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Summary

Indigenous cattle in the Maghreb region are called « Brune de l’Atlas » (BRAT). They play an
important role as cash reserves in extensive farming systems. These animals have low maintenance
costs and are well adapted to the harsh local conditions. This environmental pressure may have left
genetic footprints in the genome of the Maghreb cattle. Identification of a genome-wide set of
genes involved in cattle adaptation provides a good opportunity to shed light on the genetic basis of
local adaptation in natural populations. Here, we used genotyping data generated from 106 BRAT
individuals (sampled from Algeria and Tunisia) using the Illumina BovineSNP50 BeadChip to (i)
carry out a formal test of admixture of the BRAT population. (ii) perform a whole genome scan for
natural selection footprints in BRAT cattle based on the examination of extended haplotype
homozygosities (EHH) within BRAT and across BRAT and European (EUT), African (AFT) and
Zebus (ZEB) populations. Our analysis argue strongly in favour of the EUTxAFT admixed origin
of the BRAT cattle. Following two EHH-based (iHS and Rsb) analyses, we identified 61 candidate
genome regions. Among these, 17 regions were highly significant (p-value <10-6). Most of these
regions (16 out of 17) overlapped with previously reported regions harboring QTL that affect milk
and meat composition, mastitis resistance, feed intake, average daily gain, tick resistance, gestation
length, fertility, tuberculosis susceptibility and some morphological traits. We also identified 12
candidate genes located within 25 kb of the most significant SNPs of the highly significant regions.
These genes are involved in several important biological processes such as ATP transport,
regulation of GTPase activity, protein methylation, regulation of transcription and immune system
homeostasis. We also noticed that several highly significant candidate regions identified in our
study overlap with some previously described copy number variation regions (CNVRs) suggesting
a possible involvement of at least some of these CNVRs in local adaptation through the modulation
of the expression levels of individual genes. The results of this study could help to better
understand the mechanisms related to local adaptation of North African indigenous cattle.
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Introduction

Local cattle in the Maghreb region (i.e. the present-day Morocco, Algeria, Tunisia, and
Libya) are commonly called «Brune de l’Atlas» (Brown Atlas). Other names may, however, be
assigned to these indigenous cattle depending on their geographical origin and their morphological
characteristics. For example, the Guelmoise (GUE) population is originated in Algeria. In Tunisia,
coat color characteristics are used to distinguish between the Brune de l’Atlas Fauve (BRATF)
(tawny), the Brune de l’ Atlas Grise (BRATG) (grey) and the Blonde du Cap Bon (BLCAP)
(white). Using the BovineSNP50 BeadChip, these populations were shown to be genetically very
similar, owing to a common genetic history (Ben Jemaa et al., 2015). Local cattle in the Maghreb
are small sized animals whose genome has been shaped by natural selection throughout history.
Understanding how natural selection has shaped genome variability represents a powerful approach
to identify the mechanisms of evolutionary change and the genes that have played a major role in
host survival. Technological advances that have involved genotyping and sequencing platforms
coupled with the development of well-established methodologies has spurred many approaches for
the identification of footprints of natural selection in the genome of many species such as human
(Sabeti et al., 2002; Tang et al., 2007). In this study, we used information on nearly 42 000
autosomal SNPs genotyped with the BovineSNP50 BeadChip Ver. 2 (Illumina, San Diego, CA,
USA) to (i) carry out a formal test of admixture of the Brune de l’Atlas cattle population by using
the 3-population test as described by Patterson et al. (2012). (ii) perform a whole genome scan for
selection footprints based on the examination of extended haplotype homozygosities (EHH) within
the Brune de l’Atlas population (BRAT) and across BRAT and European (EUT), African (AFT)
and Zebus (ZEB) populations (Voight et al., 2006; Tang et al., 2007).

Material and methods

Samples and genotyping data

Our sample population was composed of 24 GUE, 15 BLCAP, 53 BRATF and 14 BRATG
individuals. DNA samples were genotyped on the BovineSNP50 BeadChip Ver. 2 (Illumina, San
Diego, CA, USA) using standard operating procedures, as recommended by the manufacturer
(http://www.illumina.com) resulting in 52 278 autosomal SNPs genotyped. Markers with low call
rates (< 90%), minor allele frequency (MAF) < 1% and significant deviations (P < 0.001 ) from
Hardy-Weinberg Equilibrium (HWE) were then filtered out using PLINK ver.1.09 (Purcell et al.,
2007) which led to 43 217 SNPs kept for further analysis. We then combined our data set with
publicly available genotyping data for 195 individuals from eight reference cattle populations, i.e
73 African individuals belonging to 3 different populations: Baoule (BAO, N=29), Ndama (ND1,
N=14) and Somba (SOM, N=30), 69 European individuals belonging to 3 different breeds: Aubrac
(AUB, N=22), Gascon (GAS, N=22), Limousin (LMS, N=25) and 53 African zebu from two
breeds: Zebu Bororo (ZBO, N=23) and Zebu Fulaini (ZFU, N=30) (Gautier et al., 2009;
Matukumalli et al., 2009; Gautier et al., 2010). The final data set consisted of 42 622 common
SNPs typed on 301 animals.

Formal test of admixture

In order to provide a formal test of admixture of our sample, we computed the f3-statistic
using the qp3Pop program implemented in ADMIXTOOLS (Patterson et al., 2012) with BRAT
individuals as the recipient population, one of three AFT populations (BAO, ND1, SOM) as a
source population and one of the three EUT breeds (AUB, GAS, LMS) as the other source
population. If the f3-statistic (Z-score) has a significant negative value this implies that the BRAT
population is admixed with AFT and EUT populations.

http://www.illumina.com/
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Detection of signatures of selection

We first reconstructed haplotypes for BRAT, AFT, EUT and ZEB populations from SNP
genotypes using fastPHASE 1.4 software (Scheet & Stephens 2006) and the following options for
each chromosome: -T10 -Ku60 -Kl10 -Ki10. Population label information was used to estimate the
phased haplotype background. Using the haplotype information, we further computed the intra-
population integrated Haplotype Score (iHS) and inter-population Rsb scores according to Voight et
al. (2006) and Tang et al. (2007) using the 'rehh' package (Gautier & Vitalis 2012). iHS scores were
further transformed into piHS= -log10[1-2|Φ(iHS)-0.5| where Φ(iHS) represents the Gaussian
cumulative distribution function. In iHS computation, the information on the ancestral and derived
allele status is needed for each SNP because this statistic is based on the ratio of the extent of
haplotype homozygosities (EHH) associated to each allele. In our analysis, we defined the ancestral
allele as the one present on the bovine reference genome sequence. Inter-population Rsb analyses
were conducted between the BRAT population and each reference population (European (AUB,
GAS, LMS), African (BAO, ND1, SOM), Zebu (ZBO, ZFU)). For this purpose, we estimated the
integrated EHHS (site-specific EHH) for each SNP in each reference population (iESref ) and for
the BRAT (iESBRAT). Rsb statistics between the BRAT and each of the reference populations was
then defined as the standardized ratio of iESref and iESBRAT. Assuming that Rsb values are normally
distributed, a Z-test was applied to identify statistically significant SNPs under selection in BRAT.
Two-sided p-values were derived as pRsb=−log10[1-2|Φ(Rsb)-0.5| where Φ (x) represents the
Gaussian cumulative distribution function. A p-value of 0.001 was used as a threshold to define
significant iHS and Rsb values. A genomic region was considered as harboring a footprint of
selection if, within a 1 Mb window (with a 0.5 Mb overlap), it carried at least three SNPs with p-
value < 0.001. When several overlapping and contiguous windows were candidates, the chosen one
contained the highest peak and the highest proportion of significant SNPs.

Identification and annotation of candidate genes under selection

The candidate regions were annotated using both the UCSC (http://genome.ucsc.edu) and
ensemble (http://www.ensembl.org) genome browsers (the UMD3.1 assembly). A gene was
considered as a candidate if the peak position was located up to 25 kb from its boundaries.
Information on candidate genes under selection was collected via the Ensembl genome data base.
Special attention was given to the genes located in highly significant regions (p-value<10-6). For
these genes, a functional enrichment analysis was performed using Database for Annotation,
Visualization and Integrated Discovery (DAVID) software by comparison to the human genome
background supplied by DAVID. We also used the Bovine QTL database
(http://www.animalgenome.org/cgi-bin/QTLdb/BT/index) to identify any overlap with previously
published bovine QTL within these highly significant regions.

Results and discussion

Admixture proportions in the Brune de l’Atlas cattle

As shown in table 1, the 9 tests performed with one AFT source population (either BAO,
ND1, SOM) and one EUT source population (either AUB, GAS or LMS) resulted in highly
significant negative f3 values thus providing strong evidence in favour of the AFTxEUT admixed
origin of the BRAT population.

Identification of signatures of selection

Plots of the four different scores (iHS BRAT, Rsb BRAT/EUT, Rsb BRAT/AFT and Rsb

http://www.animalgenome.org/cgi-bin/QTLdb/BT/index
http://www.animalgenome.org/cgi-bin/QTLdb/BT/index
http://www.animalgenome.org/cgi-bin/QTLdb/BT/index
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BRAT/ZEB) over the bovine genome are given in Figure 1. In total, 7, 20, 12 and 22 candidate
regions showed significant (p<0.001) signatures of selection for iHS BRAT, Rsb BRAT/EUT, Rsb
BRAT/AFT and Rsb BRAT/ZEB, respectively. The low number of candidate regions identified with
iHS is due to the fact that this statistic has been developed to identify loci where there is strong,
very recent, selection in favor of alleles that have not yet reached fixation (Voight et al., 2006)
while it is more likely that the BRAT cattle population have undergone an old selection pressure
dating back to hundreds of years. On the other side, a significantly higher number of candidate
regions were identified with the Rsb statistic which indicates the presence of selective sweeps
resulting in complete fixation of the beneficial allele in one population. Indeed, the Rsb statistic has
high power towards strong selection sweeps that have undergone fixation (Tang et al., 2007). Only
one region (positioned on BTA20) was found significant both with iHS BRAT and Rsb BRAT/ZEB
with the two respective peaks being identical and located at 9.303 Mb.

Identification of candidate genes

A total of 26, 65, 44 and 115 genes were located within the candidate region intervals
obtained from the iHS BRAT, Rsb BRAT/EUT, Rsb BRAT/AFT and Rsb BRAT/ZEB, respectively.
Additionally, 37 copy number variation regions (CNVRs) completely or partially overlap with
some of the 61 candidate region intervals detected with the EHH-based analyses. These CNVRs
were defined as deletions (12 regions), gain (9 regions), inversions (9 regions), and loss (7 regions).
Copy number variations (CNVs) are important in both normal phenotypic variability and disease
susceptibility (Zhang et al., 2009). Five chromosomes including 17 genomic regions were shown to
display highly significant scores (p-value<10-6) for Rsb statistics: BTA02 and BTA14 for Rsb
BRAT/EUT, BTA06 and BTA16 for Rsb BRAT/AFT and BTA05 for Rsb BRAT/ZEB (Figure 1).
These 17 highly significant regions included 94 genes (Table 2) and 4 CNVRs (nsv2779299,
nsv810922, esv3900172, esv3898653). Using the DAVID functional annotation clustering tool,
these 94 genes grouped into 6 enriched biological process terms including anterior/posterior pattern
specification (highest enrichment score (1.29)), positive regulation of transcription, SH3 domain,
neuropeptide signaling pathway, extracellular space and protein phosphorylation. The online
database of published bovine QTL revealed that most of these highly significant regions (16 out of
17) overlapped with previously reported regions harboring QTL that affect milk and meat
composition, mastitis resistance, feed intake, average daily gain, tick resistance, gestation length,
fertility, tuberculosis susceptibility and some morphological traits (e.g. udder cleft).
Considering only genes within 25 kb of the most significant SNPs (p-value<10-6), reduced the
number of candidate regions to 12 protein coding genes (IWS1, MFSD6, SLC40A1, XKR4,
RPL39, NSMAF, CA8, RAB2A, EPHA5, NPFFR2, DYRK3, SLC25A17) and 4 CNVRs. The 12
genes are involved in several biological processes such as ATP transport, regulation of GTPase
activity, protein methylation, regulation of metabolic and apoptotic processes, regulation of cellular
response to stress, erythrocyte differentiation, lymphocyte homeostasis, regulation of transcription,
cellular response to hormone stimuli, fatty acid oxidation.
Besides, we examined the genes located 500 Kb upstream and downstream the boundaries of the 4
CNVRs as it was shown that structural variations in either upstream or downstream regions of a
specific gene can result in different phenotypes through changes in the regulatory architecture that
lead to alterations of gene expression levels and patterns (Spielmann & Mundlos 2013). We
identified six genes (TOX, CA8, RAB2A, TTPA, YTHDF3 and ADAMTS3) which are associated
with body mass index, embryonic placenta development, response to nutrient, lipid metabolism,
protein transport, positive regulation of translation, collagen biosynthetic process and fibril
organization. It is worth noting that the genomic regions under selection that we identified in the
present study did not include genes that are strongly associated with known QTL for beef or dairy
cattle (e.g. DGAT1, GH1, GHR, ABCG2, TG, MSTN) which is mostly due to the low genome
coverage of the BovineSNP50 BeadChip within the genomic regions covered by these genes.



5

Conclusions

In conclusion, our results represent the first study providing evidence for genomic regions under
natural selection in the North African cattle population. Through the application of EHH-derived
statistics, we detected several highly significant genomic regions underlying local adaptation in this
population. We identified 12 candidate genes involved in several important biological processes. A
further network analysis looking for interactions between these candidate genes and other
molecules is needed to gain a better understanding of the role of these genes in genetic and
phenotypic adaptations of local cattle. We also highlight a possible involvement of some CNVRs in
local adaptation of cattle through the modulation of the expression levels of individual genes. The
use of higher density SNP array with uniform genome coverage may strengthen the power of EHH-
based statistics and offer additional accuracy in the identification of footprints of natural selection
left in the BRAT population.

Table 1. Formal test of admixture in the Brune de l’Atlas population.

Source 1 Source 2 Target Z-score

BAO AUB BRAT -34.14

BAO GAS BRAT -31.89

BAO LMS BRAT -35.12

ND1 AUB BRAT -36.3

ND1 GAS BRAT -34.69

ND1 LMS BRAT -36.48

SOM AUB BRAT -37.06

SOM GAS BRAT -35.17

SOM LMS BRAT -37.99

Table 2. Candidate genes and bovine QTL mapped within the highly significant (p-value<10-6)
candidate genome regions intervals.

BTA Interval (Mb) Size
(Kb)

Candidate genes QTL

2 3.9-4.95 1050 HS6ST1, AMMECR1L,
POLR2D, WDR33, LIMS2,
GPR17, IWS1

Body weight (yearling and
slaughter)-Dressing percentage-
Milk fat yield- Beef flavor
intensity-Marbling score.

2 5.01-6.04 1030 PROC, MAP3K2, MFSD6,
ERCC3, BIN1, MIR2350,
NAB1, INPP1, C2H2orf88

Milk unglycosylated kappa-casein
percentage-Fat percentage-
Residual feed intake-Marbling
score- Kidney, pelvic, heart fat
percentage.

2 6.67-7.79 1120 SLC40A1, WDR75, MIR2917,
COL3A1

Luteal activity-Average daily gain-
Body weight (birth)-Milk protein
percentage-Iron content.

2 8.40-9.45 1050 TFPI, CALCRL Luteal activity-Average daily gain-



6

Body weight (birth)-Milk protein
percentage-Iron content-Chest
girth-Intramuscular fat-Fat
thickness at the 12th rib-iron
content.

14 22.54-23.59 1050 PCMTD1, RB1CC1,
NPBWR1, OPRK1, OPRK1,
ATP6V1H, RGS20

Tick resistance-Clinical mastitis-
Heifer pregnancy-Residual feed
intake-Milk protein yield-
Gestation length-Average daily
gain-Daughter pregnancy rate-
Twinning.

14 23.85-24.78 930 SOX17, RP1, TMEM68, TGS1 Tick resistance-Clinical mastitis-
Age at puberty-Insulin-like growth
factor 1 level-Scrotal
circumference-Body weight (birth,
weaning-yearling)-Milk protein
yield-gestation length-Milk
protein percentage-Udder cleft-
twinning.

14 25.25-26.45 1200 IMPAD1,
FAM110B,UBXN2B,CYP7A1,
SDCBP

Tick resistance-Clinical mastitis-
Age at puberty-Insulin-like growth
factor 1 level-Scrotal
circumference-Body weight (birth,
weaning-yearling)-Milk protein
yield-gestation length-Milk
protein percentage-Udder cleft-
twinning-Daughter pregnancy
rate.

14 26.47-27.42 950 TOX Residual feed intake-Milk fat-to-
protein ratio-Carcass weight.

14 27.6-28.91 1310 CA8, RAB2A, CLVS1, ASPH Residual feed intake-Milk fat-to-
protein ratio-Carcass weight.

14 29.01-29.98 970 GGH, TTPA, YTHDF3 Bovine tuberculosis susceptibility-
Residual feed intake-Milk fat-to-
protein ratio-Carcass weight-
Stature-Average daily gain.

6 49.09-51.07 1980 5S_rRNA, SNORA70 Residual feed intake-Clinical
mastitis-Milk kappa-casein
content-Milk beta-casein content-
Height (mature)-Somatic cell
score-Milk protein percentage

6 82.41-82.67 260 EPHA5 Milk kappa-casein content-Milk
protein content

6 88.72-89.50 780 GC, ADAMTS3 Milk kappa-casein percentage-
Curd firming rate-Calf size-
Somatic cell score-Clinical
mastitis

16 4.11-4.46 350 IKBKE, RASSF5, EIF2D, Height (mature)-Body weight
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DYRK3, IL10 (weaning)-Blood albumin level-
Milk myristic acid percentage-
Saturated fatty acid content

16 22.07-22.54 470 RRP15, TGFB2 Abnormal odor intensity-Bone
percentage-Average daily gain-
Juiciness

5 25.52-26.56 1040 GLYCAM1, PPP1R1A,
PDE1B, NCKAP1L, GTSF1,
ITGA5, ZNF385A, GPR84,
COPZ1, MIR148B, SMS,
NFE2, HNRNPA1, CBX5,
SMUG1, HOXC4, HOXC5,
MIR615, MIR196A-2,
HOXC11, HOXC12, HOXC13,
CALCOCO1, ATP5G2

Milk protein percentage-Milk
yield-Dairy form-Structural
soundness (legs, feet, penis, and
prepuce)-Gestation length-Fat
thickness at the 12th rib-Tick
resistance

5 111.64-112.77 1130 ENTHD1, GRAP2, TNRC6B,
ADSL, SGSM3, MIR2439,
MCHR1, SLC25A17, ST13,
XPNPEP3, DNAJB7, RBX1

No QTL
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Figure 1. Manhattan plots over the genome of the Brune de l’Atlas cattle (BRAT) piHS (A) and the
EUTvsBRAT (B), AFTvsBRAT (C), ZEBvsBRAT pRsb values (see materials and methods).
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