy) increased from 1,620 to 3,800 complete BUSCOs
(Table 2). We obtained 3,744 complete and single-copy BUSCOs (S), 56 complete and du-
plicated BUSCOs (D), 165 fragmented BUSCOs (F), and 139 missing BUSCOs (M). In com-
parison with other bovine species with (i) scaffold level assembly such as B. mutus (N50
of 1.4 Mb) [22], B. bison (N50 of 7.19 Mb) [23], B. frontalis (1 Mb) [24], and (ii) chromosome
level assembly such as B. indicus and Bubalus bubalis with an N50 of 106.3 Mb [25] and 111
Mb [26], respectively, our assembly has an N50 of 108.72 Mb, showing good quality. Ad-
ditionally, our assembly has 92.59% complete BUSCOs (C) (S: 91.23% + D: 1.36%), similar
to B. indicus with 92.9 % (C) (S: 91.9% + D: 1%) [25], but is far from B mutus with 97% (C)
(5: 96.5% + D: 0.5%) [22], B. bubalis with 98.4% (C) (S: 97.0% + D: 1.4%) [26] and B. bison
with 95.4% (C) (S: 64.4% + D: 31.1%) [23] (Figure 2).

Table 2. Summary of the approach BUSCO in assembly (contigs and scaffolds).

Terms Contigs Scaffold
Complete BUSCOs (C) 1,620 3,800
Complete and single-copy BUSCOs (S) 1,580 3,744
Complete and duplicated BUSCOs (D) 40 56
Fragmented BUSCOs (F) 1,573 165
Missing BUSCOs (M) 911 139

[ Complete single copy [ Complete duplicated [ Fragmented Missing
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Figure 2. Comparison of BUSCO analysis of the Peruvian creole cattle (PCC) with other Bovinae
species.
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2.2. Repeat Annotation

We identified 897.59 Mb of repeated sequences, which represents 32.39% of the as-
sembled PCC. This is less than the repeated sequences of B. frontalis (43.66%) [24], B. grun-
niens (43.9%) [27], Syncerus caffer (37.21%) [28] and Bison bonasus (47.03%) [29]. Similar to
the B. grunniens assembly [27], LINE elements represented the majority of identified re-

peats in our assembly with 28.55%, but higher than S. caffer (25.57%) [28] and lower than
B. bonasus (39.84%) [29].

Table 3. Summary of the repetitive DNA of the Peruvian creole cattle.

P t f se-
Repetitive DNA  Number of elements Length occupied ercentage ot se

quence
Retroelements 3,484,900 897,585,367 bp 32.39%
SINEs 256,918 28,733,533 bp 0.0104%
LINEs 2,890,366 791,282,631 bp 28.55%
L2/CR1/REX 173,451 19,529,331 bp 0.70%
RTE/Bov-B 1,426,552 452,420,074 bp 16.32%
L1/CIN4 1,111,156 291,303,229 bp 10.51%
LTR elements 33,7616 77,569,203 bp 2.80%
Retroviral 337,127 77,499,189 bp 2.80%
DNA transposons 245,870 41,992,077 bp 1.52%
hobo-Activator 84,758 27,282,703 bp 0.98%
Tc1-1S630-Pogo 60,623 14,480,775 bp 0.52%
Unclassified 665,577 96,490,946 bp 3.48%
Total interspersed re- 1,036,068,390 bp 37.389%
peats
Small RNA 161,025 17,146,359 bp 0.62%
Satellites 700 416,318 bp 0.02%
Simple repeats 499,594 20,282,441 bp 0.73 %
Low Complexity 499,594 3,869,690 bp 0.14%

Table 4. Summary of SSR distribution in the Peruvian Creole (PCC) cattle genome and its compar-
ison to other Bovinae species.

Parameter B. taurus, PCC  B. frontalis B. indicus B. mutus B. bison
Total size of examined sequences (bp) 2,771,480,930 3,002,445,034 2,673,949,103 2,832,776,395 2,828,031,685
Total number of identified SSRs 990,823 1,114,686 899,003 1,039,426 978,892
Frequency (SSR/Mb) 371,09 371,31 336,2 392,98 346,14

Number of SSRs present in compound

. 89,588 109,541 82,308 109,567 91,260
formation
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Figure 3. Frequencies of SRRs in subfamily Bovinae. (A) SSR motif percentage of the Peruvian Cre-
ole (PCC) with other Bovinae species. (B) Bubbles that represent the total number of SSRs, the total
size of the examined sequences (Kbp), and the number of SSRs present in the formation of the com-
pound.

The most abundant microsatellite motif type of PCC that we identified were mono-
nucleotide repeats accounting for 58.7% (582,189) of the total SSRs, followed by dinucleo-
tide repeats 26.4% (261,381), trinucleotide repeats 12.2% (121,213), pentanucleotide re-
peats 1.4% (14,057), tetranucleotide repeats 1.2% (11,639), and finally hexanucleotide re-
peats 0.035% (344). This is similar to the microsatellite motif distribution of other bovinae
species such as B. bison, B. frontalis and B. indicus, but differs with B. mutus in which the
most abundant microsatellite motif type were dinucleotide repeats (54.97%), followed by
trinucleotide repeats (24.48%) and then mononucleotide repeats (15.02%) (Figure 3a). A
total of 990,823 microsatellite loci were identified based on the assembled PCC draft ge-
nome sequence, with a frequency of 371.09 SSR/Mb, which is similar to B. frontalis (371.31
SSR/Mb), lower than B. mutus (392.98 SSR/Mb) but higher than B. bison (346.14 SSR/Mb)
and B. indicus (336.20 SSR/Mb) (Table 4). Also, the number of SSRs present in compound
formation of PCC (89,588) was very similar to the other Bovinae species studied here. It is
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also emphasized that the Bovinae species' genome sizes and the overall number of discov-
ered SSRs are quite similar (Figure 3b).

2.3. Genomic Annotation and Genomic Comparative

With gene-prediction methods (ab initio prediction, homology-based searching) to
annotate protein-coding genes in the draft genome, we obtained 19,803 annotated protein-
coding genes. For genomic comparative, we analyzed a total of 489,024 genes from Bovinae
species, of which 473,948 genes were clustered in orthogroups. Also, we identified 28,946
orthogroups, of which 5,250 were species-specific orthogroups. A total of 27,391 genes
were present in species-specific orthogroups (Supplementary Data2). Also, phylogenomic
analysis based on a single alignment of single-copy orthologous showed that, as expected,
the PCC evolved closely with B. indicus, and both share a common ancestor with B. mutus
and B. bison. Our result is in agreement with previous work [14,29,30] (Figure 4.b). Boot-
strap values of 100% support the clades in the phylogenomic analysis.
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Figure 4. (A) Venn diagram of shared and unique gene families in subfamily Bovinae (B. taurus PPC,
B. indicus, B., Bubalis bubalis, and B. bison). (B) Phylogenomic tree and of orthologous gene clusters
of Bovinae subfamily (B. frontalis, B. taurus PPC, B. indicus, B. mutus, B. frontalis, Bubalus bubalis, and
B. bison) compared to five mammals (Ovis aries, Capra hircus, Pantholops hodgsonii, Ceratotherium si-
mum simum, and Homo sapiens).

Venn diagram shows that the PCC, B. indicus, B. mutus, B. bubalis, and B. bison contain
a core set of 7,746 gene families in common. Also, there were 76 gene families containing
515 genes specific to the PCC. Besides, a similar number of gene families specific of Bo-
vinae species (B. bison: 129, B.indicus 279, B.mutus; 642) were identified. Bubalus bubalis
obtained a greater amount of family of specific genes (1,356) (Figure 4b).

Based on gene ontology analysis, the biological processes of 7,746 shared gene family
clusters identified were classified as physiological processes (24%), and cellular processes
(15%). Ion binding (25%) and molecular transducer activity (11%) made up the majority
of the cellular component organization's involvement in molecular functions. Moreover,
the cellular component contained a number of groups having subcellular entities (23%)
and membrane (22%) (Figure 5).
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Figure 5. Gene ontology of shared gene family clusters among Bovinae species.

In summary, we report the first draft genome of the PCC. Since there are limited
genomic sequence resources for Peruvian cattle, our study expects to provide a reference
for animal breeding programs of this important livestock resource of the Peruvian Andean
region.

3. Methods
3.1. Sample Collection and DNA Extraction

We collected hair sample from the tail from a single male specimen from Andagua,
Arequipa (3574 masl; —15.499548°, —72.359927°). Since this individual possessed most of
the classical characteristics of a Peruvian creole cattle, we decided to select if for this study.
We extracted genomic DNA with the Wizard Genomic DNA Purification Kit (Fitchburg,
WI, USA) following the manufacturer’s instructions. The quality and quantity of genomic
DNA were assessed using agarose gel electrophoresis and a Qubit 2.0 Fluorometer (Ther-
moFisher Scientific, Waltham, MA, USA), respectively. Mitochondrial genome of this in-
dividual was recently sequenced [14].

3.2. Genome Sequencing and Genomic survey.

In this study, pair-end DNA sequencing was carried out using Illumina HiSeq 2500
platform. The raw reads were checked by FastQC v.0.11.9 [31]. Also, trimming quality
(phred Q > 25) and remotion of adapters were conducted with Trimmomatic v0.36 [32]
and TrimGalore v.0.6.7 [33] softwares, respectively. For the genomic survey, we used Jel-
lyfish v.2.0 [33]. Genome Scope v1.0.0 (Cold Spring Harbor Laboratory, Laurel Hollow,
US) [34] was employed to estimate the features of the genome, including genome size,
repeat content, and heterozygosity rate, using the output of Jellyfish and the number of
17-mer for K-mer analysis. K-depth was estimated to identify a common single-peak pat-
tern in the K-mer frequency distribution analysis.

3.3. De Novo Assembly and Validation

De novo assembly was performed with two assembly algorithms: SOAPdenovo?2
v.2.04 [20], and Masurca v.4.0.6 [21]. Next, we used QUAST v.5.2.0 [35] for statistics of
assemblies. Masurca resulted in improved assembly statistics and was subjected to Samba
scaffolder v.1.0 [21] for scaffolding and gap-filling. For the reference-based scaffolding,
we used a reference genome of B.taurus (Genbank: GCA_002263795.3). Next, we used
QUAST with the output of the scaffolding. Validation of assembly was assessed using
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three different approaches: (i) filtered PE Illumina reads were remapped to detect errors
in the assembly using Bowtie2 v.2.4.2 [36] and SamTools v.1.7 [37] softwares, (ii) the
BUSCO v.5.4.2 [38] strategy was used to test the completeness of the genome assembly
and gene space using the mammalian-specific profile. This approach makes use of single-
copy genes expected to be present in mammals (4,104 genes), and (iii) available B. taurus
genomic resources such as CDS (coding DNA sequences) and PacBio transcriptomes data
were used to map back to the draft genome using GMAP v.2021.08.25 [39]. We used jcvi
vecscreen  (https://github.com/tanghaibao/jcvi), =~ which  use  Univecdatabase
(https://ftp.ncbi.nlm.nih.gov/pub/UniVec/) for detection of vectors, and mapped the scaf-
folds against to nt/nr NCBI database (https://www.ncbi.nlm.nih.gov/) using BLAST
v.2.2.26 [40] for identifying contamination. The mitochondrial sequences were separated
after BLAST searches against databases of mitochondrial sequences. Finally, we removed
contaminated scaffolds and vectors to submit to the NCBI database. This assembly has
been deposited at DDBJ/ENA/GenBank under the accession JANIWY000000000.

3.4. Repeat Annotation

To identify repetitive elements, we used de novo and homolog-based methods. For
the de novo approach, we used Repeatmodeler v.1.08 [41] to generate a de novo PCC repeat
library, which is subsequently used in RepeatMasker v4.0.7 [42] to annotate repeats. For
the homology-based approaches, we used Repbase v4.0.7 [43], RepeatMasker and
RMBlast v2.2.27 [42]. All repeat results were merged. Final genome assembly was repeat-
masked using the library repeats using RepeatMasker. The SSRs were identified in the
PCC genome using MISA perl script (http://pgrc.ipk-gatersleben.de/misa/) [44] with the
specific settings: monomer (one nucleotide, n > 12), dimer (two nucleotides, n > 6), trimer
(three nucleotides, n > 4), tetramer (four nucleotides, n >3), pentamer (five nucleotides, n
> 3), and hexamer (six nucleotides, n > 3). Also, for SSR analysis, we added the genomes
of B. bison (GenBank: GCA_000754665.1), B. mutus (GenBank: GCA_000298355.1), B. indi-
cus (GenBank: GCA_000247795.1) and B. frontalis (GenBank: GCA_007844835.1). We used
BUSCO to examine the quality of assemblies. Afterwards, we used the MISA script with
the same parameters for PCC.

3.5. Genome annotation

MAKER v.3.01.03 [45] was run on the repeat-masked genome with SNAP v.2006-07-
28 [46] and AUGUSTUS v.2.7 [47] programs. For evidence to guide the annotation process.
We retrieved ESTs of B. taurus from NCBI database (ftp://ftp.ncbi.nih.gov/reposi-
tory/dbEST/) and proteomes of Bovidae species: B. taurus (GenBank: GCF_002263795.2),
B. indicus (GenBank: GCF_000247795.1) and B. mutus (GenBank: GCF_000298355.1). As
MAKER was run iteratively for two times, the predictions were curated against a high-
quality protein database of UNIPROT (https://www.uniprot.org/) using BLAST with E-
value of 1e-05.

3.6. Comparative genomics

For comparative genomics, we retrieved, from the NCBI database, proteomes of eight
species: B. mutus, B. indicus, B. bison (GenBank: GCF_000754665.1), Bubalus bubalis (Gen-
Bank: GCF_019923935.1), Ovis aries (GenBank: GCF_016772045.1), and Capra hircus (Gen-
Bank: GCF_001704415.2), and as outgroup we added Homo sapiens (Refseq:
GCF_000001405.40) and Ceratothreium simuum (Refseq: GCF_000283155.1). To exclude pu-
tative fragmented genes, genes encoding protein sequences shorter than 30 amino acids
were filtered out. With these data set, we clustered orthologous groups with OrthoFinder
v2.5.2 [48] with default parameters. Single-copy orthologous sequences present in all spe-
cies were extracted and individually aligned with MAFFT v7.273 [49]. We curated the
alignments with Trimal v.3.1.1 [50]. Next, we concatenated the alignments. The maximum
likelihood phylogenomic tree was calculated based on a single alignment of single-copy
orthologous genes by RAXML v8.2.12 [51] with PROTGAMMAWAG as model of amino
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acid change and 1,000 rapid bootstraps for robustness. Also, comparative analysis of the
organization of orthologous gene clusters was carried out using genes of subfamily Bo-
vinae: Our assembly of B. taurus, B. mutus, B. indicus, B. bubalis and B. bison through Or-
thoVenn2 web tool [52] with E-value of 0.01and inflation value of 1.5. Briefly, to identify
orthologous groups, OrthoVenn2 employs the OrthoMCL v.2.0.9 [53] clustering algorithm
to annotate and compare ortholog groups. An overall performance is made by the Or-
thoMCL. By using the InParanoid and the Markov Clustering algorithm [54], the DIA-
MOND v0.9.24 alignment detects potential orthology and InParalogy relationships [55]
and produces disjoint groupings of highly related proteins. The Gene Ontology (GO)
terms for biological process, molecular function, and cellular component categories were
assigned to the corresponding orthologous cluster (shared among subfamily Bovinae) by
identifying similarity to sequences in the Uniprot database.
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