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26

Abstract

28 The Valdostana is a local dual-purpose cattle breed developed in Italy. Three populations are 

recognized within this breed, based on coat color, production level, morphology and temperament: 

30 Valdostana Red Pied (VPR), Valdostana Black Pied (VPN) and Valdostana Chestnut (VCA). Here, 

we investigated putative genomic regions under selection among these three populations using the 

32 Bovine 50K SNP array by combining three different statistical methods based either on allele 

frequencies (FST) or extended haplotype homozygosity (iHS and Rsb). In total, 8, 5 and 8 

34 chromosomes harboring 13, 13 and 16 genomic regions potentially under selection were identified 

by at least two approaches in VPR, VPN and VCA, respectively. Most of these candidate regions  

36 were population-specific but we found one common genomic region spanning 2,38 Mb on BTA06 

which either overlaps or is located close to runs of homozygosity islands detected in the three 

38 populations. This region included inter alia two well-known genes: KDR, a well-established coat 

color gene and CLOCK, which plays a central role in positive regulation of inflammatory response 

40 and in the regulation of the mammalian circadian rhythm. The other candidate regions identified 

harbored genes associated mainly with milk and meat traits as well as genes involved in immune 

42 response/inflammation or associated with behavioral traits. This last category of genes was mainly 

identified in VCA, which is selected for fighting ability. Overall, our results provide, for the first 

44 time, a glimpse into regions of the genome targeted by selection in Valdostana cattle. Finally, this 

study illustrates the relevance of using multiple complementary approaches to identify genomic 

46 regions putatively under selection in livestock.

48 KEYWORDS: local cattle populations, Bovine BeadChip50K, selection signatures, candidate 

genes

50

1. INTRODUCTION
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52 Selection signatures are defined as regions of the genome that harbor functionally important 

sequence variations and therefore are, or have been, under either natural or artificial selection 

54 (Qanbari and Simianer, 2014). These regions are often characterized by high genetic differentiation 

across breeds and/or a strong reduction in genetic diversity in regions associated with traits under 

56 intense selection pressure (Onzima et al., 2018). This leads to a large phenotypic variation across 

populations related to several behavioral (Talenti et al., 2017) and economically relevant traits. 

58 The identification of selection signatures involved in phenotypic variation is important to better 

understand the evolution process and the mechanisms that underlie traits that have been exposed to 

60 natural and artificial selection.

In cattle, artificial selection has resulted in divergent breeds that are specialized in either milk or 

62 meat production or raised as dual-purpose breeds. This genetic diversity is an economical and 

cultural inheritance that must be preserved. Finding links between phenotypical and genotypical 

64 changes is of great importance in order to ascertain a better understanding of genetic adaptation and 

presents the opportunity to improve breeding work through directed selection on favorable alleles 

66 (Rothammer et al., 2013).

The availability of single nucleotide polymorphism (SNP) arrays and the progress in statistical 

68 analysis have allowed the identification of genomic regions and genes that have been subjected to 

positive selection in livestock species (e.g. The Bovine HapMap Consortium, 2009; Fariello et al., 

70 2014; Brito et al., 2017; Avila et al., 2018). The different methods developed for the detection of 

selection signatures are based either on the distribution of allelic frequencies or the properties of 

72 haplotypes segregating within a population, or on the distribution of genetic differentiation between 

populations (Gutiérrez-Gil et al., 2015).

74 Italy has a long history of cattle breeding and, despite a dramatic contraction in numbers, still 

several local breeds are raised, that represent a unique source of genetic diversity (Mastrangelo et 

76 al., 2018a). The Valdostana is an indigenous dual purpose Italian breed accounting for three 

populations with different coat color, production, morphology and temperament (Mazza et al., 
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78 2015). These cattle are widespread in the Aosta Valley region (northwest of Italy) and are managed 

in two separated herd books. The first herd book is dedicated to the Valdostana Red Pied (VPR) 

80 while the second one includes both the Valdostana Black Pied (VPN) and the Valdostana Chestnut 

(VCA), considered to belong to a single group because of common characteristics and the practice 

82 of crosses that occurred in the past (Mazza et al., 2015). All these animals are perfectly adapted to 

the difficult Alpine mountain environment, such as rough climatic conditions and meagre food 

84 resources, and the main purpose is to produce milk (used for the production of cheese) and meat. At 

present, VPN and VCA selection goals are directed towards fighting ability (in particular for VCA), 

86 milk and meat while VPR breeding program are focused on the improvement of milk and meat 

production traits.

88 Studies that compare populations with similar production aptitudes can be considered highly 

informative to investigate their genetic variability for breeding purpose (Sorbolini et al., 2015; 

90 Mastrangelo et al., 2019). The main objective of the present study was to identify putative genomic 

regions under selection that may explain the phenotypic differences among the three Valdostana 

92 cattle populations. For this purpose, we used three genome scan approaches: the first one is based 

on a population differentiation index (FST,) while the second and the third ones are extended 

94 haplotype homozygosity (EHH)-derived statistics (iHS and Rsb). We also checked if these putative 

selection signatures overlapped with regions of high-homozygosity (ROH).

96

2. MATERIALS AND METHODS

98 2.1 Samples, genotyping and data quality control 

Samples consisted of 24 individuals per population (for a total of 72 animals) from different farms. 

100 All animals were genotyped for 54,609 SNPs using Bovine SNP50K v2 BeadChip (Illumina Inc, 

San Diego, CA, USA). Chromosomal coordinates for each SNP were obtained from the ASR-

102 UCD1.2 genome assembly. We excluded all SNPs not assigned to a Bos taurus chromosome (BTA) 

or assigned to chromosomes X and Y. Markers were filtered according to quality criteria that 
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104 included call frequency (⩾ 0.95) and minor allele frequency (MAF⩾0.01). Animals with more than 

5% of missing genotypes were also removed.

106 2.2 Genetic relationships

Pairwise genetic relationships were estimated to evaluate population substructure using identity-by-

108 state (IBS) genetic distances calculated by PLINK 1.07 (Purcell et al., 2007) and graphically 

represented by multidimensional scaling (MDS). The graphical representation was generated using 

110 the statistical R software (R Core Team, 2017).

2.3 FST analyses

112 The FST -outlier approach implemented in the BayeScan software (Foll & Gaggiotti, 2008) was 

adopted to identify loci under selection. The analyses were performed for each pairwise comparison 

114 (VPR vs. VPN, VPR vs. VCA and VPN vs. VCA). BayeScan analyses comprised 20 pilot runs of 

5,000 iterations, a burn-in of 50,000 iterations, a thinning interval of 10 (5,000 iterations were used 

116 for the estimation of posterior odds) with a resulting total number of 100,000 iterations. To control 

the number of false positives, significant SNPs were defined by applying a q-value threshold of 

118 0.01.

2.4 Extended haplotype homozygosity-derived statistics (iHS and Rsb)

120 We used extended haplotype homozygosities (EHH) which is a measure for the breakdown of 

linkage disequilibrium with increasing distance from a SNP, to assess genome-wide signatures of 

122 positive selection. Two EHH-based metrics, Rsb between pairs of populations (Tang et al., 2007) 

and iHS (within population) (Voight et al., 2006) were computed using the Rehh package (Gautier 

124 & Vitalis, 2012). As a prerequisite to the Rsb computation, haplotypes were reconstructed from the 

genotyped SNPs using fastPHASE 1.4 (Scheet & Stephens, 2006). The following options were used 

126 for each chromosome: -T20 -Ku20 -Kl4 -Ki2. Considering that the Rsb values are normally 

distributed, a Z‐test was applied to identify significant SNPs under selection between the three 

128 Valdostana cattle. One-sided p-values were derived as pRsb=−log10[1-2|Φ(Rsb)-0.5|] where Φ (x) 

represents the Gaussian cumulative distribution function. We used −log10(p‐value) = 4 as a 
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130 threshold to define significant Rsb values. 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 EHH 

132 associated to each allele. In our analysis, the ancestral allele was inferred as the most common allele 

within 10 out-group species including yak, buffalo, sheep, horse, dog, rabbit, rat, mouse, dolphin 

134 and human. A large positive value indicates that an ancestral allele is under positive selection and 

has increased in frequency while a large negative value results from selection for the new derived 

136 allele. Genomic regions containing at least 4 neighboring SNPs (separated by less than 2 Mb) with 

an iHS score >2 (p< 0.01) were considered as putatively under selection. We have chosen to focus 

138 on clusters of neighboring SNPs because it has been demonstrated that it is more powerful to look 

for windows of consecutive SNPs that contain numerous extreme iHS scores rather than treating 

140 each SNP separately (Voight et al., 2006).

2.5 Runs of homozygosity islands

142 Runs of homozygosity (ROHs) were estimated for each sample using PLINK 1.07 (Purcell et al., 

2007). These genomic regions were defined according to Mastrangelo et al. (2018b). To identify the 

144 genomic regions that were most commonly associated with ROH, the percentage of the occurrences 

of a SNP in ROH was calculated by counting the number of times the SNP was detected in those 

146 ROH across individuals. This percentage had to be higher than 25% to be an indication of a possible 

hotspot of ROH in the genome.

148

2.6 Functional characterization of regions identified as under selection

150 Genomic regions detected by at least two statistical approaches were interrogated for genes 

annotated to the Bos taurus genome assembly ASR-UCD1.2 using Genome Data Viewer 

152 (https://www.ncbi.nlm.nih.gov/genome/gdv/browser/genome/?id=GCF_002263795.1) provided by 

NCBI. We also established the list of genes covered by candidate regions identified by strong iHS 

154 signatures using BioMart tool of Ensembl 

(https://www.ensembl.org/biomart/martview/c8fe3a69961a4088a55b7a249db7e2fa). Such regions 
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156 were defined as those including a high number of consecutive outlier SNPs (>10) within small 

intervals (< 4 Mb). The Functional annotation clustering was performed for the list of genes located 

158 in putatively selected regions, in each of the three populations, using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) software. DAVID was used to identify Gene 

160 Ontology (GO) terms, Interpro protein domain and KEGG pathways with significant enrichment 

scores (ES) > 1.3 (which is equivalent to Fisher’s exact test p-value of 0.05). To investigate the 

162 biological function and the phenotypes that are known to be affected by each annotated gene, we 

conducted a comprehensive literature search, including information from other species.

164

3. RESULTS

166 After filtering, the final number of animals and SNPs retained for analyses were 70 and 41,738, 

respectively. Only two individuals (belonging to VPN and VCA) were discarded because of low 

168 genotyping rate.

MDS analysis revealed that VPN and VCA populations are closely related, with a partial 

170 overlapping of some VPN individuals with VCA, suggesting a relatively high gene flow between 

them (Figure 1). For its part, VPR formed a distinct cluster.

172 3.1 Identifying selection signatures using FST

Manhattan plots of FST values for each pairwise comparison between the three Valdostana 

174 populations are reported in Figure 2. The results revealed a total of 39, 33 and 6 SNPs putatively 

under selection between VPR-VPN (Table S1), VPR-VCA (Table S2) and VPN-VCA (Table S3), 

176 respectively. Most of these were located far apart from each other. Interestingly, 6, 1 and 2 outlier 

SNPs, located on chromosomes BTA06, BTA18 and BTA28, respectively, were identified in both 

178 VPR-VPN and VPR-VCA comparisons (Tables S1 and S2, reported in italics). In particular, five of 

the six outliers SNPs detected on BTA06 were concentrated within a ~ 628 Kb interval (between 

180 positions 69,802,467 and 70,431,058 bp), while the two SNPs detected on BTA28 were 34 Kb 

away from each other (Tables S1 and S2).
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182 3.2 Identifying selection signatures using Rsb

Plots of the three Rsb scores (Rsb VPR/VPN, Rsb VPR/VCA and Rsb VPN/VCA) over the bovine 

184 genome are presented in Figure 3. Chromosome BTA03 showed the highest number of SNPs 

putatively under selection with 88 markers. Among these, 43 SNPs detected by Rsb VPN/VCA, 

186 were located inside a 4,08 Mb region (40,19 - 44.27 Mb) and 16 SNPs identified by Rsb VPR/VPN, 

were located within the same genomic region (40.19 – 43.01 Mb) in a 2.82 Mb interval.

188 In total, 17, 23 and 17 candidate regions were detected for the VPR-VPN, VPR-VCA and VPN-

VCA comparisons, respectively (Tables S4, S5 and S6, respectively). None of the candidate regions 

190 detected was identified concurrently by the three Rsb scores. However, 11 significant regions were 

identified simultaneously by two Rsb scores: 6 shared by Rsb VPR/VPN and Rsb VPR/VCA (Table 

192 S4 and S5, reported in bold), 4 by Rsb VPR/VPN and Rsb VPN/VCA (Table S4 and S6, reported in 

italic) and 1 region was simultaneously identified by Rsb VPR/VCA and Rsb VPN/VCA (Tables S5 

194 and S6, reported in underlined). Candidate regions with the highest scores (-log10 p-value > 5.7) 

were located on chromosomes BTA08 and BTA16 for Rsb VPR/VPN, on chromosomes BTA02, 

196 BTA08 and BTA28 for Rsb VPR/VCA and on chromosomes BTA03, BTA06 and BTA27 for Rsb 

VPN/VCA (Figure 3).

198 3.3 Identifying selection signatures using iHS

A total of 1,404 autosomal SNPs passed the threshold of p-value equal to 0.01 in the three 

200 populations. VPN showed the lowest number of outliers (468 SNPs) compared to VCA (490 SNPs) 

and VPR (523 SNPs) (Figure 4). These outliers defined 39, 34 and 37 candidate genomic regions 

202 putatively under positive selection in VPR, VPN and VCA, respectively (Table S7). All three 

populations showed several strong iHS signatures, defined as regions with a high number of 

204 consecutive outliers (>10) within small intervals (< 4 Mb) (Table S8). In contrast to VPN and VCA, 

these regions with stronger evidence of selection were distributed over a higher number of 

206 chromosomes in VPR. For instance, BTA01, BTA04, BTA05, BTA07 and BTA12 presented at 

least 10 outliers within intervals of less than 3 Mb in VPR while all SNP clusters with similar 
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208 characteristics (i.e clusters of at least 10 outlier SNPs located within less than 3 Mb) were 

distributed on two and three chromosomes in VPN and VCA, respectively (Table S8). Interestingly, 

210 among these candidate regions with a stronger signal, one common interval was shared between 

these two populations. This common genomic region, spanning less than 4 Mb, is located on 

212 BTA06 (between 68 and 72 Mb) (Table S8).

3.4 Runs of homozygosity islands

214 In total, six ROH islands were identified (Table S9). It is worth noting that all the three Valdostana 

populations showed a ROH island on BTA06 at neighboring positions (located between 65 and 71 

216 Mb). The two ROH islands detected in VPR and VCA on BTA06 overlapped with selection 

signatures identified with iHS and FST approaches in each of these two populations (see Table 1). 

218 Otherwise, it is also interesting to note that two ROH islands identified on BTA06 (at position: 

68,860,609 - 69,424,834 bp) and BTA08 (at position: 85,706,017 - 87,523,043 bp) in VPN and 

220 VPR, respectively, overlapped with regions showing strong iHS signatures (Table S8).

3.5 Overlap between selection signatures metrics

222 Only two candidate regions were jointly identified by the three statistical methods. This was in the 

VCA within regions located on BTA06 (at position: 77,787,020 - 78,566,538 bp) and on BTA28 (at 

224 position 23,860,572 - 24,527,896) (Table 1). Besides, we found 13, 13 and 14 putative selection 

signatures overlapping between two tests in VPR, VPN and VCA, respectively (Table 1). In VPN 

226 and VCA, all the 29 candidate regions were detected, inter alia, using iHS test. All three Valdostana 

populations showed a common selection signatures on BTA06 (70.56 – 70.90 Mb). Two ROH 

228 islands (those detected in VPR and VCA on BTA06) overlapped with these selection signatures.

3.6 Functional Annotation of Candidate Genes

230 A total of 31, 86 and 84 known genes were found within the candidate region intervals identified by 

at least two statistical approaches in VPR, VPN and VCA, respectively (Table 1). These candidate 

232 genes grouped into 17 functional term clusters (5, 7 and 5 clusters within VPR, VPN and VCA, 

respectively) (Table S10). Five among these 17 clusters were significantly enriched (enrichment 
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234 scores > 1.3): 3 for VPR regarding the PI3K-Akt signaling pathway (ES = 1.48), Tyrosine-protein 

kinase (ES = 1.34) and Immunoglobulin-like domain (ES = 1.31), 1 for VPN regarding Glutathione 

236 S-transferase (ES = 2.06) and 1 for VCA regarding GABA-A receptor activity (ES = 1.87). 

Likewise, a list of 146, 104, and 160 genes were retrieved from the candidate regions showing 

238 strong iHS signatures in VPR, VPN and VCA, respectively (Table S8). DAVID analysis shows that 

2, 2 and 7 clusters were significantly enriched in VPR, VPN and VCA, respectively (Table S11). In 

240 the VPR, the two significantly enriched GO terms included the cysteine-type endopeptidase 

inhibitor activity (ES = 2.88) and ATP binding (ES = 2.06) while those found in VPN included 

242 genes involved in ligase acitivity (ES = 2.1) and others associated with the PI3K-Akt signaling 

pathway (ES = 1.35). The seven clustersthat were significantly over-represented in VCA were 

244 related to CXCR chemokine receptor binding (ES = 5.19), Serum albumin protein domain (ES = 

4.69), response to estradiol, progesterone and dehydroepiandrosterone (ES = 3.97), 

246 glucuronosyltransferase activity (ES = 1.95), sulfation (ES = 1.63), growth factor activity (ES = 

1.57) and GABA-A receptor activity ( ES = 1.56).

248

4. DISCUSSION

250 Human-mediated selective processes, including within-breed selection to enhance productivity, 

have left noticeable genomic signatures surrounding numerous genes known for having a significant 

252 effect on economically relevant traits (Boitard & Rocha, 2013; Mancini et al., 2014; Fan et al., 

2014; Gurgul et al., 2016). Uncovering these genomic footprints could give an insight for 

254 understanding the mechanisms of selection and could help to assign chromosomal regions related to 

important physiological and economical traits (Rothammer et al., 2013). In this study, we mapped, 

256 for the first time, selection signatures across the genome of three Italian Valdostana populations.

As a first step, we performed an MDS analysis to investigate the genetic relationships among these 

258 populations. The results were consistent with a previous study showing a closer genetic relationship 

between VPN and VCA (Del Bo et al., 2001), probably attributable to repeated crossbreeding 
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260 between Hérens cattle from Switzerland and VPN that have generated the VCA (Forabosco & 

Mantovani, 2011). This would explain also the lower proportion of outlier SNPs detected in VPN-

262 VCA statistics (FST and Rsb) compared to VPN-VPR and VPR-VCA (Figures 1 and 2, Tables S1, 

S2 and S3). 

264 As previously reported (Bahbahani et al., 2015), we found little overlap between the candidate 

regions identified by the three approaches. This is not surprising as there are differences in the 

266 statistics underlying each approach allowing to detect the signatures of different types of natural 

selection across different timescales. Differences between the two extended EHH-derived statistics 

268 might be explained by the fact that Rsb statistic detects more fixed and nearly fixed selective 

sweeps, whereas the iHS approach has higher power to detect partial sweeps (Tang et al., 2007). 

270 Notably, our results show that the overlap between candidate regions detected by the Rsb statistic to 

those identified by the iHS test is higher than the overlap observed between candidate regions 

272 detected by FST and each of these two EHH-derived statistics (Table 1). This is mainly due to the 

fact that FST is more efficient in identifying loci that are fixed or close to fixation for opposite 

274 alleles. This requires a large number of generations. Conversely, the EHH-derived statistics detect 

long-range haplotypes segregating at high frequency in the population. These latter are assumed to 

276 be recent because they persist for relatively short periods of time before being broken down by 

recombination.

278 The putatively selected genomic regions identified in the three Valdostana populations spanned a 

large number of candidate genes with diverse molecular, and cellular functions, which is more 

280 likely due to the fact that selection has targeted polygenic traits controlled by a complex network of 

genes acting simultaneously. Therefore, in our comparison with published literature, we mainly 

282 focused on genes located in candidate regions supported by at least two approaches (Table 1) which 

are mostly related to traits involved in livestock breeding.

284 The major overlap in genomic regions showing evidence of selection signatures identified by the 

three approaches (iHS, Rsb, and FST) occurred on the BTA06 (Table 1). The most striking result 
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286 concerns a 2,38 Mb interval (BTA06: 69,802,467 – 72,189,556 bp). This region showed strong 

divergent selection within the three populations, considering the outcome of the FST differentiation 

288 test (Figure 2). Lending further support to this hypothesis, this candidate region either overlaps or is 

located close to the ROH islands detected in the three populations (Table S9). ROH islands have 

290 been shown to be abundant in regions under positive selection because they are generally 

considered as consequence of selection of common ancestors that carried superior alleles at specific 

292 locations (Purfield et al., 2017). The region common to all three populations on BTA06 (70.56 – 

70.90 Mb) included some known candidate genes, such as: KDR, associated with the white pattern 

294 in Hereford cattle (Whitacre et al. 2013) and CLOCK, which plays a central role in positive 

regulation of inflammatory response (GO:0050729) and in the regulation of the mammalian 

296 circadian rhythms. The circadian clock, an internal time-keeping system, regulates various 

physiological functions including metabolism, sleep, body temperature, blood pressure, endocrine, 

298 immune, cardiovascular, and behavior (Casey & Plaut, 2012). Moreover, two regions, partially 

overlapping and located on the BTA28, were also simultaneously identified in VPR and VCA 

300 (Table 1). The region detected in VCA spanned candidate genes such as CTNNA3, previously 

identified within a selection signature and associated with marbling score in cattle (Ryu & Lee, 

302 2014) and SIRT1, involved in growth and meat quality traits (Gui et al., 2014). The region on 

BTA28 detected in VPR, spanned a 1,13 Mb interval and harbored 12 genes (including the two 

304 aforementioned genes) related to several meat traits such as MYPN, which is an important 

sarcomere protein with potential effects on meat quality traits in cattle (Jiao et al., 2010). Apart 

306 from the candidate regions listed earlier, most of the identified candidate regions were breed-

specific.

308 In VPR, the CXCR4 gene within a selection signature on BTA02, is reported as strong candidate 

gene for cattle trypanotolerance (Dayo et al., 2009), whereas KIT on BTA06 plays a key role in 

310 melanogenesis and is a major candidate for the spotting locus in cattle (Fontanesi et al., 2010), in 

agreement with the coat color of the breed. A genomic region identified on BTA08 included the 
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312 E4BP4 (also known as NFIL3). This gene is thought to play a role in the regulation of the 

mammalian circadian oscillatory mechanism responsible for adaptations to daily environmental 

314 changes (Cowell, 2002), in the resistance to intestinal nematodes (Araujo et al., 2009) and in the 

response to heat stress in cattle (Srikanth et al., 2017). In this sense, the VPR population shows 

316 excellent adaptability to local environments, sometimes with harsh conditions. Besides, this region 

displayed a strong signal of selection because it overlapped with a ROH island (Table S9).

318 VPN showed two highly significant signals throughout chromosomes BTA03 and BTA06 where 

Rsb and iHS scores were in good agreement (Table 1). On BTA03, we have identified a relevant 

320 genomic region spanning 3.5 Mb (between position 40,00 Mb and 43.50 Mb) that overlaps with two 

previously identified QTL regions. The first one harbors 3 candidate genes (OLFM3, S1PR1, 

322 DPH5), is associated with meat production in cattle (Lim et al., 2013). The second QTL region 

harbors 9 candidate genes (RTCA, DBT, LRRC39, TRMT13, SASS6, MFSD14A, SCL35A3, AGL and 

324 FRRS1) and was shown to be associated with several milk production traits in water buffalo (Liu et 

al., 2018). Similarly, the five selection signatures on BTA06 spanned several candidate genes 

326 associated with meat (CHRNA9) (Velez-Irizarry et al., 2019) and milk (RBM47, NSUN7, APBB2 

and UCHL1) traits in cattle (Hu et al., 2010). Some of these genes, such as APBB2, was also 

328 reported within selection signatures in previous studies (Qanbari et al., 2011; Porto-Neto et al., 

2013). These results are in keeping with the breeding schemes objectives from which VPN was 

330 developed (i.e dual purpose). Other interesting genes are: CYM (on BTA03), involved to antigen 

recognition (Makina et al., 2015) and RHOH (on BTA06) which plays a role in the determination of 

332 the antibody response (Twomey et al., 2019). Finally, selection signatures were also detected in 

regions containing genes (e.g. GSTM1, GSTM2 and GSTM3 on BTA03 and PCDH7 on BTA06) 

334 that have been already reported to be under selection in cattle and associated with feed intake (Chen 

et al., 2011; Tizioto et al., 2015).

336 In VCA, several candidate genes on the BTA06 are involved in immune response/inflammation or 

associated with behavioral traits. For instance, three chemokine genes (CXCL9, CXCL10 and 
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338 CXCL11) were identified within a 1 Mb interval (BTA06: 90,723,593 – 91,723,593 bp). These 

genes are key players in many disease processes, including inflammation, autoimmune disease, 

340 infectious diseases (Zlotnik et al., 2006). It is worth noting that 5 other chemokine genes (CXCL8, 

CXCL5, CXCL2, CXCL3, CXCL13) were located within candidate genomic regions showing strong 

342 iHS signature on other chromosomes (Table S8). The presence of multiple chemokine genes, all of 

them identified exclusively in the VCA population, would seem to suggest that chemokine activity 

344 is under intense selection pressure in this breed. One of the most relevant genes that may influence 

behavioral traits in VCA cattle concerns USP46. This gene is involved in behavioral fear response 

346 (GO:0001662) and righting reflex (GO:0060013) (Tomida et al., 2009). Likewise, we identified a 

cluster of 4 GABA-A receptor subunits genes (GABRA2, GABRA4, GABRB1 and GABRG1). 

348 GABA is the major inhibitory neurotransmitter in the mammalian brain where it acts at GABA-A 

receptors, which are ligand-gated chloride channels. These genes have been found to mediate 

350 anxiolytic activity, which plays a key role in emotional and behavioral control in human (Möhler, 

2007) and in the level of neural excitation (Ray & Hutchison, 2009). This could be considered an 

352 intriguing result. In fact, these findings may be linked to the peculiar activity of the VCA, 

“Battailles de Reines”, bloodless tournaments in which pairs of cows fight for the title of “Queen” 

354 in front of a huge public (Sartori & Mantovani, 2010). The VCA population is characterized by a 

lower milk production compared to VPR and VPN, but it is well-developed and very strong, lively 

356 and quite aggressive with counterparts on summer pasture (Mazza et al., 2015). The success of 

“Batailles de Reines” has recently led breeders to ask for the introduction of fighting ability within 

358 the selection index. In 2012, the index was introduced, making VCA a triple purpose breed (Sartori 

et al., 2014). Therefore, it is likely that this selection signature is the result of selection efforts on 

360 cow fighting ability. On BTA08, two relevant genes were detected simultaneously by Rsb and iHS 

statistics (with a strong iHS signature): ZDHHC21, associated with fertility in cattle (Kiser et al., 

362 2019) and TYRP1 (Berryere et al., 2003) which is most likely responsible for the brown coat color 

observed in this breed. We found also that several other genomic regions overlapped with 
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364 previously identified QTLs. For instance, the selection signature region on BTA17 overlaps with a 

QTL that harbors 4 candidate genes (BRI3BP, DHX37, UBC, SCARB1) associated with carcass trait 

366 (marbling) in cattle (Lee et al., 2013). Similarly, two candidate genes (ANKH and CTNND2) related 

with milk production traits (Sanchez et al., 2017; Du et al., 2019) were mapped within two 

368 significant regions on BTA20.

370 5. CONCLUSION

Selection has left important footprints throughout the Valdostana cattle genome. Our study 

372 highlighted for the first time the presence of several selective sweeps which vary between the three 

Valdostana populations which is in line with their different breeding histories. We identified 

374 genomic regions putatively under selection harboring genes with molecular functions that might be 

associated with traits under natural and/or human-mediated selection, such as coat color, milk and 

376 meat production, immune response and fighting ability. Several signals identified here corroborate 

with previously reported studies carried out in other cattle breeds. Our results illustrate the 

378 complementarities of the three approaches we used to detect footprints of selection. It is possible 

that some important genomic regions involved in the phenotypic differentiation might not have 

380 been identified. In future studies, the use of high-density array data, an increase in the number of 

genotyped animals and the collection of phenotypes would be particularly relevant to refine and 

382 validate these results using other analytic approaches.
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566 FIGURES

FIGURE 1 Genetic relationship defined with multidimensional scaling analysis for the three 

568 Valdostana cattle. Valdostana Red Pied (VPR), Valdostana Black Pied (VPN) and Valdostana 

Chestnut (VCA).

570 FIGURE 2 Manhattan plot of the pairwise genome-wide autosomal FST analyses generated by 

BayeScan (VPR_VPN, VPR_VCA and VPN_VCA). The red lines indicate the threshold of 

572 significance set at 0.01. Valdostana Red Pied (VPR), Valdostana Black Pied (VPN) and Valdostana 

Chestnut (VCA).

574 FIGURE 3 Manhattan plot of the pairwise genome-wide autosomal Rsb analyses. The red lines 

indicate the threshold of significance for the Rsb values (p-value of 0.0001). (VPR_VPN, 

576 VPR_VCA and VPN_VCA) Valdostana Red Pied (VPR), Valdostana Black Pied (VPN) and 

Valdostana Chestnut (VCA).

578 FIGURE 4 Manhattan plot of the genome-wide iHS analyses for Valdostana Red Pied (VPR), 

Valdostana Black Pied (VPN) and Valdostana Chestnut (VCA). The red lines indicate the threshold 

580 of significance for the iHS values (p-value of 0.01).

582 SUPPORTING INFORMATION

TABLE S1 Outlier single nucleotide polymorphisms (SNPs) found between Valdostana Red Pied 

584 (VPR) and Valdostana Black Pied (VPN) with the FST-based method implemented in BayeScan. 

SNPs that were consecutive, or separated by less than 3 markers, are reported in bold. SNPs 

586 identified in at least two comparisons are underlined and reported in italics.

TABLE S2 Outlier single nucleotide polymorphism (SNP) found between Valdostana Red Pied 

588 (VPR) and Valdostana Chestnut (VCA) with the FST-based method implemented in BayeScan. 

SNPs that were consecutive, or separated by less than 3 markers, are reported in bold. SNPs 

590 identified in at least two comparisons are underlined and reported in italics.
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TABLE S3 Outlier single nucleotide polymorphism (SNP) found between Valdostana Black Pied 

592 (VPN) and Valdostana Chestnut (VCA) with the FST-based method implemented in BayeScan. 

TABLE S4 Putative selection signatures identified between Valdostana Red Pied (VPR) and 

594 Valdostana Black Pied (VPN) in the Rsb analysis. Candidate regions reported in bold are shared 

with those identified by Rsb VPR-VCA. Candidate regions reported in italic are shared with those 

596 identified by Rsb VPN-VCA.

TABLE S5 Putative selection signatures identified between Valdostana Red Pied (VPR) and 

598 Valdostana Chestnut (VCA) in the Rsb analysis. Candidate regions reported in bold are shared with 

those identified by Rsb VPR-VPN. Candidate regions reported underlined are shared with those 

600 identified by Rsb VPN-VCA. 

TABLE S6 Putative selection signatures identified between Valdostana Black Pied (VPN) and 

602 Valdostana Chestnut (VCA) in the Rsb analysis. Candidate regions reported in italic are shared with 

those identified by Rsb VPR-VPN. Candidate regions reported underlined are shared with those 

604 identified by Rsb VPR-VCA.

TABLE S7 Candidate genomic regions under selection based on iHs in Valdostana Red Pied 

606 (VPR), Valdostana Black Pied (VPN) and Valdostana Chestnut (VCA) populations.

TABLE S8 Candidate genomic regions under selection based on extreme iHs values (p-value < 

608 0.01) and including a cluster of at least 10 consecutive SNPs in Valdostana Red Pied (VPR), 

Valdostana Black Pied (VPN) and Valdostana Chestnut (VCA) breeds.

610 TABLE S9 Run of homozygosity (ROH) islands identified in Valdostana Red Pied (VPR), 

Valdostana Black Pied (VPN) and Valdostana Chestnut (VCA) breeds.

612 TABLE S10 DAVID functional annotation clustering analysis of the candidate region intervals 

identified by at least two statistical approaches in Valdostana Red Pied (VPR), Valdostana Black 

614 Pied (VPN) and Valdostana Chestnut (VCA).
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TABLE S11 DAVID functional annotation clustering analysis of the candidate regions showing 

616 strong iHS signatures in Valdostana Red Pied (VPR), Valdostana Black Pied (VPN) and Valdostana 

Chestnut (VCA).
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Figure 1 
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