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Abstract 15 

Runs of homozygosity (ROH) has become a useful genetic tool to study several population 16 

phenomena. Due to their high relationship with autozygosity, ROH allows to infer population history, 17 

to estimate inbreeding level and tracking selective pressure in livestock genomes. Within-breed 18 

heterogeneity can be assessed by analyzing ROH pattern among individuals. Aim of this study was 19 

to give an overview about runs of homozygosity and the relationship between three production traits 20 

(milk yield, fat and protein contents) and autozygosity in bulls belonging to five European Simmental 21 

population. ROH count, distribution and ROH based inbreeding (FROH) were calculated for 3,845 22 

Simmental bulls coming from five different European countries: Austria (AT), Switzerland (CH), 23 

Czech Republic (CZ), Germany (DE) and Italy (IT). Overall, average values of 77.8±20.7 and 24 

205±74.4 Mb were found for number of ROH per animal and total genome length covered by ROH, 25 

respectively. Similar ROH features were highlighted for AT, DE and IT. Swiss bulls showed the 26 
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highest FROH coefficient (12.6%), while CZ animals the lowest (4.6%). The relationship between 27 

ROH occurrence and milk production traits was investigated through a ROH-traits association at 28 

genome-wide level (GWRA). The GWRA approach allowed to identify 34 regions previously 29 

associated with milk (yield and/or composition). The ROH analyses presented in this study allowed 30 

to identify a mixed background in the Simmental breed, with the possible presence of three 31 

subgroups, and a strong relationship between autozygosity and production traits. 32 

 33 

KEYWORDS: cattle, autozygosity, milk traits, single nucleotide polymorphism 34 

 35 

1. INTRODUCTION 36 

Current cattle breeds are the result of the evolutionary forces that left traces in their genome. 37 

Selective breeding of animals sharing similar performances and exterior characteristics transmittable 38 

to their progeny allowed to establish modern breeds and represented one of the pillars of animal 39 

breeding. In particular, artificial selection led to a dramatic increase of production levels but together 40 

with a reduction of the genetic variability within breed and increase of inbreeding level (Brotherstone 41 

and Goddard, 2005; Baes et al., 2019; Doekes et al., 2019). This had resulted in the generation of 42 

relatively few highly productive specialized breeds that spread worldwide during the last part of the 43 

20th century to the detriment of local populations (Felius et al., 2011). In spite of such cattle genetics 44 

globalization, still genetic differences can be found between and within populations. Other factors 45 

such as geographical barriers, migratory events, crossbreeding, and specific different breeding goals 46 

among countries have contributed to create genetic differences between and within populations.  47 

The Simmental cattle population is one example. Autochtonous of Switzerland, it is now 48 

spread worldwide counting about 40 Million heads (http://wsff.info). In spite of the common origin, 49 

the different Simmental populations have undergone to different selection histories that led to 50 

different production aptitudes. In the United States and in some other Countries (e.g. UK, Ireland or 51 

South Africa) the Simmental is farmed for meat production, whereas in Europe the Simmental is 52 
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mainly a dual-purpose breed even with different emphasis on dairy/beef according to the breeding 53 

objectives. For example, the breeding program in Italy is oriented for 44% on milk production, 24% 54 

on meat production, 19.5% on morphology and 12.5% on fitness. 55 

Cattle genomes sequencing has provided powerful tools for investigating genomic features 56 

(Bovine HapMap Consortium, 2009). Among these, the uninterrupted sequences of homozygous 57 

genotypes, known as Runs of Homozyogosity (ROH) have been widely investigated for many 58 

livestock species (Peripolli et al., 2017). Since the ROHs’ occurrence could be attributed to their 59 

inheritance from a common ancestor (Keller et al., 2011; Purfield et al., 2012; Gurgul et al., 2014), 60 

these homozygous segments are useful for analyzing the degree of relatedness among individuals 61 

belonging to different livestock populations (Mastrangelo et al., 2016; Bertolini et al., 2018; Cesarani 62 

et al., 2019). Moreover, the ROH length allows for estimating the time distance of inbreeding 63 

occurrence: long ROH segments are likely to occur when the mating between relatives have taken 64 

place recently (Curik et al., 2014). The proportion of the genome covered by ROH is an estimate of 65 

the degree of autozygosity (Howrigan et al., 2011) and enable to infer the inbreeding in livestock 66 

(Purfield et al., 2012; Marras et al., 2015; Peripolli et al., 2018). ROH mapping has also been carried 67 

out to selection signature detection (Kim et al., 2013; Purfield et al., 2017; Kim et al., 2018). In this 68 

respect, the increased livestock performances due to selective breeding of bulls, often more related 69 

than average, can leave a traces in their genomes. Therefore, in a population undergoing selection the 70 

alleles involved in the determinism of a quantitative traits increase in frequency and tend to the 71 

fixation. Alike, the alleles in the neighboring loci does due to linkage disequilibrium resulting in an 72 

increase of regional autozygosity and, therefore, the genome proportion covered by ROH. This has 73 

been observed in a study lead by Kim et al. (2018) whose conclusions support the hypothesis of 74 

increased ROH occurrence in highly selected animals. For all these reasons, recently the attention of 75 

researchers’ community is focusing on the relationship between ROH and economic traits in selected 76 

livestock population (Ferencakovic et al., 2017; Kim et al., 2018; Marchesi et al., 2018). 77 
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In the present study, the genomic structure of Simmental bulls of different European Countries 78 

has been investigated analysing ROH features in order to elucidate the variability among the different 79 

populations and to study relationships between ROHs and production traits.  80 

 81 

2. MATERIALS AND METHODS 82 

2.1. Data 83 

Genotypes of 3,845 Simmental bulls have been provided by the Italian Simmental breeder 84 

association (ANAPRI). Animals from five different Countries were analyzed: Austria (AT 351 85 

animals), Switzerland (CH, 215), Czech Republic (CZ, 248), Germany (DE, 550) and Italy (IT, 2481). 86 

A part of the genotypes came from international exchanges involving some of the European breeder 87 

associations. Since, the bulls were genotyped with chipset at different density (50K v1,v2-v3, 777K 88 

and custom chipset) BovineSNP50K Beadchip (http://www.Illumina.com) were taken as reference 89 

panel and only SNP in common among those panels were retained. Quality control of SNP data was 90 

the same used for national genomic evaluation and it was carried out with inhouse python script 91 

according the following settings: SNP were kept if minor allele frequency (MAF) >2%, call rate 92 

>97.5%, Hardy-Weinberg Equilibrium (HWE) p-value was >0.01. Moreover, SNPs mapping on 93 

sexual chromosomes or not mapped on UMD3.1 release were discarded. After data editing 40,099 94 

SNP were retained for ROH detection and further analysis. 95 

MACE proofs (MEBV) rescaled on Italian scale were made available for milk yield (MY, kg), milk 96 

fat (FP, %) and milk protein (PP, %). Bulls genotypes and MEBV are owned ANAPRI. 97 

A multidimensional scaling analysis (MDS) based on raw Hamming distances was performed using 98 

the whole SNPs panel with PLINK software v1.9 (Chang et al., 2015). The first two principal 99 

dimensions  were computed from the distance matrix. 100 

 101 

2.2. Runs of homozygosity detections 102 
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Runs of homozygosity were computed using the algorithm implemented in “DetectRuns” 103 

package with function “ConsecutiveRUNS” (Biscarini et al., 2018) implemented in R software (R 104 

Core Team, 2019). This package also provides the “SlidingRUNS” function, which implements a 105 

sliding windows approach (similar to PLINK). More in general, different packages rely on different 106 

default ROH settings. However, in ROH computation common settings are not well established yet, 107 

(at least for livestock populations) and simulations or empirical studies formulate general advises 108 

only (e.g. Howrigan et al. 2011; Ferenkacovic et al. 2013). Since no “standard” methods have been 109 

established we reckon that the methodology developed in our previous paper best fit to our aims 110 

(Marras et al., (2015). Briefly,15 consecutive homozygous SNPs covering a segment of at least 1 Mb 111 

length were considered as the minimum threshold for defining a ROH. Neither heterozygous nor 112 

missing SNPs were admitted for ROH calling. Descriptive statistics were calculated on detected 113 

ROH: average and total number of ROH (n); average and total ROH length (Mb); average and total 114 

number of ROH count per SNP (n). When a ROH occurs only in an animal then it is labeled as non-115 

repeated ROH (NR-ROH), otherwise (i.e. shared among 2 or more bulls) it is considered as repeated 116 

ROH (RP-ROH). Moreover, the same repeated ROH can appear in >2 animals. Thus, it is likely that 117 

the same ROH might be counted from 2 up to 3,845 times (total number of bulls). For these reasons 118 

we have counted those ROH once and labelled them as repeated-non-duplicated ROH (RPN-ROH). 119 

Finally, both the number of private ROHs (PR-ROH, occurring in bulls of one country but not in the 120 

others) and shared ROH between animals of different countries were computed (SH-ROH). 121 

For each individual belonging to different countries, inbreeding coefficients based on ROH 122 

(FROH) was calculated as the percentage ratio between genome covered by ROH (LROH) and genome 123 

total length (Lgen), considering a total of about 2.57 Gbps. 124 

 125 
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2.3. Genome-wide ROH analysis (GWRA) 126 

The effect of each unique ROH occurrence (presence or absence) was tested using the 127 

following linear model simulating a genome-wide association analysis using the R software (R Core 128 

Team, 2019):  129 

𝑦𝑖𝑗𝑘𝑙 =  𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑗 + 𝑌𝑜𝑏(𝑐𝑜𝑢𝑛𝑡𝑟𝑦)𝑘(𝑗) + 𝑅𝑂𝐻𝑙 + 𝑒𝑖𝑗𝑘𝑙 (1) where  130 

− yijkl is the investigated trait (MEBV for milk, fat and protein) of i-th bulls; 131 

− Yob(country)k(j) is the fixed effect of k-th year of birth (7 levels: 1=1972-1989; 2=1990-132 

1993; 3=1994-1997; 4=1998-2001; 5=2002-2005; 6=2006-2009; 7=2010-2015) nested in 133 

the j-th country of birth (5 levels); 134 

−  ROH is the effect of the l-th ROH analyzed (2 levels, presence or absence);  135 

− 𝑒𝑖𝑗𝑘𝑙  is the random residuals.  136 

This model was performed for each ROH detected considering ROHs shared by at least 20 137 

animals. Finally, in order to avoid false positive discovery, Bonferroni correction was applied 138 

dividing the significance level (type I error α=0.05) by the number of ROH tested (n=1,344). Using 139 

online databases (http:\\www.genomebrowser.org, http:\\www.Ensembl.org, 140 

http:\\www.GeneCards.org), annotated genes mapped in the identified genomic regions were 141 

highlighted as suitable candidate genes. Moreover, using milk, fat and protein as trait, mapped QTLs 142 

were retrieved in the online database (htttp:\\www.animalgenome.org). 143 

 144 

3. RESULTS  145 

The first two dimensions of the MDS plot (Figure 1) accounted for 2.61%, 1.52% of the variance, 146 

respectively. As far as the average values per country were considered, the first dimension allowed 147 

to separate AT, CH and DE (negative values) from CZ and IT (positive values), whereas the second 148 

dimension  separated CH (positive values >0.05) from the other countries, with negative values (IT) 149 

or values very close to zero (AT, DE and CZ).  150 

Figure 1 151 
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 152 

A total of 304,100 ROHs were detected with an average number per animal of 82.1±20.9. The 153 

average genome length covered by ROH per animal was 205.5±73.4 Mb (3,285±1,190 SNP long). 154 

Very similar number of ROH per animal was found for IT, AT and DE bulls (Table 1). Conversely, 155 

much lower and higher number ROH segments was observed for CZ and CH respectively. Similarly, 156 

CH bulls showed the largest ROH length (average and total) while CZ the smallest (Table 1).  157 

Table 1  158 

 159 

Total ROH length (Mb) and the number of ROH segment were positively correlated. The 160 

coordinate of each individual ROH feature clustered around the Country of origins (Figure 2) whereas 161 

bulls from Switzerland and Czech mapped in the opposite side presenting the highest and the lowest 162 

genome covered by ROH. A moderate linear association between the number of ROH per animal 163 

(nROH) and the mean ROH length (r= 0.30) was found, while all other ROH features were from 164 

highly (r=0.77) to strongly associated (r=0.97), all pairwise correlations were highly significant (p-165 

value <0.001, Supplementary Table 1) 166 

 167 

Figure 2 168 

Regardless the ROH statistics considered, the number of detected ROHs was much higher for 169 

IT than for the other countries due to the sample size effect. Therefore, looking at ROH proportion, 170 

we have observed that despite about three-quarters of the ROH detected were RP-ROH (i.e. shared 171 

among at least two bulls regardless the country of origin) half these segments occurred less than four 172 

times (Table 2 and Supplemental Figure 1). Moreover, two countries (CH and CZ) were found to 173 

have lower than average proportion of RP-ROH. Since RP-ROH can be counted more than one 174 

animal, removing those duplicate, only 39% (119,005 of both repeated and non-duplicated) of the 175 

total detected ROH turned out in RN-ROH. The proportion of such segments ranged across different 176 

country from 43% of IT to 54% CH, the former having the highest number per bulls (61.6) (Table 2).   177 
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Supplementary Figure 1 and Table 2 178 

 179 

Furthermore, we looked at those ROHs that were not shared between animals of different 180 

countries (i.e. typical of each populations and hereafter defined as “private”) and we found out that 181 

about 30% of the total ROH is classifiable as private ROHs for a total of 92,226 segments (Table 3). 182 

The occurrence of private ROH detected in Simmental bulls pointed out a difference among country 183 

of birth. Looking at the proportion of private ROH on the total number of segments detected within 184 

country, IT, DE and AT accounted for 25-30% of private ROH, whereas the remaining two had much 185 

higher figure (up to 42% of CH) (Figure 3). The average number of private ROH per bulls was 186 

27.1±10.7 with the highest figure for CH bulls (48.5 ROH/bull) 187 

Table 3 and Figure 3 188 

 189 

Table 3 also shows the number of shared ROH among countries. ROH sharing among all 190 

possible pairs of countries partially reflected the pattern observed in figure 1, with the smallest and 191 

the largest values between CZ-CH and IT-DE, respectively. The raw number of the shared ROH is 192 

inflated by the sample sizes of bulls’ country of birth, for this reason we also reported the spearman 193 

rank correlation coefficients among all possible pairs of comparison. The correlations pattern 194 

indicated that DE-IT, DE-AT, IT-AT are the pair with the higher association. A complete list of ROH 195 

shared among all the possible combination of countries were provided in Supplementary Table 2. 196 

Among the 119,005 shared ROH, only 428 regions were identified in all the considered countries 197 

(Supplementary Table 3 and Figure 4). The chromosome with the highest number of shared regions 198 

was BTA6 (46 ROHs), while the chromosome with the lowest number of shared ROH was BTA25 199 

(with just one ROH found in common among all countries). Thirty-four ROHs were shared at least 200 

by 100 different animals. The highest shared ROH was found in 432 animals, on BTA6 starting at 201 

38.46 and ending at 39.5 Mb, followed by one repeated segment found in 245 different animals, on 202 

BTA9 at 0.12-1.59 Mb. 203 
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Figure 4 204 

 205 

The mean ROH inbreeding coefficient ranged from 4.7% (CZ) to 12.6 % (CH), with an overall 206 

average value of 7.5% ± 2.9%. The distribution of FROH coefficients in four classes was calculated in 207 

the five considered countries (Table 4). 208 

Table 4 209 

 210 

In the GWRA analysis, a total of 1,344 ROHs shared at least by 20 animals were considered. 211 

The Manhattan plot reporting the -log10 of p-values for the three considered traits were shown in 212 

Figure 5. A total of 22, 16 and 27 regions were found as significant for MY, FP and PP, respectively.. 213 

The investigated traits showed almost the same significant regions (Supplementary Table 4). In 214 

particular, nine regions in common among all three traits were detected on chromosomes 2, 5, 11, 13, 215 

20, 23 and 29. Moreover, the similarity of results for milk and protein was even stronger: other eight 216 

regions were found in common between these two traits, with BTA 1 and 11 showing the highest 217 

number of significant ROHs. As far as the non-duplicated significant regions were considered, a total 218 

of 34 ROHs were highlighted (Table 5). 219 

 Figure 5 and Table 5 220 

 221 

4. DISCUSSION 222 

In the 20th century, livestock populations underwent to strong artificial selection aimed at 223 

improving their production levels. The selection yielded traces in the animal genomes: the main 224 

consequence has been the increase of consanguinity and autozygosity levels and, therefore, the 225 

increase of ROH occurrence. The majority of studies on ROH in livestock have dealt with ruminants 226 

species (Peripolli et al., 2017; Kim et al., 2013; Mastrangelo et al., 2016; Purfield et al., 2017) and in 227 
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particular cattle, but also other farm animals have been investigated (Bosse et al., 2012; Metzger et 228 

al., 2015).  229 

Excluding CH and CZ, the number of ROH per animal and their length are in agreement with 230 

those reported in literature for some European Simmental population (Ferencakovic et al., 2013; 231 

Marras et al., 2015, Szmatola et al., 2016) but were much higher than those found by Signer-Haser et 232 

al. (2017) in Swiss cattle populations. In particular, Szmatoła et al., (2016) found 81.5±11.8 233 

ROH/animals and 201.8±99.4 Mb of total ROH length. A slightly higher number of ROH per animal 234 

(94.3±12.2) but a similar total ROH length (210 Mb) were observed by Marras et al., (2015) for 235 

Italian Simmental. Ferenčaković et al., (2011) analyzing ROH in the Fleckvieh cattle (i.e. Austrian 236 

Simmental) found moderately larger ROH features: 96.79±13.37 ROH/animal in comparison to 237 

80.62±15.23 from the current investigation (229.25 Mb vs. 195.29±55.82 Mb of total ROH length).  238 

Recently, Singer-Haser et al. (2017) analyzed ROH pattern in two related population reporting 7.1 239 

and 10.9 ROH/animal for Swiss Fleckvieh and Simmental, respectively. Furthermore, they reported 240 

an average total length of 75.6 Mb (Swiss Fleckvieh) and 96.6 Mb (Simmental). The differences 241 

between their estimates and our findings might be explained by the more stringent settings used by 242 

Signer‐Hasler et al. (2017) to call a ROH: 50 homozygous SNP (here 15 SNP) and 2 missing markers 243 

allowed inside a ROH (we did not allow any missing marker inside ROH). Moreover, they used a 244 

panel with 27,612 autosomal markers, i.e. nearly a half of the SNPs used in the present study.  245 

The nROH/animals reported for Holstein and Brown Swiss were 81.7 (Marras et al., 2015) 246 

and 98.9 (Ferenčaković et al., 2013) respectively. In some cases,  local cattle breeds exhibited even 247 

lower values: 72.3 ROH/animal for Tyrol Grey (Ferenčaković et al., 2013) and 46.4 for Polish Red 248 

(Szmatoła et al., 2016).  249 

The Simmental groups involved in this study exhibited a variable ROH statistics: CH bulls 250 

showed higher values than cosmopolitan breeds (e.g. Holstein and Brown Swiss); AT, DE and IT 251 

revealed intermediate values and CZ exhibited lower values than local breeds.  252 
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Results about shared ROHs suggested that the most similar chromosome was the BTA6, 253 

especially the region between 71.11-72.03 Mb. The association between KIT gene and coat color, 254 

especially with degree of spotting, is well-known in cattle (Reinsch et al., 1999; Fontanesi et al., 255 

2010; Hayes et al., 2010; Brening et al., 2013; Signer-Haser et al. 2017), but also in other species 256 

such as horse (Brooks et al., 2006; Haase et al., 2009), pigs (Moller et al., 1996) and rabbit (Fontanesi 257 

et al., 2014). Although coat color was not considered as phenotype in the current study, due the 258 

characteristic spotted coat of Simmental breed, the presence of KIT gene in the ROH region could 259 

suggest a  possible explanation for the observed genetic similarity  260 

The differences found in ROH features among the countries could be ascribed to their different 261 

genetic background, management and by the degree of sire exchanges among countries. The CH 262 

Simmental population is restrained with only 10,000 cows in pureness. The use of foreign bull semen 263 

inside the Switzerland is not so spread and Swiss male are mainly offspring of other national bulls. 264 

From this perspective, the likelihood for an animal to have a higher degree of consanguinity might 265 

partially explaining the FROH observed for this group. Conversely, a stronger trade and spreading of 266 

male semen can be observed among Austria, Germany and Italy. Bulls born in Italy are, for example, 267 

mostly sired by AT and DE imported bulls and their female offspring are mainly mated to different 268 

bulls coming from these countries. As far as IT Simmental is concerned lower FROH are the due to the 269 

combination of the adoption of a juvenile breeding scheme and limited number of semen straw 270 

stocked per bull (www.anapri.eu). A parallel exchange of bulls from Italy to AT and DE can be 271 

observed, even though of weaker intensity. Thus AT, IT and DE bulls can be considered as belonging 272 

to a large population, as confirmed by the results of the present study (Table 1, Figure 1-2). The 273 

lowest values showed by CZ bulls could be due to the larger population size of this group and to the 274 

large use of Red Holstein, Ayrshire and Montbeliarde bulls on CZ cows. It is worth remembering that 275 

until 80’s, CZ animals were considered as a crossbreed population (http://wsff.info). Results of the 276 

present study highlighted the presence of a common genetic base but also a large variability among 277 

the European Simmental bulls. CH population showed ROH characteristics similar to those that can 278 
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be found in strongly selected breeds, while CZ populations seemed closer to local breeds. Bulls 279 

coming from AT, DE and IT showed halfway characteristics. These results suggest the presence of 280 

at least three different subgroups (AT-DE-IT, CH, CZ) in the five European Simmental populations 281 

that we analyzed. These subgroups could be identified based on similar characteristics (nROH, ROH 282 

length, FROH inbreeding coefficients) found in AT, DE and IT and different characteristics found in 283 

the other two countries. Moreover, the results of MDS approach reflected higher genetic similarity of 284 

AT-DE-IT bulls in comparison to CH and CZ. 285 

 286 

The inbreeding class 5-10% grouped the highest number of animals for all countries, except CH that 287 

showed more animals in the 10-20% class. Only Switzerland and Italy presented animals in the upper 288 

class of inbreeding (>20%) with 3 and 5 animals, respectively. As far as the overall FROH coefficient 289 

(7.5±2.9%) is concerned, close values were found for Simmental breed by Marras et al., (2015) and 290 

Szmatoła et al., (2016), while slightly higher (9±2%) by Ferenčaković et al., (2011). As expected, 291 

FROH average coefficients highlighted in this study were lower than those reported for other 292 

cosmopolitan breeds that were subjected to stronger selection: e.g. 12.7%, 14.5% and 15.6% for 293 

Brown Swiss (Cesarani et al., 2018; Marras et al., 2015; Ferenčaković et al., 2013); and 11.6% for 294 

Holstein (Marras et al., 2015; Szmatoła et al., 2016). ROH-based inbreeding in Swiss cattle 295 

populations was recently investigated by Signer‐Hasler et al. (2017), who reported lower FROH values 296 

for Swiss Fleckvieh (2.9±2.1%) and Simmental (3.9±2.3%), whereas we found an FROH value of 297 

(12.6±2.9%). Despite these values are hardly comparable to those reported in the present study (FROH 298 

derived from different ROH settings) Signer-Hasler recorded an higher degree of inbreeding for the 299 

original Simmental population in comparison to Swiss Fleckvieh. 300 

The analysis of FROH performed separately by country still highlighted a heterogeneous pattern. In 301 

particular, CH bulls showed FROH values (12.6%) closer to those reported for cosmopolitan breeds, 302 

while inbreeding value found for CZ (4.7%) was of the same magnitude of the values reported in 303 

literature for indigenous and not selected breeds; for example, Szmatoła et al. (2016) reported a FROH 304 
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value of 5.7% for Polish Red. In addition, the different selective pressure on different countries might 305 

explain the FROH coefficient results. In this respect, AT, DE and IT showed very close values, with 306 

CH and CZ showing higher and lower values, respectively. 307 

 308 

Gene discovery carried out in the significant regions identified by GWRA approach highlighted some 309 

interesting genes and a certain degree of overlapping with known QTL regions. Half of the significant 310 

regions (17) overlapped, completely or partially, with known QTLs: a total of 43 QTLs were found 311 

(Supplementary Table 4) to be associated with milk production traits (yield and composition) in 312 

cattle. Among the genes found in the genomic regions, some of them were already associated with 313 

milk traits in literature. UDP-Glucose Pyrophosphorylase 2 (UGP2) gene (BTA11, 62,244,354-314 

62,299,942 bp), significant for all the three traits, was reported to be associated with lactose synthesis 315 

(Connor et al., 2008; Littlejohn et al., 2009; Osorio et al., 2016). In particular, the UGP2 gene 316 

expression was found to be downregulated (Connor et al., 2008) and upregulated (Littlejohn et al., 317 

2009) when daily milking frequency was reduced or increased, respectively. ADP Ribosylation 318 

Factor Related Protein 1 (ARFRP1), mapped on BTA13 (54,519,582-54,525,755 bp), was related to 319 

lactation performance by Doelman (2011). In the same study, also the Enolase 2 (ENO2), mapped on 320 

BTA5 at 103,899,877-103,906,801 bp, and Nudix Hydrolase 16 (NUDT16), mapped on BTA1 at 321 

140,044,682-140,046,219 bp, genes were associated with lactation performance. The Carbonic 322 

Anhydrase 6 (CA6), mapped on BTA16 (45,289,116-45,313,929 bp) and found as significant for 323 

protein, gene was reported to be associated with lactogenesis in human (Sharp et al., 2016). The CD27 324 

Molecule (CD27) gene was mapped on BTA5 (104,302,582-104,308,155 bp) in a region found as 325 

significant for all three traits; this gene was reported to be associated with milk production traits and, 326 

in particular, with protein (Raven et al., 2014). In the same significant shared ROH, also the CD4 327 

Molecule (CD4) gene was mapped (BTA5, 103,994,655-104,010,513 bp); He et al., (2011) associated 328 

this gene with somatic cell score and milk/protein yields. The Galectin Like (LGALSL) gene was 329 

mapped on BTA11 (62,812,719-62,820,736 bp) in a ROH found as significant for both milk and 330 
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protein. Bai et al., (2016), counterpoising high yielders and low yielders, found a different expression 331 

level of LGALSL gene. The Prostaglandin F Receptor (PTGFR) gene, mapped on BTA3 (66,383,734-332 

66,445,668 bp) in a ROH significant for fat and protein, was already reported to be associated with 333 

fat yield in Canadian Holstein Cattle (Li et al., 2010). 334 

 335 

5. CONCLUSION 336 

Results of the present study confirmed the usefulness of Runs of Homozygosity as a tool for 337 

investigating genomic features, because they are able to disentangle peculiar features of the genome 338 

allowing a more complete characterization of considered populations. The variability existing among 339 

different groups of the Simmental population farmed in different European countries has been 340 

investigated and differences related to gene flow and different genetic management have been 341 

highlighted. A possible existence of three main sub-groups of European Simmental could be 342 

suggested.  343 
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TABLE 1 Runs of homozygosity (ROH) features according to the bulls’ country of birth. 507 

 Country† 

ROH feature AT CH CZ DE IT 

nROH‡ (n)      

average 80.62 114.42 56.02 81.97 77.47 

SD 15.53 11.7 13.11 15.53 15.23 

maximum 116 147 92 131 139 

Mean length (Mb)      

Average 2.42 2.83 2.16 2.40 2.45 

SD 3.01 3.58 2.93 2.98 3.24 

Maximum 65.67 97.8 64.34 72.62 92.02 

Mean length, SNP (n)      

Average 38.65 45.51 34.3 38.46 39.12 

SD 47.88 56.93 47.24 47.19 51.55 

maximum 1089 1596 1019 1167 1242 

Total length (Mb)      

average 195.29 323.87 121.25 197.09 189.76 

SD 55.82 73.59 60.57 55.67 66.37 

Maximum 458.43 579.54 433.89 432.24 720.2 

Total length, SNP (n)      

average 3,116.43 5,206.85 1,921.39 3,152.53 3,030.87 

SD 903.25 1,193 979.05 898.2 1073.03 

maximum 7,488 9,250 6,913 7,104 11,599 
†AT=Austria (n=351), CH=Switzerland (n=215) CZ=Czech Republic (n=248) DE=Germany 508 

(n=550), IT=Italy (n=2481). ‡ Number of ROH segments per animals. 509 

  510 
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 511 

TABLE 2 Total number (nROH), non-repeated (NR-ROH), repeated (NR-ROH) and repeated-non-512 

duplicated (RN-ROH) ROH by bulls’ country of birth (count and %).   513 

ROH statistic† AT CH CZ DE IT 

nROH‡  (n) 28,299 24,600 13,922 45,067 192,212 

NR-ROH  (n) 7,546 8,551 4,885 10,665 43,992 

RP-ROH  (n) 20,753 16,049 9,037 34,402 148,220 

RN-ROH (n) 13,775 13,243 7,079 20,339 64,509 

RP-ROH § (%) 73 65 65 76 77 

RN-ROH¶ (%) 49 54 51 45 43 

RN-ROH║ (n/bulls) 39.2 61.6 28.5 37.0 26.0 
†n= number of Segments for the i-th country: AT=Austria (n=351), CH=Switzerland (n=215) 514 

CZ=Czech Republic (n=248) DE=Germany (n=550), IT=Italy (n=2481). ‡NR-ROHi+RP-ROHi, 515 

§RP-ROHi/nROHi×100, ¶RN-ROHi/nROHi×100, ║RN-ROHi/no. bullsi 516 

 517 

  518 
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TABLE 3 Number of private ROH per country of birth are presented on the diagonal (sum=92,226). 519 

Number of ROHs found in common between all pairs of Country (above the diagonal) and spearman 520 

rank correlation between shared ROH between all pairs of country (below the diagonal).  521 

 Country† 

  AT CH CZ DE IT 

AT 7,915 254 205 885 3,980 

CH 0.18 10,421 191 336 1,896 

CZ 0.33 0.12 5,163 250 2,420 

DE 0.65 0.22 0.38 11,421 7,466 

IT 0.67 0.24 0.44 0.74 57,306 
†AT=Austria (n=351), CH=Switzerland (n=215), CZ=Czech Republic (n=248), DE=Germany, 522 

(n=550) and  IT=Italy (n=2481).  523 
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TABLE 4 Inbreeding coefficients calculated using ROH (FROH) and their distribution in four classes, 524 

number of animals and (proportion), across country of birth and average value per country. 525 

 Country† 

FROH class AT CH CZ DE IT 

< 5% 31 (0.09) 1 (0.01) 182 (0.73) 33 (0.06) 326 (0.13) 

5-10% 288 (0.82) 33 (0.15) 56 (0.23) 454 (0.82) 1,858 (0.75) 

10-20% 32 (0.09) 178 (0.83) 10 (0.04) 63 (0.12) 292 (0.12) 

> 20% 0 (0) 3 (0.01) 0 (0) 0 (0) 5 (0) 

Mean ± sd, % 7.6±2.2 12.6±2.9 4.7±2.4 7.7±2.2 7.4±2.6 

Max, % 17.8 22.5 16.9 16.8 28.0 
†AT=Austria (n=351), CH=Switzerland (n=215), CZ=Czech Republic (n=248), DE=Germany, 526 

(n=550) and  IT=Italy (n=2,481). 527 

 528 

  529 
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TABLE 5 Runs of homozygosity exceeding the significance threshold in the genome-wide ROH 530 

analysis (GWRA). 531 

ROH  BTA Number of SNP Start (Mb) End (Mb) Trait† 

1 1 19 31.55 32.60 MY 

2  17 103.62 104.84 MY, PP 

3  22 106.60 107.91 PP 

4  22 116.93 118.19 MY, PP 

5  22 139.09 140.36 MY, PP 

6  147 151.00 158.23 MY, PP 

7  51 152.51 155.10 MY 

8 2 24 22.09 23.50 PP 

9  21 72.61 73.90 MY, FP, PP 

10  19 89.71 91.06 MY, FP, PP 

11 3 33 66.11 67.59 FP, PP 

12 5 31 103.66 105.42 MY, FP, PP 

13 10 22 100.54 101.65 MY 

14 11 222 50.43 67.56 MY, FP, PP 

15  76 51.08 58.42 MY, FP, PP 

16  21 56.11 57.88 MY, PP 

17  24 61.14 62.85 MY, PP 

18  17 69.67 70.75 PP 

19  18 93.24 94.71 MY, FP 

20 13 16 14.62 15.78 MY, PP 

21  19 54.20 55.29 MY, FP, PP 

22 16 20 23.33 25.00 PP 

23  25 42.63 44.99 FP 

24  21 43.81 46.09 MY, PP 

25  18 44.99 46.74 PP 

26 20 24 49.81 51.17 MY, FP, PP 

27 21 23 0.04 3.50 FP, PP 

28  21 14.13 15.27 FP 

29 22 29 0.16 2.01 FP 

30 23 28 9.00 10.67 MY, FP, PP 

31 28 23 18.15 19.89 MY, PP 

32  16 31.64 33.00 PP 

33 29 22 41.99 43.30 FP 

34  16 50.41 51.50 MY, FP, PP 
† MY = milk yield; FP = fat percentage; PP = protein percentage. 532 

 533 

 534 

 535 
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FIGURE CAPTIONS 536 

FIGURE 1 Results of multidimensional scaling performed on all considered markers. The first two 537 

principal coordinates extracted from the inter-sample distance matrix were plotted, whereas the third 538 

was depicted by color gradient (AT = Austria; CH = Switzerland; CZ = Czech Republic; DE = 539 

Germany; IT = Italy). 540 

FIGURE 2 Relationship between number of ROH segments and total ROH length (Mb) per animal 541 

by country of birth (AT = Austria; CH = Switzerland; CZ = Czech Republic; DE = Germany; IT = 542 

Italy). Country averages were depicted with larger symbols. 543 

FIGURE 3 Distribution of ROH in common among bulls of the five country (AT = Austria; CH = 544 

Switzerland; CZ = Czech Republic; DE = Germany; IT = Italy). 545 

FIGURE 4 Common Shared ROH segments along the 29 autosomal Chromosome (n=428). Thicker 546 

lines indicates higher ROH occurrence. 547 

FIGURE 5 Manhattan plot of genome-wide ROH analysis (GWRA): –log(p-values) against the 548 

position along the chromosome (midpoint between starting and ending point of each ROH). The red 549 

line represents the significance threshold. 550 
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SUPPORTING INFORMATION 552 

SUPPLEMENTARY TABLE 1 Distribution of ROH within class of length and bulls’ country of 553 

birth (AT = Austria; CH = Switzerland; CZ = Czech Republic; DE = Germany; IT = Italy) 554 

SUPPLEMENTARY TABLE 2. ROH found exclusively in one country (private ROH) and ROH 555 

shared exclusively among all possible combination of countries. 556 

SUPPLEMENTARY TABLE 3. ROHs identified in all five groups across the 29 autosomal 557 

chromosomes. 558 

SUPPLEMENTARY TABLE 4. Quantitative trait loci associated with milk traits (milk yield, fat 559 

percentage and protein percentage) that overlapped the runs of homozygosity found as significant 560 

with the GWRA approach. 561 

SUPPLEMENTARY FIGURE 1 Distribution of Repeated ROH regardless the bulls’ country of 562 

origin. The dashed red line represent the median of the distribution 563 

 564 


