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Abstract
Autochthonous cattle breeds are genetic resources that, in many cases, have 
been fixed for inheritable exterior phenotypes useful to understand the genetic 
mechanisms affecting these breed-specific traits. Reggiana and Modenese are 
two closely related autochthonous cattle breeds mainly raised in the production 
area of the well-known Protected Designation of Origin Parmigiano-Reggiano 
cheese, in the North of Italy. These breeds can be mainly distinguished for their 
standard coat colour: solid red in Reggiana and solid white with pale shades of 
grey in Modenese. In this study we genotyped with the GeneSeek GGP Bovine 
150k single nucleotide polymorphism (SNP) chip almost half of the extant cattle 
populations of Reggiana (n = 1109 and Modenese (n = 326) and used genome-
wide information in comparative FST analyses to detect signatures of selection 
that diverge between these two autochthonous breeds. The two breeds could be 
clearly distinguished using multidimensional scaling plots and admixture analy-
sis. Considering the top 0.0005% FST values, a total of 64 markers were detected 
in the single-marker analysis. The top FST value was detected for the melanocor-
tin 1 receptor (MC1R) gene mutation, which determines the red coat colour of 
the Reggiana breed. Another coat colour gene, agouti signalling protein (ASIP), 
emerged amongst this list of top SNPs. These results were also confirmed with 
the window-based analyses, which included 0.5-Mb or 1-Mb genome regions. As 
variability affecting ASIP has been associated with white coat colour in sheep 
and goats, these results highlighted this gene as a strong candidate affecting coat 
colour in Modenese breed. This study demonstrates how population genomic 
approaches designed to take advantage from the diversity between local genetic 
resources could provide interesting hints to explain exterior traits not yet com-
pletely investigated in cattle.
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1   |   INTRODUCTION

Autochthonous cattle breeds constitute important genetic 
resources, in many cases unexploited or poorly character-
ized. Many local breeds have been developed by the com-
bined action of several factors and events mainly driven 
by the recent interplay between economic, social and en-
vironmental conditions that contributed to define their 
genetic history (e.g. Felius et al., 2014). Directional selec-
tion, that finally shaped the current genetic pools, fixed or 
almost fixed inheritable exterior phenotypes that could be 
considered breed-specific traits useful to distinguish dif-
ferent breeds. One of the main exterior phenotypes that 
characterize different breeds is coat colour.

Two autochthonous cattle breeds, Reggiana and 
Modenese, are raised mainly in the production area of 
the well-known Protected Designation of Origin (PDO) 
Parmigiano-Reggiano cheese, in the North of Italy. 
Reggiana and Modenese are historically considered the 
ancestral cattle populations from that this cheese has 
been originated. Their names derive from the two geo-
graphically close provinces of Reggio Emilia and Modena, 
located in the Emilia-Romagna region where they have 
been mainly originated and where most of the farms rais-
ing Reggiana and Modenese cattle are now localized. The 
Herd Book of these two breeds were officially recognized 
in 1962 (Reggiana) and in 1957 (Modenese). In recent his-
tory, between the 1980’ and in first years of the 2000, both 
breeds have experienced a progressing decline of the pop-
ulation size that reached a minimum of approximately 500 
Reggiana heads and 260 Modenese heads. Since then, the 
population size has been increasing. The recovery of these 
two breeds can be mainly attributed to the development of 
two mono-breed branded Parmigiano-Reggiano cheeses 
that can be produced from milk of only Reggiana cows or 
from milk of only Modenese cows. The market prize of 
these niche products is higher than the undifferentiated 
Parmigiano-Reggiano cheese obtained by cosmopolitan 

breeds, hereby compensating the reduced milk yield that 
characterize these two breeds (Fontanesi,  2009; Gandini 
et al., 2007; Petrera et al., 2016; Russo et al., 2007). In 2020, 
Reggiana and Modenese accounted a total of approxi-
mately 2800 cows (raised in approximately 100 farms) and 
500 cows (raised in approximately 60 farms), respectively.

Reggiana and Modenese can be distinguished ac-
cording to their standard coat colour and muzzle colour 
(Figure 1): a classical red coat colour, indicated with the 
term “fromentino,” over the whole body, with pink or pale 
muzzle colour are the main pigmentation features of the 
Reggiana cattle; white coat colour of the body with some 
pale grey shades and a black muzzle with a depigmented 
inverted “V” are the main characteristics of Modenese 
cattle, also known as Bianca Val Padana (Bianca = White) 
that is the second name of this breed, which derives from 
its coat colour.

A few studies that investigated DNA markers in can-
didate genes and at the genome-wide level were carried 
out in both breeds, using relatively small sample sizes. 
Here, candidate gene markers were used in association 
studies with production traits in Reggiana sires (Fontanesi 
et  al.,  2015) and to compare the frequency of relevant 
alleles affecting milk production traits amongst breeds, 
which included Reggiana and Modenese cattle (Fontanesi 
et  al.,  2007; Scotti et  al.,  2010). Polymorphisms in three 
coat colour-affecting genes have been analysed in these 
breeds to identify markers useful to authenticate the breed 
origin of the mono-breed Parmigiano-Reggiano cheeses 
(Russo et  al.,  2007; Fontanesi et  al.,  2010; Fontanesi 
et  al.,  2010,2012). Here, the melanocortin 1 receptor 
(MC1R) allele caused by a frameshift mutation (allele e) 
has been indicated to determine the red coat colour in 
Reggiana cattle (Klungland et al., 1995; Russo et al., 2007). 
A genome-wide association study for exterior traits has 
been recently carried out in Reggiana (Bovo et al., 2021) 
and genome-wide analyses of signature of selection and 
population genomic parameters have been carried out in 
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F I G U R E  1   Pictures of Reggiana (a) 
and Modenese (b) sires [Colour figure can 
be viewed at wileyonlinelibrary.com]
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Reggiana against a few other cosmopolitan and local cat-
tle breeds (Bertolini et  al.,  2015,2018,2020; Mastrangelo, 
Ciani, et  al.,  2018; Mastrangelo et  al.,  2016). Modenese 
breed was analysed using single nucleotide polymorphism 
(SNP) information in a comparative analysis with Holstein 
and Maremmana breeds (Catillo et al., 2018). Genetic re-
lationships amongst Italian cattle breeds that included 
SNP chip data from few Reggiana and Modenese cattle in-
dicated that the two breeds are closely related compared to 
several other breeds (Mastrangelo, Sardina, et al., 2018).

Considering the limited information that is avail-
able in terms of genomic differences between these two 
geographically close breeds, in this study we genotyped 
almost half of the extant cattle populations of Reggiana 
and Modenese breeds. We then used genome-wide infor-
mation in comparative analyses to detect signatures of se-
lection that might be derived by the divergent directional 
selection and genetic drifts that have contributed to shape 
the genome structures of these two autochthonous cattle 
breeds.

2   |   MATERIALS AND METHODS

2.1  |  Ethic statement

Animal samples used in this study were collected follow-
ing the recommendation of directive 2010/632.1.

2.2  |  Animals and genotyping data

A total of 1435 cattle included in this study (Reggiana, 
n = 1109; Modenese, n = 326) were genotyped with the 
GeneSeek GGP Bovine 150k SNP chip following the 
manufacturer's protocol. PLINK software v. 1.9 (Chang 
et al., 2015) was used to filter genotyping data. Only mark-
ers with minor allele frequency (MAF) <0.01 across the 
two breeds, with a call rate >90% in each breed, mapped 
in unique positions in the autosomes of the ARS-UCD1.2 
cattle genome version were retained.

The Herd Book of the Reggiana breed (ANABORARE, 
2020) considers that the Reggiana cattle should have the 
homozygous recessive genotype e/e at the MC1R gene, 
which causes the red coat colour of the breed (Bovo 
et  al.,  2021; Klungland et  al.,  1995; Russo et  al.,  2007). 
For this reason, further filtering was applied, retaining for 
this study only Reggiana cattle with the e/e genotype that 
could be retrieved from the GeneSeek GGP Bovine 150 k 
SNP chip.

After filtering, the data set accounted for 1109 Reggiana 
samples (98 samples were excluded because they were 
heterozygous E/e at the MC1R gene and 2 samples did not 

pass the quality criteria for genotyping), 326 Modenese 
samples and a total of 128,574 markers.

2.3  |  Population genomic analyses

Observed and expected heterozygosity (HO and HE, re-
spectively) were calculated with PLINK v. 1.9 (Chang 
et  al.,  2015). Inbreeding coefficient of an individual (I) 
relative to the subpopulation (S) (FIS), fixation index 
(FST) and inbreeding coefficient of an individual (I) rela-
tive to the total (T) population (FIT) were calculated with 
VCFtools software (Danecek et al., 2011).

Linkage disequilibrium (LD) was measured using r2 
for all SNP pairs of each chromosome using PLINK v. 
1.9 (Chang et al., 2015) and within-breed LD decay was 
estimated using bins of 10  kb. Plots were generated in 
R v.3.5.1. (R Core Team, 2018) with the ggplot2 package 
(Wickam, 2016). Recent and historical effective popu-
lation size (Ne) were estimated using the SNeP software 
(Barbato et  al.,  2015), using the maximum distance be-
tween SNP to be analysed of 10 Mb and the binwidth of 
100 kb for the calculation of LD.

To perform population structure analyses, pruning of 
SNPs in high LD was carried out of PLINK 1.9 (Chang 
et al., 2015) with the--indep-pairwise command (options: 
window size of 50  kb, step size of 10 and r2 threshold 
of 0.1). A total of 14,131 SNPs was retained (average of 
487 ± 166 SNPs for each chromosome). Multidimensional 
scaling (MDS) analysis was performed using a matrix of 
genome-wide identity-by-state (IBS) pairwise distances as 
implemented in PLINK 1.9 (Chang et al., 2015).

Population stratification was evaluated with the 
ADMIXTURE v3.1 software (Alexander et  al.,  2009). 
Analyses were preformed considering the number of sub-
populations (K) that ranged from 1 to 39 and retaining the 
cross-validation error (CV) for each K.

2.4  |  FST analyses, gene annotation and 
haploblock analysis

The fixation index FST is a measure of population genetic 
differentiation. FST provides information on the genomic 
variation at a locus between populations relative to that 
within populations (Wright,  1951). FST is based on the 
measure of differences in allele frequencies between pop-
ulations, which capture loci that are differentially fixed 
as results of differential selection. High FST values indi-
cate local positive selection, which is a characteristic of 
genomic regions that have gone through differential selec-
tion, whereas low FST values suggest negative or neutral 
selection. Therefore, FST is particularly suitable to detect 
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signatures of selection between breeds as it is less affected 
by genetic drift than other methods proposed to detect 
signatures of selection across livestock breeds (e.g. Zhao 
et al., 2015).

Wright's FST for each SNP in the pairwise compari-
son between Reggiana and Modenese populations was 
calculated with PLINK 1.9 (Chang et al., 2015) using the 
method of Weir and Cockerham (1984). Overall averaged 
FST was calculated considering all SNPs in the pairwise 
comparisons.

Signatures of selection were determined using pair-
wise FST analyses using two approaches: (i) single-marker 
pairwise FST analysis and (ii) averaged genome window 
FST comparative analysis. The SNP with the top 0.0005% 
FST (99.95th percentile; top 64 SNPs) defined the threshold 
to detect signatures of selection. In the window-based ap-
proach, 4,987 windows of 1 Mb with a step of 500 kb, were 
tested by computing an average FST based of SNPs over-
lapping the window. A total of 9,953 windows of 500 kb 
with a step of 250 kb were also tested. Analyses, based on 
method of Weir and Cockerham (1984) were performed 
with VCFtools (Danecek et  al.,  2011). All windows that 
contained at least four SNPs were then retained. The top 
mean FST (mFST) 20 windows were considered in these 
analyses (99.6th and 99.8th percentiles for the 1-Mb and 
0.5-Mb window-based analyses, respectively).

Annotation of the genome regions including the SNPs 
and windows that trespassed the defined threshold was 
retrieved from the Bos taurus genome assembly version 
ARS-UCD1.2 and considering a region of ± 200 kb around 
the detected SNPs or considering the overlapping or par-
tially overlapping windows. Genes were retrieved using 
Ensembl Biomart tool (http://www.ensem​bl.org/bioma​
rt/martv​iew/) and then evaluated considering their func-
tional roles according to an extensive literature search.

Functional gene enrichment analysis of genes closed 
to the SNPs detected in the single-marker FST analysis 
was performed with Enrichr (Chen et  al.,  2013). Over-
representation analysis run over the Gene Ontology 
v.2021 (http://geneo​ntolo​gy.org), KEGG v.2021 (http://
www.kegg.jp/) and GWAS catalogue v.2019 (https://www.
ebi.ac.uk/gwas/) human libraries. Terms with an adjusted 

p-value <0.05 and at least two input genes were retained 
as statistically over-represented.

Haplotype block analysis of the MC1R and ASIP gene 
regions was performed using the software Haploview v. 
4.2 (Barret et al., 2005) using default options.

3   |   RESULTS

3.1  |  Population genomic parameters 
and structures of the two cattle breeds

Table 1 summarises some basic population genomic pa-
rameters calculated in the two cattle breeds. The average 
within-breed MAF was higher in the Reggiana (mean 
and standard deviation: 0.271  ±  0.147) breed than in 
the Modenese breed (0.257 ± 0.151). The MAF distribu-
tion (Figure  S1) confirmed the highest number of SNPs 
(n  =  8085) with the lowest MAF values (ranging from 
0.01 to 0.05) that was detected in the Modenese breed 
than in Reggiana (n  =  6,649). Within-breed HO and HE 
heterozygosity were lower in Modenese than in Reggiana 
(Table 1) reflecting the other SNP-based information re-
ported above.

Figure  2 reports the two-dimensional MDS-plots ob-
tained using genome information from the Reggiana and 
Modenese breeds. The two breeds are separated by the 
first three coordinates into two compact and distinguish-
able clouds.

The results of the ADMIXTURE analysis are showed in 
Figure 3. Despite a high number of K was considered, the 
minimum value of CV error was not detected. However, 
the higher decrease in K is observed with K = 2, and after 
that the K values remains quite constant (Figure 3a). The 
population stratification at K = 2 (Figure 3b) is consistent 
with the clusters detected by the MDS analysis. If a higher 
K is considered (e.g. K = 4; Figure 3c), a higher level of 
stratification of the Reggiana breed could be observed in 
contrast with the Modenese breed that tended to be more 
homogeneous.

Linkage disequilibrium was higher in the Modenese 
breed than in the Reggiana breed as it was evident from 

Breed
No. of 
animals

Average 
MAF1 HO

2 HE
3 FIS

4 FIT
5

Reggiana 1109 0.271 ( ± 0.147) 0.359 0.360 0.003 0.068

Modenese 326 0.257 ( ± 0.151) 0.354 0.349 −0.017 0.050
1Minor allele frequency and standard deviation in brackets.
2Observed heterozygosity.
3Expected heterozygosity.
4Inbreeding coefficient of an individual (I) relative to the subpopulation (S).
5Inbreeding coefficient of an individual (I) relative to the total (T) population.

T A B L E  1   Population genomic 
parameters calculated in the Reggiana and 
Modenese cattle breeds

http://www.ensembl.org/biomart/martview/
http://www.ensembl.org/biomart/martview/
http://geneontology.org
http://www.kegg.jp/
http://www.kegg.jp/
https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/
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the LD decay (Figure 4a) and the average LD calculated for 
all autosomes in the two breeds (Figure 4b and Table S1). 
This information reflected the lower Ne value obtained in 
the Modenese breed than in the Reggiana breed (120 vs. 
215, respectively) as also evidenced from its progressive 
decline plot over the past generations (Figure 4c). The sim-
ilar trend in LD values estimated for each chromosome in 
the two breeds, which confirmed the general higher LD 
values in the Modenese than in the Reggiana breed, also 
evidenced that the SNPs present in the chip might largely 
affect the LD structure in the two cattle breeds.

3.2  |  FST derived signatures of selection 
between the two breeds

The global averaged FST value across all SNPs obtained 
comparing Reggiana and Modenese was 0.066. Figure  5 
reports the Manhattan plots obtained in the single-
marker (a) and window-based (b and c) FST analyses 
that compared genomic information of the Reggiana and 
Modenese breeds.

Table  2 reports the top 20 markers with the highest 
FST values, which ranged from 0.977 to 0.637. The full 
set of markers (n = 64) trespassing the 99.95th percentile 
threshold is reported in Table S2. Table 3 includes the top 
20 0.5 Mb genome windows and Table S3 contains infor-
mation on the top 20 1  Mb genome windows identified 
using the two applied window-based analyses, respec-
tively. Averaged FST values in these windows ranged from 
0.344 to 0.222 in the top (99.8th percentile) 0.5-Mb genome 
windows and from 0.255 to 0.163 in the top (99.6th percen-
tile) 1-Mb genome windows. The drastic drop of FST val-
ues from the single-marker to the window-based analyses 
might indicate that the two breeds could be distinguished 
by a few highly separated loci that experienced a rapid 
decay of LD apart from informative short genome regions, 
diluting the FST values in the window-based approaches.

The 64 markers were distributed in 23 different au-
tosomes (Table S2). Some of them were also captured in 
the window-based analyses: eight markers encompass-
ing three chromosomes overlapped the top 0.5-Mb win-
dows and 15 markers encompassing five chromosomes 

overlapped the top 1-Mb windows (Table  S2). The top 
marker (FST = 0.977) was the frameshift mutation in the 
MC1R gene that causes the e allele at the Extension locus 
and that determines the classical red coat colour of the 
Reggiana cattle (Bovo et al., 2021; Klungland et al., 1995; 
Russo et  al.,  2007). This result was due to the fact that 
Reggiana cattle selected for this study were fixed for this 
recessive MC1R allele whereas Modenese cattle were al-
most fixed for an alternative allele (only one Modenese 
animal carried the e allele). This polymorphic site, lo-
cated on BTA18, was in the first top genome window of 
the 0.5 Mb analysis and in the third and fourth top sliding 
windows in the 1 Mb analysis. The haploblock structure 
of this region in Reggiana cattle indicated that a relatively 
low level of LD is present in the MC1R gene region in both 
Reggiana and Modenese breeds, with some LD blocks 
only upstream or downstream this gene (Figure S2).

The second top polymorphism in the single-marker 
analysis was localized on BTA7 about 9.6 kb from the pro-
tein phosphatase 2 catalytic subunit alpha (PPP2CA) gene 
(Table 2). Additional four markers in the same chromo-
some region (Table 2), that contributed to the second and 
fifth highest averaged FST values in the 0.5-Mb genome 
window analysis (Table  3), were within or close to the 
transcription factor 7 (TCF7) and voltage dependent anion 
channel 1 (VDAC1) genes.

Other three top 99.95th percentile markers, that were 
also contained in top genome windows considering both 
the 0.5-Mb and 1-Mb size, were located on BTA13 within 
or very close to the eukaryotic translation initiation fac-
tor 2 subunit beta (EIF2S2) and agouti signalling protein 
(ASIP) genes (Table  2 and Table  3; Table  S2). ASIP is 
the gene that determines the Agouti locus, which affects 
coat colour in many mammalian species (Searle, 1968). 
The LD structure of this region in Modenese cattle 
showed a haplotype block in the correspondence of the 
RALY heterogeneous nuclear ribonucleoprotein (RALY) 
and eukaryotic translation initiation factor 2 subunit 
beta (EIF2S2) genes, which are upstream the ASIP gene 
(Figure S3). The Reggiana breed had a main haploblock 
in the correspondence of the itchy E3 ubiquitin protein 
ligase (ITCH) gene, which is downstream the ASIP gene 
(Figure S3).

F I G U R E  2   Multidimensional scaling plots produced using genotyping information from each investigated cattle of the Reggiana 
(red dots) and Modenese (blue dots) breeds. Different components (C) are considered in the plots [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://www.wileyonlinelibrary.com
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Additional top SNPs on BTA5, BTA6 and BTA24 
were also included in top genome windows detected 
with the 0.5 and/or 1 Mb window-approaches. Markers 
on BTA5 were within or close to the myosin heavy 
chain 9 (MYH9) gene, SNPs on BTA6 were within 

the glutamate ionotropic receptor delta type subunit 2 
(GRID2) gene and the marker on BTA24 was in a desert 
region where the closest genes are cadherin 2 (CDH2) 
and cadherin related 23 (CDH23) (Table 3, Table S2 and 
Table S3).

F I G U R E  3   Results of the ADMIXTURE analysis. a) Cross validation (CV) error with K from 1 to 39. b) Plot distribution with K = 2. 
c) Plot distribution with K = 4. For the last two plots, putative subpopulations (therefore, 2 for K = 2 and 4 for K = 4) are labelled with a 
different colour [Colour figure can be viewed at wileyonlinelibrary.com]

http://www.wileyonlinelibrary.com
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Gene enrichment analysis returned significant results 
only for the Human GWAS catalogue. Amongst the 12 
over-represented phenotypes (Table S4), nine were related 
to pigmentation (e.g. skin colour, skin pigmentation, skin 
ageing, freckles and tanning processes) and involved the 
ASIP, ERBB4, EIF2S2 and MC1R genes. Melanogenesis 
was the most over-represented KEGG pathway (adjusted 
p-value = 0.14; ASIP, MC1R and TCF7 genes) whereas 
the regulation of tyrosine phosphorylation of STAT pro-
tein (GO:0,042,509; adjusted p-value = 0.15; ERBB4, GHR 
and PPP2CA genes) was the most over-represented GO 
Biological Process.

4   |   DISCUSSION

Reggiana and Modenese are considered two iconic 
breeds that are part of the history of the livestock pro-
duction sector of the North of Italy from which the 
well-known PDO Parmigiano-Reggiano cheese was 
originated. Genomic population parameters calculated 
for the two breeds are in agreement to those that usually 
describe the small population size of many autochtho-
nous breeds.

The geographical closeness of the two breeds (both 
were developed in close provinces of the North of Italy), 
as it could be expected, also resulted in a relatively high 
genetic closeness when Reggiana and Modenese were 
analysed together with many other Italian cattle breeds 
(Mastrangelo, Sardina, et al., 2018). Despite this closeness, 
Reggiana and Modenese cattle were clearly distinguished 
using genomic information obtained with the GeneSeek 
GGP Bovine 150k SNP chip. Admixture patterns and 
MDS-plots were able to separate all animals belonging to 
the two breeds. Genomic differences could be derived by 
the combined action of divergent artificial directional se-
lection and genetic drift followed by genetic isolation due 
to the use of different male and female genetic stocks. A 
pairwise comparison between these two breeds, shown in 
Figure 5, and the subsequent genetic investigation high-
lighted that the most relevant genomic differences may 
affect coat colour genes. Gene enrichment analysis con-
firmed that pigmentation and related traits explained the 
most relevant differences that emerged between these 
two breeds. This is of particular interest as these genomic 
differences might be eventually masked or under-rated if 
comparisons would have included more breeds in aver-
aged FST analyses, which are the commonly used meth-
odologies for these types of investigations (Munoz et al., 
2019; Bovo et al., 2020).

Both Reggiana and Modenese breeds originally derived 
from unspecialized triple purpose cattle (work-dairy-
beef); therefore, one of the main drivers that contributed 
to separate them and that represents the main character-
izing phenotype is their different coat colour. Solid red 
(Reggiana) and solid white with grey shades (Modenese) 
are the colours that define the standards of these two 
breeds. This phenotype is the most relevant descriptor 
used to admit animals in one or the other breed herd 
book. There is a story telling tradition that suggests that 
the selection for different coat colours in Reggiana and 
Modenese would derive from the ancient rivalry between 
the two close towns (i.e. Reggio Emilia and Modena) from 
which the two breeds took their names.

The most relevant signature of selection that differen-
tiated Reggiana and Modenese breeds was determined at 
the e allele of the MC1R gene, which causes the classical 

F I G U R E  4   Population genomic parameters represented in the 
Reggiana (red points and lines) and in Modenese (blue points and 
lines) breeds: (a) linkage disequilibrium (LD) decay over distance; 
(b) average LD calculated for all autosomes; (c) effective population 
size (Ne) over the past generations [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://www.wileyonlinelibrary.com
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red (fromentino) coat colour of the Reggiana cattle (Bovo 
et al., 2021; Klungland et al., 1995; Russo et al., 2007). The 
high FST value (almost equal to 1) reached by the caus-
ative mutation at the MC1R allele dropped in the window-
based analyses, as it was averaged across all SNPs included 
in 0.5 Mb or 1 Mb. The relatively low LD that is present in 
the MC1R gene region of BTA18 in the Reggiana indicated 
an ancient origin of the fixed e allele in this breed and 
that more haplotypes or haplotype blocks containing this 
causative mutation were present in Reggiana cattle. The 
strong selection pressure that fixed (or almost fixed) this 
Extension allele, therefore, did not result in an extended 
fixation of several other close SNPs on BTA18.

Instead, the genetic determinism of the white coat 
colour with some pale grey shades of the Modenese cat-
tle, has not been unravelled yet. This type of coat colour, 

also described in several other taurine breeds, have not 
been fully clarified in any other populations as well. 
Modenese breed is almost fixed for the wild type allele 
at the MC1R gene, as also reported in a previous study 
(Russo et  al.,  2007). According to the classical epistatic 
interaction between the Extension and Agouti loci, wild 
type alleles at the MC1R gene would give the possibility 
to express mutated alleles at the Agouti locus (Searle, 
1968). Therefore, it is quite remarkable that a strong FST 
signal between Reggiana and Modenese was detected in 
the ASIP gene region on BTA13. The signal was not as 
high as it was observed for the MC1R gene region even 
if it was confirmed using single-marker and the two 
window-based approaches. The relatively lower FST value 
of this region if compared to that of the MC1R gene region 
could be due to the lack of the causative mutation(s) in 

F I G U R E  5   Manhattan plots obtained 
in the single-marker (a) and window-
based FST analyses using windows of 
0.5 Mb (b) or windows of 1 Mb (c), in 
which the y axis reports the mean FST 
values (mFST). In the single-marker 
analysis, the top 20 markers have been 
annotated, including two markers within 
the top 64 list, which are close to genes 
(in blue) that have been also contained 
in windows detected with the window-
based approaches. The regions detected 
with the window-based approaches (b 
and c) are annotated with the genes close 
to SNPs reported in the single-marker 
analysis. The two main coat colour genes 
are indicated in red. A few genes in the 
ASIP region on BTA13 identified in the 
window-based analyses are annotated. 
The threshold lines are defined according 
to the percentiles reported in Materials 
and methods [Colour figure can be viewed 
at wileyonlinelibrary.com]

http://www.wileyonlinelibrary.com
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the SNP chip and/or to the masking effect of the mutated 
MC1R allele in Reggiana that would epistatically cover 
the mutated allele(s) at the ASIP gene. Mutated ASIP al-
leles could be also present in the Reggiana breed but at 
lower frequency than in Modenese breed, reducing in this 
way allele frequency differences between the two breeds 
and, in turn the FST values in this BTA13 region. The LD 
analysis in Reggiana and Modenese indicated high LD in 
different regions of the BTA13 that includes ASIP, sug-
gesting the presence of different haplotype structures in 
the two breeds, with different potential regulatory effects 
over ASIP that we could hypothesize (which should be, 
however, demonstrated).

Variability at the ASIP gene determined by copy num-
ber variations (CNVs), probably with regulatory effects 
on gene expression, has been already associated with the 
white coat colour in different sheep and goat breeds (Norris 
& Whan, 2008; Fontanesi et al., 2009,2011). Therefore, it 
would be possible to speculate that, in Modenese breed, 

CNVs or other regulatory mutations affecting ASIP gene 
could determine a similar phenotypic effect on coat colour 
as already observed in the other two ruminant species (i.e. 
sheep and goat). Recently, Trigo et al. (2021) reported that 
in Nellore cattle (Bos indicus), which are selected for white 
coat colour, a structural variant affecting the ASIP gene 
expression is associated with darker coat pigmentation on 
specific parts of the body. Few studies have investigated 
variability in the Bos taurus ASIP gene. Royo et al (2005) 
did not report any variability in the ASIP coding region of 
cattle from six Spanish and three French brown breeds. 
None of the ASIP polymorphisms reported in Korean cat-
tle were associated to any coat colours (Do et al., 2007). 
Girardot et al. (2006) reported in Normande cattle an in-
sertion in a regulatory region of the ASIP gene that was 
suggested to be implicated in the brindle coat colour pat-
tern of the breed. It will be important to characterize the 
ASIP gene in Modenese cattle, including all regulatory re-
gions and surrounding genes, to disentangle its expected 

Markers1 BTA2 Position3 FST Closest gene (bp)4

MC1R 18 14,705,645 0.977 MC1R (0)*

BovineHD0700013748 7 45,833,400 0.783 PPP2CA (9618)*

ARS-BFGL-NGS−114140 21 21,791,054 0.773 FURIN (0)

ARS-BFGL-NGS−28154 18 26,500,840 0.752 GOT2 (53,100)

BovineHD0600033381 6 112,511,216 0.736 LDB2 (357,854)

BovineHD1300018297 13 63,480,254 0.717 EIF2S2 (0), ASIP 
(182,542)*

BTA−78954-no-rs 7 45,800,275 0.705 TCF7 (0)*

ARS-BFGL-NGS−55059 4 5,545,419 0.702 IKZF1 (0)

ARS-BFGL-NGS−5595 7 45,766,695 0.694 TCF7 (2218)*

ARS-BFGL-NGS−73679 7 45,729,837 0.692 TCF7 (39,076)*

BTA−86548-no-rs 11 16,591,322 0.671 RASPGRP3 (476,598)

BovineHD2500007120 25 24,908,014 0.665 IL4R (0)

BovineHD2400015179 24 53,014,583 0.661 DCC (0)

BovineHD0600009128 6 31,158,986 0.652 GRID2 (0)*

BovineHD0600009122 6 31,135,482 0.647 GRID2 (0)*

ARS-BFGL-NGS−35081 14 46,102,133 0.647 SAMD12 (36,424), 
EXT1 (62,323)

BovineHD2100006752 21 22,531,247 0.645 SLC28A1 (0)

ARS-BFGL-NGS−20141 7 45,691,037 0.639 VDAC1 (0)*

BovineHD0500003920 5 12,981,358 0.638 TMTC2 (405,765)

ARS-BFGL-NGS−16203 3 99,840,480 0.637 RAD54L (0)

Note: The markers are ranked according to the FST value. All 99.95th percentile markers are reported in 
Table S2.
1Marker name in the GeneSeek GGP Bovine 150 k SNP chip.
2Bos taurus chromosome.
3Position of the marker in the ARS-UCD1.2 cattle genome version.
4Distance in bp of the marker with the indicated gene is reported within the bracket. When the marker 
overlaps the gene, a value equal to 0 bp is indicated. The star symbol indicates those genes that are also 
included in the top 0.5 and/or 1 Mb windows in the window-based FST analyses (see also Figure 5).

T A B L E  2   Top 20 markers identified 
in the single-marker FST analysis between 
the two breeds
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effect on coat colour that it could be possible to predict 
from the results of this study.

To further support the hypothesised role of the ASIP 
gene (or of close genes on BTA13) in determining the 
white coat colour of the Modenese cattle, no signatures 
of selection were determined in genomic regions harbour-
ing other genes affecting coat colour in cattle. This would 
exclude the involvement of other well-known genes deter-
mining white patterns, like the v-kit Hardy-Zuckerman 4 
feline sarcoma viral oncogene homolog (KIT) gene on BTA6 
and the microphthalmia-associated transcription factor 
(MITF) gene on BTA22 (Fontanesi, Scotti, et  al.,  2010; 

Fontanesi, Tazzoli, et  al.,  2010,2012), or genes diluting 
coat colours, like the premelanosome protein (PMEL) gene 
on BTA5, which was recently shown to dilute the coat co-
lour in Reggiana cattle (Bovo et al., 2021).

Other signatures of selection were evident from the 
FST comparative analyses between the two breeds. These 
signatures might be caused by genetic drift that would 
be subsequently due to the constrains generated by the 
use of sires and dams that could assure the requested 
coat colour phenotype needed to register the animals to 
their herd books. These genomic differences could con-
tribute to further differentiate these two breeds for some 

T A B L E  3   The top 20 0.5 Mb genome windows identified in the FST analysis between the two breeds

BTA1 Bin start2 Bin end3 No. of SNPs4 Average FST
5 Genes6

18 14,500,001 15,000,000 18 0.344 CPNE7, DPEP1, CHMP1A, CDK10, SPATA2L, VPS9D1, 
ZNF276, FANCA, SPIRE2, TCF25, MC1R, TUBB3, 
DEF8, DBNDD1, GAS8, U1, SHCBP1, VPS35

7 45,750,001 46,250,000 15 0.328 TCF7, SKP1, PPP2CA, CDKL3, UBE2B, CDKN2AIPNL, 
JADE2, SAR1B, U6, SEC24A, CAMLG

22 13,250,001 13,750,000 15 0.310 ENTPD3, RPL14, ZNF619, ZNF621, 7SK, U6

6 1 500,000 19 0.287 U6, APELA

7 45,500,001 46,000,000 19 0.286 C7H5orf15, VDAC1, TCF7, SKP1, PPP2CA, CDKL3, 
UBE2B, CDKN2AIPNL

18 14,250,001 14,750,000 17 0.281 CDH15, SLC22A31, ANKRD11, SPG7, RPL13, CPNE7, 
DPEP1, CHMP1A, CDK10, SPATA2L, VPS9D1, 
ZNF276, FANCA, SPIRE2, TCF25, MC1R, TUBB3, 
DEF8

16 42,250,001 42,750,000 10 0.276 UBIAD1, MTOR, ANGPTL7, EXOSC10, SRM, MASP2, 
TARDBP

8 93,250,001 93,750,000 21 0.259 SMC2

8 93,000,001 93,500,000 23 0.257 -

13 63,250,001 63,750,000 21 0.257 CHMP4B, PXMP4, E2F1, ZNF341, NECAB3, RALY, 
EIF2S2, ASIP, AHCY

16 44,250,001 44,750,000 6 0.256 U1, GPR157, CA6, ENO1, U6

11 2,750,001 3,250,000 28 0.249 CNNM4, CNNM3, ANKRD23, ANKRD39, SEMA4C, 
COX5B, ACTR1B

15 1 500,000 22 0.243 –

6 30,000,001 30,500,000 22 0.238 PDLIM5, 7SK, HPGDS, SMARCAD1

6 35,000,001 35,500,000 28 0.234 SNCA

18 15,500,001 16,000,000 22 0.227 NETO2, ITFG1, U6, PHKB

15 250,001 750,000 23 0.225 –

6 94,250,001 94,750,000 15 0.224 U6, ANTXR2

6 65,250,001 65,750,000 30 0.224 COX7B2, H4C14, GABRA4, GABRB1

16 44,000,001 44,500,000 13 0.222 SPSB1, H6PD, U1, GPR157, CA6

Note: The windows are ranked according to the average FST value.
1Bos taurus chromosome.
2Start position of the genome window in the ARS-UCD1.2 cattle genome version.
3End position of the genome window in the ARS-UCD1.2 cattle genome version.
4Number of SNPs included in the 0.5 Mb genome window.
5Average FST value based on SNPs included in the genome window.
6Genes annotated in the reported genome window (ARS-UCD1.2 cattle genome version).
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production performances or other phenotypic traits, 
but their effect should be demonstrated using other ap-
proaches. The use of other pairwise methods to detect 
signature of selection (e.g. Bertolini et al., 2020) could 
also identify additional genomic regions that might be 
involved in differentiating these breeds or that could 
provide more complete genomic pictures of the results 
of the genetic drift, bottleneck and admixture with other 
breeds or populations that have probably contributed to 
shape the current genetic pool of these two cattle au-
tochthonous breeds.

5   |   CONCLUSIONS

Population genomic analyses applied to compare the ge-
nome architecture of two closely related cattle genetic re-
sources (Reggiana and Modenese) allow the identification 
of hints that could explain their main phenotypic differ-
ences. Signatures of selection were evidenced in two ge-
nome regions encompassing major coat colour-affecting 
genes. One region on BTA18, including the MC1R gene, 
whose role in determining the red coat colour of Reggiana 
was already well established, could provide a proof of con-
cept for the general interpretation of the results obtained 
in a region of BTA13, which includes the ASIP gene. 
Whole genome resequencing of Reggiana and Modenese 
is currently planned. This will help to characterise vari-
ability in the ASIP gene and investigate their association 
with the white coat colour in Modenese breed. The identi-
fication of Modenese specific DNA markers could be use-
ful to develop methods to authenticate the origin of the 
milk and thus of the cheese declared to be derived from 
this breed.

This study demonstrates how population genomic ap-
proaches designed to take advantage from the diversity 
between local genetic resources could provide interesting 
information to explain exterior traits not yet completely 
investigated in cattle.
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