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Reggiana is an autochthonous cattle breed reared mainly in the province of Reggio Emilia, located in the North of Italy. Reggiana
cattle (originally a triple-purpose population largely diffused in the North of Italy) are characterised by a typical solid red coat colour.
About 2500 cows of this breed are currently registered to its herd book. Reggiana is now considered a dual-purpose breed even if it is
almost completely dedicated to the production of a mono-breed branded Protected Designation of Origin Parmigiano-Reggiano cheese,
which is the main driver of the sustainable conservation of this local genetic resource. In this study, we provided the first overview of
genomic footprints that characterise Reggiana and define the diversity of this local cattle breed. A total of 168 Reggiana sires (all bulls
born over 35 years for which semen was available) and other 3321 sires from 3 cosmopolitan breeds (Brown, Holstein and Simmental)
were genotyped with the Illumina BovineSNP50 panel. ADMIXTURE analysis suggested that Reggiana breed might have been
influenced, at least in part, by the other three breeds included in this study. Selection signatures in the Reggiana genome were
identified using three statistical approaches based on allele frequency differences among populations or on properties of haplotypes
segregating in the populations (fixation index (FST); integrated haplotype score; cross-population extended haplotype homozygosity).
We identified several regions under peculiar selection in the Reggiana breed, particularly on bovine chromosome (BTA) 6 in the KIT
gene region, that is known to be involved in coat colour pattern distribution, and within the region of the LAP3, NCAPG and LCORL
genes, that are associated with stature, conformation and carcass traits. Another already known region that includes the PLAG1 gene
(BTA14), associated with conformation traits, showed a selection signature in the Reggiana cattle. On BTA18, a signal of selection
included the MC1R gene that causes the red coat colour in cattle. Other selection sweeps were in regions, with high density of
quantitative trait loci for milk production traits (on BTA20) and in several other large regions that might have contributed to shape and
define the Reggiana genome (on BTA17 and BTA29). All these results, overall, indicate that the Reggiana genome might still contain
several signs of its multipurpose and non-specialised utilisation, as already described for other local cattle populations, in addition to
footprints derived by its ancestral origin and by its adaptation to the specialised Parmigiano-Reggiano cheese production system.
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Implications

Reggiana cattle breed, once a multipurpose autochthonous
breed, is now used to produce a mono-breed branded
Parmigiano-Reggiano cheese, which is the main driver of
the sustainable conservation of this local genetic resource.
This study identified selection signatures in the Reggiana
genome that provided information for both almost fixed
breed-specific traits (e.g. coat colours) and several other

more diluted signs of its re-adaptation and more recent pro-
duction shifts. It was evident that this breed still contains
signs of its multipurpose and non-specialised past utilisation
suggesting the need to better define a tailored selection strat-
egy for its current main use.

Introduction

Selection signature analyses based on single-nucleotide poly-
morphism (SNP) chip data have been carried out in cattle to† E-mail: luca.fontanesi@unibo.it
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identify loci under natural or artificial selection and peculiar
genetic features that might be useful to describe breed-
specific characteristics (e.g. Flori et al., 2009; Zhao et al.,
2015). The statistical approaches that were used for these
studies are based either on the evaluation of allele frequency
differences among populations or on properties of haplo-
types segregating in the populations. The fixation index
FST (Wright, 1951) is one of the most used allele frequency
difference approaches that quantifies population differentia-
tion. FST provides an estimate of the amount of genetic vari-
ability that exists between populations relative to that within
populations. This statistic assumes that different selective
forces acting on different populations may favour divergent
alleles. Therefore, allele frequency differences between pop-
ulations may be more extreme in the chromosome regions in
which these variants are located. Among the most frequently
applied haplotype-based approaches, the integrated haplo-
type score (iHS) (Voight et al., 2006) is an improvement
of the extended haplotype homozygosity (EHH) method
and compares EHH between derived and ancestral alleles
within a population. The cross-population extended haplo-
type homozygosity (XP-EHH; Sabeti et al., 2007) is based
on both EHH and iHS but it is not calculated within popula-
tions but between populations and does not need to define
ancestral and derived alleles as requested by iHS. According
to their assumptions, these tests could be complementary to
identify selection signatures (Gautier and Naves, 2011).

Reggiana is an autochthonous cattle breed reared mainly
in the province of Reggio Emilia, located in the Emilia
Romagna region, in the North of Italy. This breed is charac-
terised by a typical red coat colour (referred as ‘fromentino’).
Tradition dates back the origin of the Reggiana ancestral
population in the Barbaric invasion period after the fall of
the Roman Empire (6th century). Historical records of the
12th century indicate that a red cattle population was used
by the monks to produce in the same region a typical cheese
from which subsequently originated the Parmigiano-
Reggiano cheese, now a renowned and well-known world-
wide Protected Designation of Origin dairy product. At that
time, this population was not a specialised dairy cattle as it
served for work and meat production as well.

Reggiana remained one of the most numerous cattle pop-
ulations in the North of Italy till the mid of the 20th century
(139 695 heads were recorded in 1954; Associazione
Nazionale Allevatori Bovini di Razza Reggiana (ANABORARE),
2019). This number decreased progressively in the following
decades due to the substitution of the Reggiana cattle with
more specialised and productive Holstein cattle, and in the
1980s this local breed reached the minimum number of
about 500 cows. Mean milk yield of Reggiana cows is about
30% lower than that of Holstein cows (Gandini et al., 2007).
Then a conservation programme, linked to a new brand of
Parmigiano-Reggiano cheese made only of Reggiana milk,
started in the 1990s. The economic advantage derived by
selling this mono-breed cheese made it possible to fill the
production gap in terms of economic income that the
Reggiana farmers had compared to the farmers who raised

more productive breeds. This branded Parmigiano-
Reggiano cheese reverted the decreasing trend of the
Reggiana population reaching, at present, the number of
about 2500 cows reared in about 180 different farms.

A selection programme in Reggiana started in 1956 with
the constitution of the National Association of Reggiana
Cattle Breeders (ANABORARE), which officially could be con-
sidered the recognition of the Reggiana breed. The pro-
gramme was organised in a modern way in the 1996 with
the re-definition of the herd book of the breed which
designed a breeding strategy aimed to reduce inbreeding.
In addition, according to the use of the milk produced by
Reggiana cows, a specific estimated breeding value for
cheese making objectives (Parmigiano-Reggiano yield genetic
index) has been implemented to improve both milk yield and
milk quality for this production (including fat percentage
and protein percentage, with a preference on casein variants
positively associated with rennet coagulation properties;
ANABORARE, 2019).

So far, few investigations were carried out in this breed to
describe its genetic variability. After the pioneering studies of
Mariani and Russo (1971) who evaluated the frequency dis-
tribution of k-casein protein variants, Caroli et al. (2004) ana-
lysed polymorphisms in three caseins and in β-lactoglobulin
by isoelectrofocusing on milk. Then, 20 DNA markers were
analysed in candidate genes to obtain information on their
allele distribution and to identify polymorphisms associated
with milk production and composition traits in Reggiana sires
(Fontanesi et al., 2015). Polymorphisms in coat colour genes
were then investigated to identify markers useful for the
authentication of Reggiana branded Parmigiano-Reggiano
cheese (Russo et al., 2007) and to study the genetic mecha-
nisms differentiating solid coloured (i.e. Reggiana) from spot-
ted patterns in cattle breeds (Fontanesi et al., 2010b and
2012). Bertolini et al. (2015 and 2018) used SNP array data
obtained from Reggiana and several other cattle breeds to
identify population informative markers. Mastrangelo et al.
(2016, 2018a and 2018b) used SNP chip data obtained
in Reggiana cattle for a comparative analysis of genomic
inbreeding parameters, runs of homozygosity (ROH)
islands and population structure with other Italian local
and commercial cattle breeds. The genetic structure of this
breed reflects the small size of its population, with a con-
temporary effective population size of about 100 and a
proportion of its autosomal genome covered by ROH of
about 5%, similar to that of other local breeds of the
North of Italy. The breed also clustered with several other
cattle breeds of the North of Italy suggesting a general geo-
graphical influence of its genetic background (Mastrangelo
et al., 2018a).

In this study, we used Illumina SNP chip data and several
statistical approaches based on allele frequency differences
among populations and on properties of haplotypes segre-
gating in the populations (FST, iHS and XP-EHH) to identify
selection signatures in the Reggiana cattle genome that
may distinguish this autochthonous breed from three cos-
mopolitan breeds (Holstein, Brown and Simmental) and
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that might be indirectly derived by its ancestral origin and by
its specialised use in the Parmigiano-Reggiano cheese pro-
duction system.

Material and methods

Animals and genotyping data
A total of 3489 bulls of 4 cattle breeds (Reggiana, n= 168;
Holstein, n= 2093; Brown, n= 749; and Simmental, n= 479)
were genotyped with the Illumina BovineSNP50 v1 or v2
BeadChip arrays (Illumina, San Diego, CA, USA). Reggiana bulls
were all sires born from 1975 to 2010 for which it was possible
to obtain frozen semen in 2014. Considering that, on average,
about 6 to 8 sires where available/approved per year over these
35 years, the analysed Reggiana bulls constituted about 70%
of all bulls that were used for artificial insemination over this
period in this autochthonous breed. The different numbers of
analysed sires for the four breeds reflect the dimension of
their respective populations.

Single-nucleotide polymorphisms were used with their
coordinate position on the latest assembly of the bovine
genome (ARS-UCD1.2; GCA_002263795.2). Basic SNP statis-
tics were computed with PLINK software version 1.9 (Chang
et al., 2015). Only common SNPs across the two array ver-
sions and with a call rate ≥90% in each breed were retained
for further analyses. All monomorphic SNPs across the data-
set were removed. After filtering, all cattle had individual call
rate of >0.90 and no animal was therefore discarded. The
dataset was imputed using Beagle 3.3.2 (Browning and
Browning, 2009) and phased for the haplotype-based analy-
ses using fastPHASE (Scheet and Stephens, 2006) using
default parameters. Imputation and phasing were carried
out breed by breed.

Population structure analyses
Multidimensional scaling (MDS) plots were obtained with
the cluster function of PLINK software version 1.9 (Chang
et al., 2015). Population stratification analysis was also per-
formed with the ADMIXTURE software (Alexander et al.,
2009), with number of subpopulations (K) ranging from
1 to 29. As ADMIXTURE does not take linkage disequilibrium
into consideration, and to reduce the computational time, the
number of markers was reduced according to the observed
sample correlation coefficient using the –indep-pairwise
option of PLINK (Chang et al., 2015).

Selection signature analyses
Detection of selection signatures in the Reggiana cattle
genome was based either on the evaluation of allele fre-
quency differences among populations and on properties
of haplotypes segregating in the populations. The applied
methods included within-population (iHS) and between-pop-
ulation (FST and XP-EHH) tests. Between-population tests
were applied to identify potential sweeps that occurred in
the Reggiana breed compared to the other three cosmopoli-
tan breeds (Holstein, Brown and Simmental), which

constitute the most numerous cattle populations in the
North of Italy. The threshold selected for all these analyses
was settled as the 99.5th percentile of the empirical
distribution.

Integrated haplotype score. This statistic is applied to indi-
vidual SNPs and was calculated following the procedures
defined by Voight et al. (2006) and Sabeti et al. (2007).
Information on the ancestral and derived alleles on all bovine
SNPs was obtained from Rocha et al. (2014). The rehh R pack-
age v 2.0.4” (Gautier et al., 2017) was used to calculate |iHS|
for each autosomal SNP. Large positive or negative iHS values
indicate unusually long haplotypes carrying the ancestral or
derived alleles, respectively.

Fixation index. Three pairwise FST analyses were per-
formed comparing each time the Reggiana breed with
one of the other cosmopolitan breeds included in this
study. Wright’s FST for each SNP was calculated with
PLINK 1.9 (Chang et al., 2015). Average FST (mFST) was cal-
culated in overlapping windows of 1 Mb with a step of
500 kb using an in-house script. All windows that con-
tained at least four SNPs were then considered. Overall
averaged FST was also calculated considering all SNPs in
the pairwise comparisons.

Cross-population extended haplotype homozygosity. Three
pairwise XP-EHH analyses were run. The XP-EHH scores were
calculated using the rehh R package v 2.0.4 with default
parameters (Gautier et al., 2017) to detect alleles with
increased frequency to the point of fixation or near-fixation
in Reggiana compared to other analysed breed. In these pair-
wise analyses, the Reggiana breed was considered as the
reference population. Therefore, only the extreme negative
XP-EHH scores identified SNPs under selection in Reggiana
but not in the other breeds. As XP‐EHH searches for unusually
long haplotypes, at least three consecutive SNPs should be
above the threshold, rendering this analysis conservative.
The threshold was determined using the log(P-value).

Annotation of candidate genome regions
Genes that were within the genome windows or haplotype
regions identified as described above or that were ±500 kbp
from iHS signals were retrieved from the Bos taurus taurus
genome assembly ARS-UCD1.2 (https://www.ncbi.nlm.nih.
gov/assembly/GCF_002263795.1/) using the National Center
of Biotechnology Information Bos taurus Annotation Release
106 (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/
Bos_taurus/106/). Identification of potential candidate genes
for selection was obtained by comparing our results with
those in the literature.

Gene enrichment analysis was performed with Enrichr
(Chen et al., 2013), via Fisher’s exact test. Analyses run over
the Gene Ontology – Biological Process (GO:BP; http://
geneontology.org/), Kyoto Encyclopedia of Genes and
Genomes (KEGG, http://www.kegg.jp/) and Reactome
(https://reactome.org/) databases. As input, Enrichr took
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the whole set of genes (n= 52) mapped within the genome
regions identified by more than one method. We considered
statistically enriched terms presenting: (i) at least two genes
of the input set related to (at least) two different genome
regions and (ii) an adjusted P-value < 0.05.

Results

Population descriptors
Supplementary Table S1 presents a descriptive summary of
the genotyping data of the Reggiana and cosmopolitan cattle
breeds. Reggiana cattle had intermediate values for both
average minor allele frequency (MAF) and heterozygosity
(Het), compared to all other breeds (MAF= 0.253 ± 0.145
and Het = 0.340 ± 0.153). Brown breed had the lowest
values for these two measures (MAF = 0.232 ± 0.152
and Het = 0.313 ± 0.168) among the four analysed cattle
breeds. Average Het distributed over all chromosomes in
the four investigated breeds is reported in Supplementary
Figure S1. No differences among chromosomes and breeds
could be observed.

Figure 1 reports two-dimensional MDS plots obtained
using the SNP chip data of the four investigated breeds.
All breeds were clearly separated by the first three coordi-
nates (C). Reggiana sires were closer to the Brown and
Simmental clouds than to the Holstein group.

The ADMIXTURE analysis plots are shown in Supplementary
Figure S2. By inspecting the plot obtained with K = 5, a
well-defined pattern could not be observed, suggesting
that Reggiana breed can be considered a distinct genetic
resource, compared to the other three breeds included in this
study, and matching the MDS plot results. However, the plot
obtained with K= 3 showed that Reggiana might be influ-
enced by all three cosmopolitan breeds with a larger impact
from the Simmental breed than from Brown or Holstein
breeds.

Integrated haplotype score signatures in the Reggiana
genome
The genome-wide distribution of |iHS| values in the Reggiana
breed is shown in Figure 2. A total of 169 SNPs distributed
over 18 out of 29 autosomes marked selection sweep regions

Figure 1 (colour online) Multidimensional scaling (MDS) plots of the four investigated cattle breeds obtained with the single-nucleotide polymorphism
chip data. The plot on the left shows the distribution of the first (C1) and the second (C2) coordinates. The plot on the right shows the distribution of
the first (C1) and the third (C3) coordinates.

Figure 2 (colour online) Plot of the integrated haplotype score (iHS) analysis on the Reggiana breed. The |iHS| value corresponding to the bottom of the 99.5th
percentile distribution was= 2.754 and is indicated with the red line in the Manhattan plot. The x-axis indicates the chromosome, the y-axis the |iHS| value.
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in the Reggiana genome (Supplementary Table S2). BTA17
and BTA29 were the chromosomes harboring the largest
number of these SNPs (44 and 60, respectively; which
included three and four regions of contiguous SNPs, respec-
tively), followed by BTA2 and BTA3 (14 SNPs each). Among
the top 10 |iHS| markers, 6 are located on BTA29, 2 on BTA2,
1 on BTA6 and 1 on BTA17 (Table 1). Some of these SNPs
are within or close to genes already shown to be included in
selection signature regions in the cattle genome (TENM4
and KIRREL3; Bertolini et al., 2018) or involved in key
metabolic functions (e.g. INSIG2 and ETNPP ). Details and
annotations for all 169 |iHS| markers are reported in
Supplementary Table S2.

Fixation index signals in the Reggiana v. cosmopolitan
breed comparisons
Average FST values including all tested SNPs in the three
between-breeds comparisons, that is Reggiana v. Brown,
Reggiana v. Holstein and Reggiana v. Simmental, were
0.0938, 0.0972 and 0.0533, respectively. Figure 3 reports
the Manhattan plots of the window-based pairwise genome-
wide FST analyses of the Reggiana breed against all other
breeds. It is worth mentioning that, as the pairwise FST analyses
cannot distinguish the direction of the signals, we regarded the
identified signals obtained with this test as derived by regions
that can differentiate the compared breeds. FST signalswere iden-
tified on 19 autosomes (Supplementary Table S3). The highest
total number of 1Mbp outlier regions (considering all three com-
parisons; partially or completely overlapping or independent)
was observed on BTA6 (n= 21) and BTA5 (n= 10).

On BTA6, 11, 1 and 9 regions were identified against the
Brown, Holstein and Simmental breeds, respectively. Among
them, two partially overlapping windows indicated a region
(from positions 69.0 to 70.5 Mbp) that was in common in the
Brown and Simmental comparisons. This BTA6 region con-
tains the KIT gene that is well known to be involved in coat
colour pattern distribution (e.g. Fontanesi et al., 2010b).

In the Reggiana v. Brown comparison, the genomic win-
dows with the highest mean FST (mFST) values were on
BTA11, from 67.5 to 69.0 Mbp (two partially overlapping

regions, mFST= 0.47 and 0.43, respectively), and on BTA6,
from 69.5 to 70.5 Mbp (mFST= 0.39) and from 78.0 to
79.0 Mbp (mFST= 0.38). The BTA11 region corresponds to
one of the most extended signatures reported by Rothammer
et al. (2013) in a Swiss dual-purpose (dairy-beef) cattle breed
(i.e. Original Braunvieh) and includes a few genes affecting
meat and carcass traits (CAPN14 and PCBP1). The first BTA6
region overlaps or is contiguous with other four windows
with mFST above the threshold. As already mentioned, the
KIT gene is contained in this large window, whereas in the
second region, no gene is annotated.

The chromosome regions having the highest mFST values
against the Holstein breed were located on BTA14 (positions
22.5 to 23.5Mbp) and on BTA20 (positions 43.5 to 45.0Mbp, in
which no genes are annotated), with mFST= 0.49 and 0.48,
respectively. The BTA14 region (which was also detected
in the Simmental comparison) contains the PLAG1 gene
(23.33 to 23.38 Mbp) that has been already shown to deter-
mine pleiotropic quantitative trait loci (QTL) affecting BW,
stature, reproduction traits and milk production in several
cattle populations (e.g. Utsunomiya et al., 2017). Another
region was identified on BTA4 (76.0 to 77.0 Mbp,
mFST= 0.42) and contains SNPs that have been already
reported to differentiate cattle breeds, including Reggiana
v. Holstein, using a random forest classification method
(Bertolini et al., 2015). The signal on BTA6 (windows from
37.0 to 38.0 Mbp) against the Holstein breed contains
other genes (LAP3, NCAPG and LCORL) already associated
with conformation and carcass traits, stature of the ani-
mals and calving easy (e.g. Takasuga, 2016). A signal
was also observed on BTA18 with two overlapping regions
(13.5 to 14.5 Mbp and 14.0 to 15.0 Mbp, mFst = 0.35 and
0.32, respectively) that include the MC1R gene, determin-
ing different coat colours in cattle. Two overlapping
regions on BTA26 (22.0 to 23.0 and 21.5 to 22.5 Mbp,
mFST = 0.43 and 0.41, respectively) were also identified.
This chromosome portion include genes (PAX2, FGF8,
KCNIP2, BTRC, HPS6, ELOVL3 and MGEA5) already sug-
gested to be involved in several processes determining
coat colour and QTLs for meat and carcass traits, milk

Table 1 List of the top 10 integrated haplotype score measures |iHS| for the single-nucleotide polymorphism (SNP) markers and their closest genes,
with information on the Bos taurus chromosome (BTA) position

SNP BTA Position |iHS| Closest genes on both SNP sides Distance (bp)1

ARS-BFGL-NGS-39422 29 16996267 3.868 TENM4 0
BTB-01391891 2 54536305 3.833 KYNU – HIGD1A 647 722 – 443 471
Hapmap40017-BTA-65421 29 31971753 3.697 ETS1 – FLI1 21 920 – 212 503
ARS-BFGL-NGS-39172 29 36048959 3.679 TMEM45B 0
ARS-BFGL-NGS-52511 29 30103989 3.638 KIRREL3 – ENSBTAG00000050013 222 182 – 448 314
Hapmap49404-BTA-100549 2 70190436 3.637 INSIG2 – ENSBTAG00000050695 403 503 – 138 266
ARS-BFGL-NGS-9657 17 46895925 3.561 PIWIL1 – FZD10 133 818 – 36 824
BTB-00247622 6 16367079 3.532 ENSBTAG00000049691 – ETNPPL 451 494 – 186 958
ARS-BFGL-NGS-18412 29 28560818 3.516 TMEM218 – PKNOX2 11 801 – 249 050
Hapmap58618-rs29012371 29 32801728 3.502 ENSBTAG00000055310 – JAM3 87 554 – 192 247

A complete list is reported in Supplementary Table S2.
1Zero indicates that the SNP is within the reported gene. Two distances are reported when the SNP is between the indicated genes.

Selection signatures in the Reggiana cattle genome

925

https://doi.org/10.1017/S1751731119003318
https://doi.org/10.1017/S1751731119003318
https://doi.org/10.1017/S1751731119003318
https://doi.org/10.1017/S1751731119003318


production traits and heat tolerance (e.g. Macciotta et al.,
2017; Hu et al., 2019).

The highest mFST values (0.33 and 0.31) in the Reggiana v.
Simmental comparison were again on BTA6 for the common
KIT region (four partially overlapping regions spanning from

69.0 to 71.5 Mbp). Other mFST signals in the Simmental breed
comparison were also observed on BTA7 (three regions, two of
which partially overlapping), on BTA11 (three windows), on
BTA16 (one region), on the same BTA18 region reported for
the Holstein breed and on two overlapping windows of BTA29.

Figure 3 (colour online) Manhattan plots showing the results of the mean fixation index FST (mFST) analyses against the Brown (a), Holstein (b) and Simmental
(c) breeds. The x-axis indicates the chromosome, the y-axis the mFST value. The red line in each plot represents the bottom of the 99.5th percentile distribution
that is equal to 0.287, 0.279 and 0.154 for the comparisons against the Brown, Holstein and Simmental breeds, respectively.

Bertolini, Schiavo, Bovo, Sardina, Mastrangelo, Dall’Olio, Portolano and Fontanesi

926



Cross-population extended haplotype homozygosity
signatures in the Reggiana genome
Results of the pairwise genome-wide XP-EHH analyses between
the Reggiana breed and all other three cosmopolitan breeds are
shown in the Manhattan plots included in Figure 4. Signals of
selection were reported on 12 out of 29 autosomes but only for

9 of these chromosomes (BTA2, BTA5, BTA6, BTA7, BTA10,
BTA13, BTA17, BTA20 and BTA29) at least 3 consecutive
SNPs were identified. Of these signals, negative XP-EHH values
(indicating a selection on the Reggiana breed genome) were
identified on the following chromosomes on the three compar-
isons (see Supplementary Table S4 for details):

Figure 4 (colour online) Cross-population extended haplotype homozygosity (XP-EHH) analyses for Brown (a), Holstein (b) and Simmental (c) against the
Reggiana. The x-axis indicates the chromosome, the y-axis the negative logarithm to base 10 of the P-value. For each figure, the red line represents the bottom
of the 99.5th percentile distribution.
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(i) against the Brown breed, on BTA5 (three close regions separated
by less than 1 Mbp), BTA6 (nine regions divided in five blocks sep-
arated by more than 1 Mbp) and BTA13 (two regions separated by
more than 1 Mbp), for a total of about 5.9 Mbp;

(ii) against the Holstein breed, on BTA10 (one region) and BTA20
(nine regions divided in six blocks separated by more than
1 Mbp), for a total of about 3.4 Mbp;

(iii) against the Simmental breed, on BTA5 (four regions divided in two
main blocks separated by more than 1Mbp), BTA6 (one region) and
BTA7 (three close regions, separated by less than 1Mbp), for a total
of about 4.0 Mbp.

The signals of selection on BTA5 identified against the
Brown and the Simmental breeds (located in QTL regions
for feed efficiency and selection signature reported in other
studies) did not overlap. BTA6, summing up what observed in
the different comparisons, again, showed the largest number
of selection signature regions (n= 10). This chromosome
contained the region with the highest XP-EPP log value of
this study (7.608, against the Simmental breed; positions
from about 68.3 to 71.4Mbp), which encompasses the KIT gene.
The BTA20 region detected in the Reggiana v. Holstein analy-
sis contained several signals of selection in regions that have
a high density of QTL for several milk production traits
(Hu et al., 2019).

Comparative analysis of selection signatures
The diagram of Figure 5 visualises the distribution of selec-
tion signatures obtained with the three used approaches (i.e.
iHS, FST and XP-EHH) across all chromosomes. Only a small
proportion of all signals overlapped among these tests. In
all cases, overlapping signatures derived only by two tests.
A total of 13 regions on 6 chromosomes (BTA6, BTA7,
BTA13, BA17, BTA26 and BTA29) were identified by more
than one method (Table 2). BTA6 contained the largest num-
ber of overlapping regions (n= 6), followed by BTA13 and
BTA26, with two regions each. Seven regions were detected
by both FST and XP-EHH tests. Three of all these overlapping
regions were congruent, that means that the pairwise results
were obtained against the same breed, whereas in four cases
the pairwise tests identified overlapping regions derived by
the comparison of different breeds. It is, however, worth
to mention that in the first part of the overlapping regions
of BTA6 (from about 68.3 to 70.7 Mbp; Table 2), the signals
observed for the Brown (FST test) and Simmental (XP-EHH)
seems parts of a broader region actually captured by both
methods on each breed, as deduced from Figures 3 and 4,
Supplementary Tables S3 and S4. Annotation of these regions
identified several candidate genes already reported by other
studies to be included in selection sweeps or to be associated
with several production traits in cattle (e.g. Hu et al., 2019),
as also mentioned above for the description of the single
methods (Table 2).

Functional analysis was carried out with Enrichr among all
genes (n= 52) mapped in the genomic regions detected
with at least two different approaches. This analysis over-
represented a total of six functional terms when run over

the BP branch of the GO hierarchy (Supplementary Table S5).
These terms outline different processes involving the
androgen metabolic process (putatively linked to fertility)
and melanocyte differentiation (linked to coat colour).
Other processes were related to the vesicle-mediated
transport, the regulation of kinase activity and the regu-
lation of transcription factor activity. Analyses over the
KEGG and Reactome databases did not highlight any over-
represented pathway.

Figure 5 (colour online) Genomic footprint map reported on Bos taurus
chromosomes (BTA) of the Reggiana breed, including selection signatures
obtained with the three used approaches. iHS= integrated haplotype
score; FST= fixation index; XP-EHH = cross-population extended haplotype
homozygosity).
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Discussion

Reggiana breed is a small cattle population that can be consid-
ered a unique example of conservation of an animal genetic
resource in an advanced agricultural production system, repre-
sented by the specialised dairy sector of the North of Italy.
Reggiana cattle are, at present, almost completely dedicated
to the production of Parmigiano-Reggiano cheese. The past
unspecialised purpose of this cattle population (Reggiana
was a triple-purpose breed, dairy-beef-work, till the 1960s;
ANABORARE, 2019) has been redefined after the constitution
of its first herd book. However, signs of its undifferentiated pur-
poses could be left behind in the genome of these animals.
Then, this red breed passed through a recent genetic bottleneck
that may have further contributed to shape its current genetic
make-up. Oral traditions and historical records indicate that a
few genetic introgressionsmight have occurred in the past from
Brown, Simmental and Danish Red (ANABORARE, 2019).
ADMIXTURE analysis and MDS plots, however, indicate that
this breed could be considered a distinct genetic pool, com-
pared to the most important cattle breeds that constitute
the backbone of the North of Italy dairy industry. Reggiana
breed is however clearly closer to Simmental cattle, a dual-
purpose breed. Genetic variability of Reggiana population is
similar to that of the other analysed cosmopolitan breeds
(Supplementary Table S1) and its estimated effective popula-
tion size is larger or very close to that of the Holstein and
Brown breeds, as previously determined (Marras et al.,
2015; Mastrangelo et al., 2016 and 2018a).

In this study, we wanted to identify the unique genetic
patterns that characterise the Reggiana breed genome,

compared to that of the three most diffused cosmopolitan
breeds in the same geographic area. Therefore, we geno-
typed with the Illumina BovineSNP50 panel all Reggiana sires
for which we could get semen samples. The sires were born
over a period of about 35 years and constitute the most
active bulls that have been used since the recovery of the
breed that started in the 1980s. Selection signatures were
detected using three methods (i.e. iHS, FST and XP-EHH tests)
which can potentially capture different selection sweep
events or structures (González-Rodríguez et al., 2016).
Considering the complementarity of the applied methods,
as expected, a small proportion of signals overlapped
between these tests. It is also clear that the signals deter-
mined by the mFST tests cannot completely be assigned to
an effect originated from the Reggiana breed only.
Extreme mFST values might be also derived by forces acting
on opposite direction on the compared cosmopolitan breed,
thus this test could contain, in part, signatures not only
present in the Reggiana genome. Therefore, a combination
of signals derived by other methods was also used for the
general interpretation of the results, particularly when FST
signals were involved.

A strong selection signal, detected with both pairwise
approaches, was identified in the KIT gene region (well
known to affect coat colour patterns, e.g. Fontanesi et al.,
2010b), in the comparisons against the Simmental and
Brown breeds. The signal in this region against the
Holstein was just below the applied threshold. This is in
agreement to what we already reported by comparing a
few KIT haplotypes in several cattle breeds having different

Table 2 Selection sweeps identified by more than one test in the Reggiana chromosomes (BTA) and annotated genes in these regions

Tests1 BTA (Start–End)2 Annotated genes

FST (Brown); XP-EHH (Simmental) 6 (68331252–70500000) RF00568, GSX2, RF00026, RF00026, USP46, RASL11B, CHIC2,
KIT, SCFD2, FIP1L1, LNX1, PDGFRA

FST (Brown); XP-EHH (Brown) 6 (70431058–70500000) –

FST (Simmental); XP-EHH (Simmental) 6 (68331252–71428675) RF00568, GSX2, RF00026, USP46, RASL11B, CHIC2, KIT, KDR,
SRD5A3, TMEM165, PDCL2, EXOC1L, CEP135, SCFD2, FIP1L1,
LNX1, PDGFRA, CLOCK, NMU, EXOC1

FST (Simmental); XP-EHH (Brown) 6 (70431058–70716954) RF00026, KDR
FST (Simmental); XP-EHH (Brown) 6 (91500000–91800062) SOWAHB, SEPT11, SHROOM3
FST (Simmental); XP-EHH (Brown) 6 (92383295–92430962) CNOT6L
FST (Simmental); XP-EHH (Simmental) 7 (43047351–43105247) C2CD4C, MIER2, THEG
XP-EHH (Holstein); iHS 13 (44978611–45082428) PITRM1
XP-EHH (Holstein); iHS 13 (45936412–46049129) ADARB2
FST (Holstein); iHS 17 (18961407–19000000) –

FST (Holstein); iHS 26 (21500000–21534491) –

FST (Holstein); iHS 26 (22661478–23500000) HPS6, RF00099, PITX3, NFKB2, FBXL15, TRIM8, CYP17A1,
CYP17A1, LDB1, NOLC1, ELOVL3, PSD, CUEDC2, MFSD13A,
ACTR1A, ARL3, WBP1L, CYP17A1, ARMH3, PPRC1, GBF1,
SUFU, SFXN2

FST (Brown); iHS 29 (27381130–27500000) –

1Selection signature detection methods are reported, including the breed used in the fixation index (FST) or cross-population extended haplotype homozygosity (XP-EHH)
comparisons.
2Chromosome positions are given in bp on the cattle reference genome for that chromosome (BTA). Regions are identified by combining positions of selection signatures
derived by the different approaches. Integrated haplotype score (iHS) signal borders were defined as ±500 kb from the detected single-nucleotide polymorphisms.
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coat colours and patterns (including Reggiana and the other
three cosmopolitan breeds included in this study; Fontanesi
et al., 2010a). Another signal associated with different coat
colour phenotypes detected by the FST pairwise analysis
between Reggiana and Holstein was observed in the
MC1R gene region, on BTA18. In this case, even if this signal
was detected only with the FST analysis, it is obvious that
these two breeds in this region have extreme allele frequency
differences. Holstein cattle are expected to carry the ED allele
(determining the dominant black coat colour) at high fre-
quency, whereas Reggiana cattle are fixed for the recessive
e allele (determining the red coat colour) at the Extension
locus (Russo et al., 2007). The same BTA18 region reported
a signal of selection in the FST analysis against the Simmental
breed. As Reggiana and Simmental cattle have the same red
coat colour (even if the latter has a spotted phenotype) and
carry the same almost fixed genotype at the MC1R gene
(allele e frequency in Simmental is >96%; Russo et al.,
2007), it seems plausible to suppose that other genetic fac-
tors may contribute to differentiate this genomic region
between these two red breeds.

Other selection signatures were detected in regions con-
taining genes (e.g. LAP3, NCAPG and LCORL on BTA6 and
PLAG1 on BTA14) that have been already reported to be under
strong selection in cattle and shown to affect several morpho-
logical traits (Takasuga, 2016; Utsunomiya et al., 2017). These
regions were also described to differentiate dairy, dual-
purpose and beef breeds (Gutiérrez-Gil et al., 2015).

In addition to the selection signatures identified using
the methods reported in this study, other regions of the
Reggiana genome might have been under selection pres-
sure. Mastrangelo et al. (2018b) analysed the Reggiana
genome and identified ROH islands in a total of eight win-
dows of six different chromosomes (BTA1, BTA3, BTA6,
BTA17, BTA26 and BTA29; see Supplementary Tables S2
and S3). Three of these ROH islands overlapwith the iHS signals
we detected on BTA3 (positions from about 75.0 to 78.0 Mbp),
BTA17 (from about 54.9 to 59.6 Mbp) and BTA29 (from about
16.1 to 22.6 Mbp) and another ROH island overlaps with an
FST signal we reported against the Holstein breed on BTA6
(from about 37.0 to 38.0 Mbp).

Reggiana cows have, on average, a lower milk yield com-
pared to that of Holstein and Brown. The dual-purpose
Simmental breed has a similar average milk yield to that
of the Reggiana breed. Simmental v. Reggiana has also an
almost halved overall averaged FST value than that obtained
in the Brown and Holstein breed comparisons (0.0533
against Simmental; 0.0938 against Brown; 0.0972 against
Holstein). This lower differentiation level against the
Simmental breed is also evident from the window-based
mFST analysis that showed that the regions over the 99.5th per-
centile had a lower average value (mFST= 0.179) than that
observed against the Brown (mFST= 0.313) and Holstein
(mFST= 0.338) breeds.

Several selection sweeps detected in the Reggiana
genome are located in QTL regions for milk and production
efficiency traits. It is plausible to suggest that Reggiana might

have a higher frequency of the less efficient and productive
haplotypes for most of these regions, in addition to a general
genomic background favouring heavy carcasses and high
statures (as also inferred from the iHS analysis and the XP-
EHH results). Taking together all these results, it could be
possible to deduce that the Reggiana breed genome might
still contain several signs of its multipurpose and non-
specialised utilisation, as already described for other local
cattle populations (Gutiérrez-Gil et al., 2015). The signatures
that might address the adaptation (or re-adaptation) to the
Parmigiano-Reggiano production system (which cannot be
simplified or summarised with few genetic determinants)
are therefore mixed and then diluted with other signatures
that should have been derived by the history of the
Reggiana cattle breed. It will be interesting to further evalu-
ate the genetic background of the Reggiana ancestral
genome architecture in comparisons with other autochtho-
nous breeds of similar ancestry or with other local selection
goals.

Conclusion

This study provided the first overview of genomic footprints
in the Reggiana cattle breed. Several signatures that have
been probably left behind from the ancestral unspecialised
purpose of Reggiana have contributed to differentiate this
breed and testify the diversity of this cattle genetic resource.
Selection sweeps were located in a few chromosome regions
already known to affect coat colour and morphological traits.
Several other signatures might be the results of the slow re-
adaptation of this breed to its peculiar production system, at
present dominated by the Parmigiano-Reggiano cheese.
Being constituted by a small and close population, genetic
progress of Reggiana breed towards milk yield has been lim-
ited and its genomic footprint might reflect, in general, this
productive weakness even if only indirect proof could be
detected with the applied methods. Other studies are needed
to evaluate what could be the achievable genetic progress on
milk production traits in this breed.
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