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ABSTRACT

Reggiana and Modenese are autochthonous cattle 
breeds, reared in the North of Italy, that can be mainly 
distinguished for their standard coat color (Reggiana 
is red, whereas Modenese is white with some pale gray 
shades). Almost all milk produced by these breeds is 
transformed into 2 mono-breed branded Parmigiano-
Reggiano cheeses, from which farmers receive the eco-
nomic incomes needed for the sustainable conservation 
of these animal genetic resources. After the setting up 
of their herd books in 1960s, these breeds experienced 
a strong reduction in the population size that was sub-
sequently reverted starting in the 1990s (Reggiana) or 
more recently (Modenese) reaching at present a total 
of about 2,800 and 500 registered cows, respectively. 
Due to the small population size of these breeds, in-
breeding is a very important cause of concern for their 
conservation programs. Inbreeding is traditionally es-
timated using pedigree data, which are summarized in 
an inbreeding coefficient calculated at the individual 
level (FPED). However, incompleteness of pedigree infor-
mation and registration errors can affect the effective-
ness of conservation strategies. High-throughput SNP 
genotyping platforms allow investigation of inbreed-
ing using genome information that can overcome the 
limits of pedigree data. Several approaches have been 
proposed to estimate genomic inbreeding, with the use 
of runs of homozygosity (ROH) considered to be the 
more appropriate. In this study, several pedigree and 
genomic inbreeding parameters, calculated using the 
whole herd book populations or considering genotyping 
information (GeneSeek GGP Bovine 150K) from 1,684 
Reggiana cattle and 323 Modenese cattle, were com-

pared. Average inbreeding values per year were used to 
calculate effective population size. Reggiana breed had 
generally lower genomic inbreeding values than Moden-
ese breed. The low correlation between pedigree-based 
and genomic-based parameters (ranging from 0.187 to 
0.195 and 0.319 to 0.323 in the Reggiana and Modenese 
breeds, respectively) reflected the common problems 
of local populations in which pedigree records are not 
complete. The high proportion of short ROH over 
the total number of ROH indicates no major recent 
inbreeding events in both breeds. ROH islands spread 
over the genome of the 2 breeds (15 in Reggiana and 14 
in Modenese) identified several signatures of selection. 
Some of these included genes affecting milk production 
traits, stature, body conformation traits (with a main 
ROH island in both breeds on BTA6 containing the 
ABCG2, NCAPG, and LCORL genes) and coat color 
(on BTA13 in Modenese containing the ASIP gene). In 
conclusion, this work provides an extensive comparative 
analysis of pedigree and genomic inbreeding parameters 
and relevant genomic information that will be useful in 
the conservation strategies of these 2 iconic local cattle 
breeds.
Key words: ASIP, conservation genetics, effective 
population size, local breed, signature of selection

INTRODUCTION

Reggiana and Modenese are 2 autochthonous cattle 
breeds mainly reared in the 2 close provinces of Reg-
gio Emilia and Modena (from which they took their 
names, respectively), that are in the Emilia-Romagna 
region, located in northern Italy. Geographically, these 
provinces are within the area of production of the 
well-known Protected Designation of Origin (PDO) 
Parmigiano-Reggiano cheese. Reggiana and Modenese 
are historically considered as part of the original cattle 
populations and dairy production system from which 

Comparative analysis of inbreeding parameters and runs of homozygosity  
islands in 2 Italian autochthonous cattle breeds mainly raised 
in the Parmigiano-Reggiano cheese production region
Giuseppina Schiavo,1  Samuele Bovo,1  Anisa Ribani,1 Giulia Moscatelli,1 Massimo Bonacini,2  
Marco Prandi,2 Enrico Mancin,3 Roberto Mantovani,3 Stefania Dall’Olio,1 and Luca Fontanesi1*
1Department of Agricultural and Food Sciences, Division of Animal Sciences, University of Bologna, Viale Giuseppe Fanin 46, 40127 Bologna, 
Italy
2Associazione Nazionale Allevatori Bovini di Razza Reggiana (ANABORARE), Via Masaccio 11, 42124 Reggio Emilia, Italy
3Department of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE), University of Padova, Viale dell’Università 16,  
35020 Legnaro (PD), Italy

 

J. Dairy Sci. 105:2408–2425
https://doi.org/10.3168/jds.2021-20915
© 2022, The Authors. Published by Elsevier Inc. and Fass Inc. on behalf of the American Dairy Science Association®. 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Received June 24, 2021.
Accepted October 25, 2021.
*Corresponding author: luca.fontanesi@​unibo​.it

https://orcid.org/0000-0002-3497-1337
https://orcid.org/0000-0002-5712-8211
mailto:luca.fontanesi@unibo.it


2409

Journal of Dairy Science Vol. 105 No. 3, 2022

this cheese has been originated. Animals of these popu-
lations were the most frequent bovines in this area over 
the first half of the last century when they were consid-
ered triple-purpose cattle (dairy-beef-work). Nowadays, 
all milk produced by Reggiana and a large amount of 
milk produced by Modenese cattle is transformed into 
2 mono-breed branded Parmigiano-Reggiano cheeses. 
The Reggiana mono-breed cheese was first constituted 
in 1991. As this cheese could be marketed at a higher 
price than the undifferentiated Parmigiano-Reggiano 
cheese, breeding Reggiana cattle became economically 
profitable despite the lower milk production of the Reg-
giana cows as compared with that of cows of cosmo-
politan breeds (Gandini et al., 2007; Fontanesi, 2009). 
Since then, Reggiana population size reverted the gen-
eral progressive decreasing trend that was experienced 
over the 1960s to 1980s (when it reached a minimum 
peak of about 500 cows). In 2020, this breed accounted 
a total of about 2,800 cows raised in about 100 farms. 
The National Association of Reggiana Cattle Breeders 
(ANABORARE), constituted in 1962, officially man-
ages the Reggiana Herd Book. In 2020, ANABORARE 
became also in charge to the Modenese Herd Book, 
following a national reorganization program for the 
management of Italian cattle genetic resources (ANAB-
ORARE, 2020). The Modenese Herd Book was first 
recognized in 1957. The negative population size trend 
in Modenese has been similar to that of the Reggiana 
cattle since the 1960s, with a progressive fast reduction 
and a subsequent slow recovery that in the Modenese 
breed started later. In 2005, when a recovery program 
based on a mono-breed Parmigiano-Reggiano cheese 
was established, fewer than 260 cows were registered to 
the herd book that in 2020 accounted about 500 cows 
reared in 60 farms.

Reggiana and Modenese can be distinguished for 
their standard coat color: Reggiana cattle have a classi-
cal red coat color, indicated by the term “fromentino,” 
over the whole body, with pink or pale muzzle color; 
Modenese cattle have a white coat on the body with 
some pale gray shades, a feature that provided a sec-
ond name to this breed, Bianca Val Padana (bianca = 
white; Val Padana = name of the Po river valley), with 
a muzzle that is, in part, black.

Inbreeding is an important parameter to monitor and 
control in animal genetic resources conservation pro-
grams. This is particularly relevant in autochthonous 
breeds that are usually small populations that have few 
unrelated animals. This situation usually determines 
a very low effective population size, which, in turn, 
causes a high inbreeding rate (Charlesworth and Willis, 
2009). The consequence is usually a decline in perfor-
mance and fitness of the population, defined with the 
general concept of inbreeding depression (e.g., Smith et 

al., 1998; Kristensen and Sørensen, 2005). The derived 
reduction of genetic variability is accompanied with an 
increased frequency of recessive and deleterious alleles 
with small to large effects in the populations, with neg-
ative effects on the selection potential and reproduction 
performances, that hampers the conservation of local 
breeds (e.g., Meuwissen, 1991; Fernández et al., 2002).

Inbreeding is traditionally estimated using pedigree 
data, which are summarized in an inbreeding coefficient 
calculated at the individual level (FPED; Falconer and 
Mackay, 1996). In a diploid organism, FPED is defined 
as the probability that, in a base population with dif-
ferent alleles, the 2 alleles at a randomly selected locus 
that are inherited from the paternal and maternal 
sides are identical by descent (Wright, 1922). That 
means that these alleles are originated from the same 
ancestral common individual that is shared by both 
the paternal and maternal lineages. This measure can 
be also defined as the proportion of autozygosity of an 
individual’s genome. When a population is considered, 
the inbreeding is expressed as the average of the FPED of 
all individuals that constitute the population.

The 2 general assumptions that are needed to calcu-
late FPED values at both the individual and population 
levels are that pedigree information is complete and 
all records are correct. Another important assumption 
that has to be considered in inbreeding estimation is 
that the base population of a pedigree is unrelated. 
These conditions do not completely hold in practice, 
particularly in livestock breeds raised in extensive or 
semi-extensive production systems where it is difficult 
to control all mating events and where a low profes-
sional management increases the error rate of the 
recording. A high misidentification rate that creates 
pedigree errors has been even reported in cosmopoli-
tan cattle populations in intensive production systems, 
where recording is expected to be more precise than in 
other breeds or conditions (Ron et al., 1996; Visscher 
et al., 2002; Weller et al., 2004; Russo et al., 2012). 
The negative effects of the incompleteness of pedigree 
information or the detrimental effect of registration er-
rors on the genetic progress and on the effectiveness 
of the conservation strategies of livestock populations 
have been clearly demonstrated (Banos et al., 2001; 
Visscher et al., 2002; Sanders et al., 2006; Oliehoek and 
Bijma, 2009; Reverter et al., 2016).

Commercial platforms for high-throughput geno-
typing available in many livestock species including 
cattle investigate thousands of SNP covering the whole 
genome. This genotyping information can be used to 
obtain more accurate estimates of realized inbreeding, 
obtaining genome-based measures. Genomic inbreeding 
parameters can overcome the problems caused by pedi-
gree incompleteness, parentage errors, and the intrinsic 
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limits of pedigree-based measures that are only expec-
tations of the realized inbreeding coefficients, which do 
not take into account (1) the relatedness of the base 
populations, (2) the stochasticity of the recombination 
events occurring during meiosis, and (3) the potential 
biases derived by the selection on some genomic regions 
(Leutenegger et al., 2003; VanRaden, 2007, 2008; Hill 
and Weir, 2011; Wang, 2016; Howard et. al, 2017; Knief 
et al., 2017). Several approaches have been proposed to 
estimate the genomic inbreeding level: (1) a marker-by-
marker evaluation of the level of heterozygosity across 
the genome, known as multilocus heterozygosity (e.g., 
Slate et al., 2004); (2) a method based on identity by 
state that summarizes SNP-by-SNP this information 
using a genomic relationship matrix (GRM; VanRaden 
et al., 2011); (3) methods based on runs of homozy-
gosity (ROH), which are continuous genomic regions 
presenting a homozygous genotype at each locus (Gib-
son et al., 2006; McQuillan et al., 2008). Some studies 
reported the correlation between pedigree and genomic 
inbreeding parameters in cattle breeds with contrast-
ing results that could be attributed to the different 
population structures, the completeness of the pedigree 
information, the size of the population, and the variety 
of methods used to estimate genomic inbreeding coef-
ficients (Ferenčaković et al., 2013a,b; Pryce et al., 2014; 
Marras et al., 2015; Zhang et al., 2015; Gurgul et al., 
2016; Signer-Hasler et al., 2017; Peripolli et al., 2018a; 
Sumreddee et al., 2019; Alemu et al., 2021).

The computation of ROH can also give information 
on the genetic history of the populations (Keller et al., 
2011; Ceballos et al., 2018). For example, the average 
length of all ROH of an individual and the genome 
coverage of ROH are indicators of the occurrence of 
inbreeding events and whether these events were recent 
(in case of long ROH) or remote (short ROH), because 
many recombination events can disrupt the recent long 
ROH inherited from common ancestors (Ceballos et 
al., 2018). The accumulation of ROH in some genome 
regions, indicated as ROH island or ROH hotspots, can 
be due to natural or artificial directional selection at 
certain loci, which reduce genetic variability at these 
regions, leaving signatures of selections particularly 
useful for the identification of variants affecting eco-
nomically relevant and breed-specific traits (Mastran-
gelo et al., 2016; Bertolini et al., 2018; Schiavo et al., 
2020a, 2021a).

Preliminary analyses of genomic inbreeding measures 
and on the distribution of ROH in the genome of Reg-
giana and Modenese breeds have been already reported 
using genotyping information from a few animals. In 
these studies, Reggiana showed a lower level of genomic 
inbreeding compared with Modenese, and both breeds 

showed an overall value that was lower than that of sev-
eral other autochthonous cattle breeds. (Mastrangelo 
et al., 2016, 2018a). However, no comparative evalu-
ation between pedigree and genomic-based inbreeding 
parameters have been obtained so far in these breeds. 
In addition, no retrospective analyses on the effects of 
the inbreeding rate and genetic diversity have been car-
ried in these 2 breeds following the establishment of 
the conservation and selection programs that started 
in 1991 for the Reggiana breed and of the conserva-
tion strategy that subsequently initiated in 2005 for 
the Modenese breed. The Reggiana program was aimed 
to control the inbreeding rate and at the same time 
to maximize the production of milk for Parmigiano-
Reggiano cheese through a purposely designed genetic 
index.

The objective of this study was to assess and compare 
different pedigree and genomic inbreeding parameters, 
for the first time in Reggiana and Modenese cattle 
breeds. These parameters were estimated by several 
approaches, taking advantage from genotyping infor-
mation obtained from about two-thirds of the cattle 
populations of both breeds. Moreover, ROH islands 
were analyzed and compared in Reggiana and Moden-
ese cattle to identify signatures of selection that could 
characterize and differentiate these 2 close autochtho-
nous breeds and that might be also useful to explain 
genetic mechanisms affecting morphological and eco-
nomically relevant traits in cattle.

MATERIALS AND METHODS

Pedigree and Genotyping Data Sets

Pedigree data available from the Reggiana and 
Modenese Herd Books accounted for a total of 47,551 
and 10,975 records starting in the years 1951 and 1943, 
respectively. Details of the 2 breed populations, the 
characterization of their pedigree data sets (calculated 
with the software ENDOG v4.8; Gutiérrez and Goy-
ache, 2005), and the evolution of knowledge of pedigree 
information over the years are shown in Table 1 and 
Figure 1, respectively. The herd book for these breeds 
includes some animals whose relatives are uncertain, 
if they reflect the standards of the breed. However, 
only males whose parents and grandparents have an 
assessed ascendance can be used for artificial or natu-
ral insemination. Pedigree parameters calculated were 
the number of fully traced generations per individual; 
the maximum number of generations traced, which are 
those separating the offspring of the furthest generation 
where the ancestors of the individual are known (ances-
tors with no known parents are considered as founders: 
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generation 0); the equivalent complete generations for 
each animal in the pedigree data set, computed as the 
sum over all known ancestors of the terms computed 
as the sum of (1/2)n, where n is the number of genera-
tions separating the individual to each known ancestor 
(Maignel et al., 1996). The distribution of the complete 
generation equivalence is reported in Supplemental 
Figure S1 (https:​/​/​doi​.org/​10​.5281/​zenodo​.5532620; 
Schiavo et al., 2021b).

A total of 1,726 Reggiana cattle and 344 Modenese 
cattle were genotyped with the GGP Bovine150K (Neo-
gen) according to the producer’s protocols. Animals 
were not treated in any way, and they were raised ac-
cording to national and European legislation. Sampling 
operations were carried out under routine veterinary 
inspections, thus no ethical permit was needed. Geno-
typed Reggiana and Modenese animals were sampled 
among primiparous or multiparous females and a few 
males (35 for Reggiana and 2 for Modenese) born 
between 2000 and 2018 and between 2005 and 2018, 
respectively. The SNP were mapped on the ARS-
UCD1.2 assembly of the Bos taurus genome. Only SNP 
located in unique positions and mapped on autosomal 
chromosomes were retained. Quality check and filter-
ing steps were performed with PLINK v1.9 (Chang et 
al., 2015): animals with call rate >0.90 were retained; 
SNP were discarded when the call rate was <0.90 or P 
in Hardy–Weinberg equilibrium analysis was <0.0001. 
The SNP were not filtered for minor allele frequency 
as this exclusion could bring to an underestimation of 
the coverage of ROH (Meyermans et al., 2020). After 
the filtering step, the remaining number of animals was 
1,684 for Reggiana and 323 for Modenese. The remain-
ing SNPs were 130,746 for Reggiana and 131,460 for 
Modenese.

Among the remaining genotyped animals, pedigree 
information was matched for 1,594 and 321 cattle in 
Reggiana and Modenese breeds, respectively. The mini-
mum depth of generations for the pedigree records in 
these animals ranged from 0 to 6. Genomic inbreeding 
analyses were performed on the whole cleaned data set 
as described below.

Inbreeding Parameters

Inbreeding coefficients based on pedigree informa-
tion (FPED) were calculated with 2 different methods 
with software Inbupgf90 (Aguilar and Misztal, 2008): 
FPEDW was estimated according to Wright’s coefficient 
(Wright, 1922) with the algorithm proposed by Meu-
wissen and Luo (1992); FPEDR was computed with the 
recursive method proposed by VanRaden (1992) and 
implemented in Inbupgf90, where the inbreeding of the 
animals with unknown parents was estimated based 
on the mean of the inbreeding coefficients of the other 
animals that were born in the same year, using 30 itera-
tions. Average relatedness (AR, indicated here as FAR; 
Goyache et al., 2003; Gutiérrez et al., 2003) was calcu-
lated on pedigree information using ENDOG v4.8. The 
AR is defined as the probability that an allele randomly 
chosen from the whole population in the pedigree be-
longs to a given animal, used as a measure of inbreeding 
of the population, as it accounts both inbreeding and 
coancestry coefficients (Goyache et al., 2003; Gutiérrez 
et al., 2003). Kalinowski ancestral pedigree inbreeding 
was calculated using GRAIN (Baumung et al., 2015), 
as reported by Makanjuola et al. (2020).

Genomic inbreeding level was estimated with several 
methods that used genotyping information. The ROH 
were computed with PLINK 1.9 according to previous 
works (Ferenčaković et al., 2013a,b; Marras et al., 2015; 
Lashmar et al., 2018; Schiavo et al., 2021a) and using 
the following parameters: (1) the minimum number of 
consecutive homozygous SNP was 15; (2) the minimum 
region length to define a ROH was 1 Mb, which exclud-
ed short ROH due to high linkage disequilibrium; (3) a 
maximum of 2 heterozygous SNP was allowed; (4) the 
minimum allowed density of SNP in a genome window 
was one SNP in 100 kb; (5) the maximum allowed dis-
tance between consecutive SNP was 1 Mb. Five classes 
of ROH were defined depending on the ROH length, 
according to Kirin et al. (2010): 1 to 2 Mb, 2 to 4 Mb, 
4 to 8 Mb, 8 to 16 Mb, >16 Mb. For each animal, the 
total number of detected ROH, the average length of 
ROH (LROH) and the total sum of ROH segments 
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Table 1. Number of genotyped individuals, number of SNP markers retained after filtering, records available in full pedigree and subpedigree 
data sets, equivalent number of complete generations of full genealogy, and generation interval (years) of full genealogy for the 2 cattle breeds

Breed
Full 

pedigree Subpedigree

Equivalent number 
of complete 
generations

Generation 
interval

Full traced 
generations 

per individual1
Genotyped 
animals2 SNP

Reggiana 47,551 38,743 1.271 5.653 1.92 ± 1.81 1,726 (1,684) 130,746
Modenese 10,976 9,419 3.232 10.010 1.15 ± 1.05 344 (323) 131,460
1Average value ± SD for the full pedigree.
2Number of genotyped animals before and after filtering (in parentheses) applied as described in the text.

https://doi.org/10.5281/zenodo.5532620
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(SROH) in Mb was calculated. These values were also 
averaged for the 2 breeds. Then, FROH was computed 
as the proportion of the autosomal genome covered by 
ROH, with the formula: FROH = SROH/L(Autosomes), 
where L(Autosomes) is the total length of the autosomal 
genome covered by the analyzed SNP. Different FROH 
were calculated, considering all ROH classes (ROH ≥ 1 
Mb; FROH1) or including ROH ≥ 2 Mb (FROH2), ROH 
≥ 4 Mb (FROH4), ROH ≥ 8 Mb (FROH8) and ROH ≥ 16 
Mb (FROH16), following the mentioned length classifica-
tion criteria. PLINK 1.9 was also used to calculate the 
following genomic inbreeding parameters: (1) the dif-
ference between observed and expected number of ho-
mozygous genotypes (FHOM); (2) the diagonal elements 
of the genomic relationship matrix (FGRM; VanRaden 
et al., 2011). Other 3 inbreeding parameters were cal-
culated using the GCTA software v1.92 (Yang et al., 
2011): (1) the variance-standardized relationship minus 

1 (FHAT1); (2) the excess of homozygosity (FHAT2); (3) 
the correlation between uniting gametes (FHAT3).

Pearson correlations between all evaluated inbreed-
ing coefficients, both based on pedigree information 
and genomic information, were calculated.

Inbreeding Rate and Effective Population Size

Population inbreeding rates were calculated in the 
following ways: (1) per year and (2) averaged per year 
over a time window defined by the generation interval 
obtained with ENDOG v4.8 (Table 1) and computed 
using a sliding step of 1 year. These population inbreed-
ing rates were calculated using (1) pedigree data (for 
both FPEDW and FPEDR), considering all pedigree infor-
mation available in the herd books of the 2 breeds and 
considering only information from the genotyped ani-
mals, defined in this latter case as subpedigree; and (2) 
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Figure 1. Evolution of pedigree data of the cattle registered in the Reggiana (a) and Modenese (b) herd books showing the percentage of 
individual animal records with both parents unknown (blue bars), with only the mother known (orange bars), or with both parents known 
(green bars).
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genomic-based estimates (FROH1 and FHOM, defined 
above). The calculations were obtained as (1) the re-
gression coefficient of the population averaged inbreed-
ing values on the year of birth and on the defined time 

windows and (2) using the formula ∆F =
−
−

−

−

F F
F

t t

t

1

11
 (Fal-

coner and Mackay, 1996), where F is the averaged in-
breeding at year t or at the time window t (as defined 
above). Effective population size was calculated with 

the formula Ne
F

=
1
2∆

 (Falconer and Mackay, 1996), 

where ∆F was estimated as the regression coefficient 
reported above or using the formula of Falconer and 
Mackay (1996) indicated above. The generation inter-
vals computed with ENDOG was used to estimate the 
population inbreeding rates per generation. The stan-
dard error of the rates inbreeding per year has been 
used to estimate confidence intervals (Granado-Tajada 
et al., 2020)

Effective population size at recent generations was 
also computed using SNP data with the SNeP soft-
ware v1.11 (Barbato et al., 2015), using the maximum 
distance between SNP to be analyzed of 10 Mb and 
the binwidth of 100 kb for the calculation of linkage 
disequilibrium.

Runs of Homozygosity Islands

The proportion of SNP residing within a ROH was 
calculated for a given breed by counting the number of 
times a SNP appeared in a ROH divided by the total 
number of genotyped cattle of that breed. Then ROH 
islands were identified using a percentile threshold 
defined for each breed separately by selecting the top 
1% SNP that were more frequently present in an ROH 
(Szmatoła et al., 2016; Purfield et al., 2017; Bertolini et 
al., 2018; Mastrangelo et al., 2018b; Zhang et al., 2018). 
An ROH island was considered if at least 2 adjacent 
SNP trespassed this threshold and if they were less than 
1 Mb far from each other. Annotations of these regions 
were retrieved from the GFF file of protein coding in 
ARS-UCD1.2 genes from NCBI with Bedtools v.2.17.0.

Over-representation analysis was used to identify 
biological features characterizing the identified genomic 
regions detected in Reggiana and Modenese, separately. 
Analyses were carried out with Enrichr (Chen et al., 
2013) via Fisher’s exact test. Interrogated gene sets be-
longed to the Gene Ontology Biological Process branch, 
the Kyoto Encyclopedia of Genes and Genomes (hu-
man), and the GWAS catalog (human; https:​/​/​www​
.ebi​.ac​.uk/​gwas/​). Terms presenting at least 2 genes of 
the input set related to 2 or more windows and an ad-
justed P < 0.05 were considered statistically enriched.

RESULTS

Comparative Analysis of Inbreeding Parameters  
and Ne in the 2 Breeds

Figure 2 reports the averaged FPEDW, FPEDR, and FAR 
levels calculated using all available pedigree informa-
tion for the animals of the 2 breeds that were born 
in each year between 1964 and 2018, which provided 
a complete picture of the information available in the 
Reggiana and Modenese Herd Books. The increasing 
trend of the inbreeding level is evident from the 3 pa-
rameters and in both breeds. As expected from the cal-
culation methods, FPEDR gave a general averaged higher 
level of inbreeding than what was obtained from FPEDW, 
which does not deal with missing pedigree information.

The genotyped Reggiana and Modenese cattle corre-
sponded to about two-thirds of the extant cow popula-
tions of both breeds in the year 2019, that is the year 
in which most of the sampling and genotyping were 
carried out. Table 2 summarizes the information on the 
different pedigree and genomic-derived inbreeding pa-
rameters calculated for the genotyped subpopulations 
of both breeds. Figure 3 reports the frequency distribu-
tion of the inbreeding levels calculated with 6 of these 
parameters in both breeds (3 derived from pedigree in-
formation: FPEDW, FPEDR, FAR; 3 derived with genomic 
data: FROH1, FHOM, and FGRM). Different distributions 
could be observed among methods and between breeds 
with the same methods. These differences are mainly 
derived by the number of individual genotyped, by 
different inbreeding levels between the 2 populations 
and by the presence of animals with pedigree-based 
coefficient equal to 0 for some of the methods. For the 
genotyped subpopulations of the 2 breeds, the inbreed-
ing trends based on the averaged inbreeding level of the 
animals born in different years (calculated for the same 
parameters mentioned above), for years including sev-
eral animals higher or equal to 10, is reported in Figure 
4. In general, FPEDW gave a lower level of inbreeding 
compared with FPEDR (as already mentioned before), 
FAR, and FROH1 parameters, which are based on similar 
concepts or assumptions and are represented in a more 
usual scale that better resembles the identity by de-
scent. Pedigree-derived information indicated a general 
lower level of inbreeding in the Modenese breed than in 
the Reggiana breed. However, this picture is reversed 
when genomic inbreeding parameters are considered: 
genomic inbreeding estimates are indeed, in general, 
higher in the Modenese breed than in the Reggiana 
breed.

The correlation coefficients between inbreeding esti-
mates of the genotyped animals are shown in Table 
3 and in Supplemental Figure S2 (https:​/​/​doi​.org/​10​
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Figure 2. Average inbreeding coefficients computed by year for Reggiana (a) and Modenese (b) breeds with 3 pedigree-based methods: 
inbreeding coefficient estimated according to Wright’s coefficient (FPEDW), in blue; inbreeding coefficient estimated with the recursive method 
(FPEDR), in pink; and average relatedness (FAR) in brown. Trend slopes are reported for each method.

Table 2. Main statistics of all inbreeding parameters calculated in Reggiana and Modenese breeds

Parameter1

Reggiana

 

Modenese

Mean (SD) Minimum Maximum Mean (SD) Minimum Maximum

FPEDR 0.075 (0.030) 0.016 0.308 0.033 (0.034) 0.000 0.269
FPEDW 0.046 (0.034) 0.000 0.284 0.023 (0.036) 0.000 0.267
FAR 0.057 (0.011) 0.001 0.080 0.030 (0.013) 0.001 0.050
FROH1 0.066 (0.038) 0.001 0.388 0.088 (0.042) 0.003 0.356
FROH2 0.058 (0.037) 0.000 0.381 0.078 (0.042) 0.000 0.349
FROH4 0.050 (0.036) 0.000 0.370 0.070 (0.041) 0.000 0.343
FROH8 0.037 (0.033) 0.000 0.351 0.054 (0.039) 0.000 0.329
FROH16 0.021 (0.027) 0.000 0.328 0.031 (0.031) 0.000 0.267
FHOM 0.002 (0.045) −0.120 0.353 −0.017 (0.049) −0.133 0.282
FGRM 0.985 (0.360) 0.806 14.475 0.950 (0.137) 0.771 1.788
FHAT1 −0.015 (0.360) −0.194 13.475 −0.050 (0.137) −0.229 0.788
FHAT2 0.001 (0.333) −12.721 0.361 −0.015 (0.128) −0.677 0.298
FHAT3 0.003 (0.039) −0.057 0.387 −0.015 (0.036) −0.075 0.250
1FPEDR = inbreeding coefficients based on pedigree information computed according to the recursive method; FPEDW = inbreeding coefficients 
based on pedigree information estimated according to Wright’s coefficient; FAR = average relatedness calculated using pedigree information; 
FROH1 to FROH 16 = 5 classes of runs of homozygosity (ROH) defined by ROH length: ROH ≥1 Mb, ≥2 Mb, ≥4 Mb, ≥8 Mb, and ≥16 Mb, respec-
tively; FHOM = difference between observed and expected number of homozygous genotypes; FGRM = diagonal elements of the genomic relation-
ship matrix; FHAT1 = variance-standardized relationship minus 1; FHAT2 = excess of homozygosity; FHAT3 = correlation between uniting gametes.
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Figure 3. Frequency distribution (y-axis) of inbreeding coefficients computed with different methods in the 2 cattle breeds: (a) FPEDR; (b) 
FPEDW; (c) FAR; (d) FROH1, (e) FHOM, and (f) FGRM. Parameters: FPEDR = inbreeding coefficients based on pedigree information computed accord-
ing to the recursive method; FPEDW = inbreeding coefficients based on pedigree information estimated according to Wright’s coefficient; FAR = 
average relatedness calculated using pedigree information; FROH1 = ROH ≥1 Mb; FHOM = difference between observed and expected number of 
homozygous genotypes; FGRM = diagonal elements of the genomic relationship matrix.
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.5281/​zenodo​.5532620; Schiavo et al., 2021b). For both 
breeds the estimates that used pedigree information are 
highly correlated with each other. For example, FPEDR 
and FPEDW have correlations of 0.895 and 0.949 in Reg-
giana and Modenese, respectively. Several estimates 
that used genomic information were highly correlated 
with each other in both breeds. These highly corre-
lated parameters included all ROH-derived estimates 
(FROH1, FROH2, FROH4, FROH8, and FROH16, that are based 
on ROH of different minimum length). Considering 
FROH1 against all other ROH length parameters, the 
correlation ranged from 0.998 to 0.902 in the Reggiana 
and from 0.998 to 0.911 in the Modenese breeds. All 
ROH-derived inbreeding parameters were also highly 
correlated with FHOM (from 0.961 to 0.831 in Reggiana 
and from 0.981 to 0.895 in Modenese), with decreasing 

correlation related to the increasing minimum length 
of the ROH considered. All FROH were also moderately 
correlated with FHAT3 (from 0.654 to 0.687 in Reggiana 
and from 0.707 to 0.546 in Modenese), with increasing 
correlation related to the increasing minimum length 
of the ROH considered in the Reggiana breed and the 
opposite in the Modenese breed. There was no general 
concordant level of correlations in the 2 breeds between 
FHAT2 and all FROH parameters (highly correlated in 
Modenese: from 0.707 to 0546; poorly correlated in 
Reggiana: from 0.231 to 0.165). Negative and very low 
correlations were observed between FHAT1 and all other 
genomic inbreeding parameters in both breeds, except 
for FHAT2 and FHAT3 (and FGRM). For the first param-
eter, highly negative correlations were observed in both 
breeds (−0.977 in Reggiana and −0.857 in Modenese), 

Schiavo et al.: COMPARATIVE INBREEDING ANALYSES IN CATTLE

Figure 4. Average inbreeding trend of FPEDW, FPEDR, FAR, FROH1, FHOM and FGRM for each year from the genotyped subset of (a) Reggiana 
and (b) Modenese cattle. For both breeds, the axis on the right refers to FGRM values only. Parameters: FPEDR = inbreeding coefficients based 
on pedigree information computed according to the recursive method; FPEDW = inbreeding coefficients based on pedigree information estimated 
according to Wright’s coefficient; FAR = average relatedness calculated using pedigree information; FROH1 = ROH ≥1 Mb; FHOM = difference 
between observed and expected number of homozygous genotypes; FGRM = diagonal elements of the genomic relationship matrix. 

https://doi.org/10.5281/zenodo.5532620
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whereas against the second parameter, correlations were 
moderate and positive (0.480 and 0.380, respectively).

Correlation between pedigree and genomic-based 
parameters were in general low and in several cases not 
significant. Correlations between FPEDR and all FROH 
parameters ranged between 0.187 to 0.195 and 0.319 to 
0.323 in the Reggiana and Modenese breeds, respective-
ly. The correlation slightly tended to increase according 
to the increase of ROH minimum length considered to 
the FROH8 in Reggiana and to the FROH16 in Modenese. 
Correlations between the other similar derived FPED pa-
rameter (FPEDW) and all FROH measures were lower than 
those observed between FPEDR and all FROH measures. 
The inbreeding coefficients derived from long ROH, 
FROH16 and FROH8, had a low correlation in both breeds 
with ancient inbreeding value. The main comparisons 
between these approaches are reported in Supplemen-
tal Table S1 (https:​/​/​doi​.org/​10​.5281/​zenodo​.5532620; 
Schiavo et al., 2021b).

Inbreeding rates calculated for the genotyped sub-
populations of both breeds are summarized in Table 4. 
The rate of inbreeding per generation (ΔF and regres-
sion) of genotyped animals was higher with pedigree-
based estimates than with FROH1 in both breeds. Even 
if the Modenese data sets was smaller and some of the 
trends and overall pictures that could be observed in 
this breed should be considered with caution, it seems 
that the increasing trend was higher in Modenese than 
in Reggiana breed.

Effective population size in the 2 breeds estimated 
with several methods is reported in Table 4. The ef-
fective population size estimated with all methods was 
always higher in Reggiana than in Modenese, also re-
flecting, to some extent, the current total population 
size of the 2 breeds. The effective population size in 
Reggiana ranged from a minimum of 63 estimated us-
ing FPEDR data to a maximum of 714 estimated using 
FROH1 data, whereas in Modenese this parameter ranged 
from a minimum of 19, estimated with FROH1 data, to a 
maximum of 74, estimated with SNeP data.

Runs of Homozygosity Profiles and Islands  
in Reggiana and Modenese Breeds

A high correlation between the number of ROH and 
the total length of the autosomal genome covered by 
ROH (SROH) was observed in both breeds, namely 
0.74 for Reggiana and 0.68 for Modenese (Supplemen-
tal Figure S2; https:​/​/​doi​.org/​10​.5281/​zenodo​.5532620; 
Schiavo et al., 2021b). Table 5 summarizes the main 
characteristics of the ROH identified in the cattle of 
the 2 breeds. Modenese cattle had a higher average 
length of ROH, a higher average number of ROH per 
animal and a higher averaged fraction of the genome 
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covered by ROH per animal as also defined from the 
higher values of the genomic inbreeding coefficients 
that were considered. These results are also confirmed 
by the higher percentage of long ROH in Modenese 
compared with the distribution of ROH length classes 
in Reggiana (Supplemental Figure S3; (https:​/​/​doi​
.org/​10​.5281/​zenodo​.5532620; Schiavo et al., 2021b). 
The proportion of the autosomes of the 2 breeds cov-
ered by ROH is illustrated in Figure 5. In general, the 
smallest chromosomes tended to have a higher fraction 
of their total length covered by ROH in both breeds. 
Modenese breed had always a higher proportion of the 
chromosomes covered by ROH except for BTA13 and 
BTA23. The highest difference of coverage between the 

2 breeds was observed for BTA6 where Modenese had 
almost the double percentage compared with what was 
observed in Reggiana.

The Manhattan plots reporting the position of the 
ROH islands identified in the Reggiana and Modenese 
breeds are reported in Figure 5. The 15 ROH islands 
identified in Reggiana were located in 11 different 
chromosomes and covered, on the whole, a total of 18 
Mb of genome regions; on the other hand, the 14 ROH 
islands identified in Modenese spanned a total of 15 
Mb, located in 11 different autosomes. Details of these 
regions, including all annotated genes are reported 
in Supplemental Table S2 (https:​/​/​doi​.org/​10​.5281/​
zenodo​.5532620; Schiavo et al., 2021b). Three ROH 

Schiavo et al.: COMPARATIVE INBREEDING ANALYSES IN CATTLE

Table 4. Mean inbreeding rate per generation across years calculated in sliding windows define by generation 
interval (∆F ± SE), derived effective population size (Ne) and the confidence interval estimated for Ne in the 
Reggiana and Modenese breeds calculated for the whole herd book pedigreed populations, for the pedigree 
subsets, or for the genotyped subpopulations (gsp), considering different inbreeding parameters

Parameter1

Reggiana

CI

Modenese

CIΔF Ne ΔF2 Ne

FPEDW 0.0032 ± 0.0101 156 0.000219 0.0072 ± 0.0052 69 0.000171
FPEDR 0.0079 ± 0.0090 63 0.000213 0.0092 ± 0.0071 54 0.000245
FAR 0.0051 ± 0.0048 98 0.000146 0.0077 ± 0.0034 64 0.000096
FPEDW subset 0.0032 ± 0.0101 156 0.000204 0.0070 ± 0.0059 71 0.000226
FPEDR subset 0.0079 ± 0.0090 63 0.000209 0.0089 ± 0.0072 56 0.000181
FAR subset 0.0051 ± 0.0054 98 0.000152 0.0075 ± 0.0038 66 0.000097
FPEDW gsp 0.0024 ± 0.0132 208 0.001043 0.0088 56 0.002821
FPEDR gsp 0.0018 ± 0.0094 278 0.001697 0.0223 22 0.001566
FAR gsp 0.0017 ± 0.0045 294 0.002206 0.0128 39 0.003223
FROH1 gsp 0.0007 ± 0.0051 714 0.002924 0.0262 19 0.013240
FHOM gsp 0.0012 ± 0.0056 417 0.003569 0.0247 20 0.013423
SNeP — 163   — 74  
1FPEDR = inbreeding coefficients based on pedigree information computed according to the recursive method; 
FPEDW = inbreeding coefficients based on pedigree information estimated according to Wright’s coefficient; FAR 
= average relatedness calculated using pedigree information; FROH1 to FROH 16 = 5 classes of runs of homozygos-
ity (ROH) defined by ROH length: ROH ≥1 Mb, ≥2 Mb, ≥4 Mb, ≥8 Mb, and ≥16 Mb, respectively; FHOM = 
difference between observed and expected number of homozygous genotypes; FGRM = diagonal elements of the 
genomic relationship matrix; FHAT1 = variance-standardized relationship minus 1; FHAT2 = excess of homozy-
gosity; FHAT3 = correlation between uniting gametes.
2For some parameters, the SE could not be calculated as generation interval covered just once the time window 
in which the data were available.

Table 5. Runs of homozygosity (ROH) parameters in Reggiana and Modenese breeds

Parameter1   Measures Reggiana Modenese

LROH   Mean (SD) 4,629.052 ± 1,726.621 5,290.68 ± 1,842.942
  Minimum 1,128.13 1,202.82
  Maximum 16,954.8 15,831.5

SROH   Mean (SD) 165,365.9 ± 93,011.110 219,456 ± 103,776.400
  Minimum 2,416.07 8,419.77
  Maximum 966,426 886,563

nROH   Mean (SD) 34.072 ± 9.622 40.341 ± 9.771
  Minimum 2 7
  Maximum 73 88

Number of SNPs 
  in a ROH

  Mean (SD) 261.388 ± 357.300 293.299 ± 399.790
  Minimum 19 19
  Maximum 6,183 5,854

1LROH = average length of ROH in kb. SROH = total sum of ROH segments per animal in kb. nROH = total 
number of ROH segment per animal.

https://doi.org/10.5281/zenodo.5532620
https://doi.org/10.5281/zenodo.5532620
https://doi.org/10.5281/zenodo.5532620
https://doi.org/10.5281/zenodo.5532620
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Figure 5. (a) The graphical representation of the proportion of runs of homozygosity (ROH) coverage in each autosomal chromosome in the 
2 breeds aligned with Manhattan plots reporting the ROH islands identified in (b) Reggiana and (c) Modenese breeds. The red threshold in the 
Manhattan plots identifies the frequency in the population of the top 1% of most frequently homozygous SNPs.
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island regions overlapped between the 2 breeds: one on 
BTA6, one on BTA19, and one on BTA23. The region on 
BTA6 (from positions 35.87 to 38.62 Mb) is reported in 
more than two-thirds of all animals genotyped for both 
breeds. About 30 genes, including the ABCG2 gene, are 
annotated in this chromosome region, which has been 
shown to be associated with milk yield and composi-
tion (Cohen-Zinder et al., 2005), and the NCAPG and 
LCORL genes that have been already reported to af-
fect stature, body structure, and conformation in cattle 
and several other mammals (e.g., Nkrumah et al., 2007; 
Setoguchi et al., 2009; Pryce et al., 2011; Fontanesi et 
al., 2012; Bolormaa et al., 2014; Randhawa et al., 2015; 
Bouwman et al., 2018). The BTA19 ROH island region 
in common between Reggiana and Modenese spans 
from position 1.29 to 2.04 Mb and includes the CA10 
gene. The other common ROH island region on BTA23, 
that was reported in about one-third of all genotyped 
animals for both breeds, encompasses the KHDRBS2 
gene.

Among the top 3 ROH islands identified in Reggiana, 
a region on BTA5 spanning from 75.89 to 77.15 Mb 
was identified in about 20% of the investigated cattle. 
This region includes 12 annotated genes whose func-
tion, in general, is not well described or defined yet 
(Supplemental Table S2). The third top ROH island 
identified in Modenese (reported in about one-third 
of the analyzed animals) is located on BTA13 (from 
63.31 to 64.45 Mb) includes the ASIP gene that is well 
known to affect coat color in mammals. Among the 
other ROH islands identified in Modenese, a region on 
BTA18 contains the MC1R gene, that is responsible for 
the variability at the extension coat color locus.

Gene enrichment analysis highlighted associations 
with biological features reported in the Human GWAS 
catalog (Supplemental Table S3; https:​/​/​doi​.org/​10​
.5281/​zenodo​.5532620; Schiavo et al., 2021b). Although 
analysis of the Reggiana gene set did not return any 
significant results, Modenese was enriched for genes 
related to coat colors related phenotypes (e.g., human 
hair color, skin color saturation, tanning) and body size 
related phenotypes (i.e., waist-to-hip ratio), in agree-
ment to the results that were described above.

DISCUSSION

A proper management of local cattle genetic re-
sources is essential to ensure their long-term sustain-
able conservation and, where possible, improvement for 
economically relevant traits. To this aim, the monitor-
ing of the inbreeding rate of autochthonous breeds is 
one of the most important activities that intends to 
control the unavoidable increase that usually occurs in 
small populations. In this study we analyzed the level 

of inbreeding of 2 Italian autochthonous cattle breeds 
that are considered the icons of a typical dairy pro-
duction system of the North of Italy that is based on 
the production of Parmigiano-Reggiano cheese, one of 
the most important PDO animal-derived product in 
Europe. Several inbreeding parameters calculated using 
pedigree (taking the whole herd book data sets) and 
genomic data (about two-thirds of the extant cattle 
populations) were used to analyze their relationships 
and to identify potential issues needed to improve the 
monitoring of this critical aspect in the conservation 
of these animal genetic resources (i.e., Reggiana and 
Modenese breeds). All parameters that were considered 
include approximations and rely on several assumptions 
that might not always hold in all breeds and conditions. 
In particular, the most critical issue is that pedigree 
information should be complete and correct. Pedigree 
information from past generations, however, could not 
be retrospectively completed or corrected apart from 
obvious and material registration errors. Genomic in-
breeding measures derived by ROH, that estimate the 
proportion of homozygous chromosome regions with 
respect to the total autosomal genome, can be called 
using different SNP parameters that might also depend 
on several intrinsic features of the SNP chip, such as 
density and the errors in detecting homozygous SNP 
(e.g., Purfield et al., 2012; Ferenčaković et al., 2013a,b; 
Ceballos et al., 2018; Rodríguez-Ramilo et al., 2019). 
We have already shown that, despite some small dif-
ferences, all measures derived from different ROH call-
ing approaches are usually highly correlated (Schiavo 
et al., 2020b); therefore, strong biases in estimating 
inbreeding derived by these genomic parameters are 
not expected. Based on the results obtained in this 
study, 2 groups of genomic inbreeding measures could 
be considered: one group includes all ROH related 
measures (FROH1-FROH16), FHOM and FHAT3 that had, in 
general, high correlation values to each other in both 
breeds (ranging from 0.654 to 0.998); another group 
includes FGRM, FHAT1 and FHAT2 that had, in general, 
low absolute correlation values with all other param-
eters or inconsistent values across the 2 breeds. This is 
also similar to what could be possible to infer from the 
same parameters analyzed in commercial and local pig 
breeds (Schiavo et al., 2020b).

The pedigree structures for the 2 breeds, dated back 
of about 60 years (starting from the constitution of 
their herd books), showed a general trend over this 
time frame that tended to substantially increase the 
proportion of registered animals with both parents 
known (Figure 1). This is similar to what might be ex-
pected, according to the better organization of the herd 
books in recent times, as also reported in other breeds 
(e.g., Granado-Tajada et al., 2020). A relevant frac-
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tion (about 10%) of the Reggiana cattle registered over 
the last decade, however, had only information from 
the mother resulting in a lower number of complete 
generations in this breed than that of Modenese (Table 
1). The effect of this incomplete pedigree structure 
caused a lower correlation between FPEDR and FPEDW 
in Reggiana (0.895) than in Modenese (0.949), when 
the genotyped subpopulation (that was quite recent: 
all genotyped animals were born from 2000 to 2018 
and most of them were born over the last decade) was 
considered. This was also evident from the correlation 
between FAR and the other 2 pedigree-based measures 
(FPEDR and FPEDW), even if the level of these values 
was much lower in both breeds as FAR is affected by 
the completeness of the pedigree information (Gutiér-
rez and Goyache, 2005). In general, pedigree-based in-
breeding parameters in the genotyped subpopulations 
indicated a higher mean inbreeding value in Reggiana 
than in Modenese. This situation was reverted when 
ROH genomic inbreeding parameters (FROH1-FROH16) 
were considered: Modenese breed had always higher 
values than Reggiana breed. The actual general higher 
level of inbreeding in the Modenese breed can be in-
directly confirmed by the lower Ne estimated with all 
used methods in this breed than in Reggiana cattle.

The higher depth of pedigree information in Modenese 
breed also resulted in higher correlation values between 
pedigree and all genomic inbreeding parameters in this 
breed than in Reggiana. However, these correlation val-
ues were in general low in both breeds. All other genom-
ic-derived parameters were very poorly correlated with 
pedigree inbreeding values in both breeds, also reflect-
ing the general low correlation between them and the 
second group of genomic inbreeding parameters defined 
above. Again, this situation might also be due, to some 
extent, by the higher proportion of registered Reggiana 
cattle born over the last 2 decades with incomplete 
pedigree information, that, in turn, might determine 
the lower equivalent number of complete generations 
available in the Reggiana breed than in Modenese cat-
tle. Similar low correlations between pedigree-derived 
and genomic-derived inbreeding parameters have been 
already reported in several local breeds in which the 
semi-extensive/extensive production systems or the low 
technical inputs might contribute to reduce the cor-
rectness of the registration of the pedigree information 
(Peripolli et al., 2018b; Joaquim et al., 2019; Schiavo 
et al., 2020b). However, even greater correlations than 
those obtained in this study have been reported, partic-
ularly in horses (i.e., 0.65 in Italian Heavy Draft Horse 
autochthonous population; Mancin et al., 2020) and 
sheep (Granado-Tajada et al., 2020). It is possible that 
despite the sometime small population size, pedigree 
information in horses have been always recovered more 

accurately and have been started earlier than in local 
cattle breeds. A more precise use of artificial insemina-
tion could have been used to improve the correctness of 
the pedigree. Additionally, it has to be taken into ac-
count that both Reggiana and Modenese are examples 
of populations that experienced recent enlargements in 
the number of herds due to the success of the labeled 
cheese production within the PDO Parmigiano-Reggia-
no cheese, that has brought many economic benefits to 
farmers. However, in conservation programs such as in 
the present breeds as well as in other small breeds, the 
systematic use of genotyping tools to analyze the whole 
breed population has been demonstrated to be useful to 
overcome the limitations that the management of local 
genetic resources has to face if it is constructed only on 
pedigree recorded information (Purfield et al., 2017).

The ROH islands detected by analyzing genome data 
at the breed level pointed out hotspots of homozygos-
ity that can be interpreted as the results of positive 
selection for alleles that might confer some adaptive 
advantages to the production systems where the breeds 
have been constituted (Mastrangelo et al., 2016). These 
highly homozygous regions can be the remain of signa-
tures of past recent selections that differentiated local 
genetic resources (Burren et al., 2016). The prelimi-
nary study that investigated ROH islands in Reggiana 
breed based only on about 160 sires genotyped with 
the Illumina 50K SNP chip reported 8 hotspots of ho-
mozygosity on 6 different autosomes (Mastrangelo et 
al., 2018b). Among them, 2 (one on BTA6 and one on 
BTA29; Supplemental Table S3) overlap with the ROH 
islands identified in the current broader study. The 
region on BTA6, that barely trespassed the considered 
threshold in Mastrangelo et al. (2018b), corresponding 
to the frequency of the 10% of the genotyped animals, 
was the most relevant ROH island in both Reggiana 
and Modenese breeds. This region, that was detected in 
more than two-thirds of the analyzed animals of both 
breeds, includes the ABCG2 and the NCAPG-LCORL 
genes. A missense mutation determining a potential 
causative variant affecting milk production and com-
position traits in cattle (Cohen-Zinder et al., 2005) has 
been already tested in Reggiana sire, confirming the 
high level of homozygosity of this gene region (Fontane-
si et al., 2015). The NCAPG-LCORL genes have been 
shown to affect stature, several other conformations, 
carcass, and growth-related traits in different cattle 
populations (Lindholm-Perry et al., 2011). In a recent 
GWAS we carried out in Reggiana, this region was 
highly associated with the stature of the cows (Bovo et 
al., 2021). The quite high stature of both Reggiana and 
Modenese cattle could be influenced by this region that 
seems a remain of the past triple-purpose adaptation 
of these local breeds. This hypothesis is corroborated 
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by the presence of many signatures of selection in the 
Reggiana genome that could be ascribed to the past 
unspecialized use of this breed (Bertolini et al., 2020). 
In Modenese, another interesting ROH island was local-
ized on BTA13 in the region of the ASIP gene. Variants 
in this gene are responsible for the allele series at the 
Agouti coat color locus that determine a large coat color 
variability in many species, even if in cattle the role 
of the ASIP gene in affecting pigmentation has been 
elusive thus far. Recently, Trigo et al. (2021) reported 
that, in Nellore cattle, the degree of dark extension over 
a white color is determined by a composite deletion in 
the ASIP gene. White coat color associated with copy 
number variants affecting this gene have been reported 
in sheep and goats (Norris and Whan, 2008; Fontanesi 
et al., 2009, 2010a,b,c). Therefore, we could speculate 
that variants in the ASIP gene or regulating its ex-
pression might be involved in determining the white 
coat color and its deviations in Modenese cattle. To our 
knowledge, this would be the first case of a Bos taurus 
breed for which variability affecting the ASIP gene are 
associated with the characterizing coat color of the 
Modenese cattle. Another region in Modenese, detected 
on BTA18, includes an epistatic gene affecting coat 
color (MC1R; Russo et al., 2007). The combination of 
the effects derived by ASIP and MC1R could be impor-
tant to define the coat color of this breed. This region 
could not be evidenced in Reggiana, despite the fact 
that most animals of this breed have the homozygous 
e/e genotype at this gene, which confers the classical 
red coat color of this breed (Russo et al., 2007; Bovo 
et al., 2021). This is probably due to the small region 
that is almost fixed in this breed and that could not be 
captured with the method we applied. We are analyz-
ing the genome of the breeds with other approaches to 
evidence additional signatures of selection that could 
complement and complete the results obtained by using 
ROH islands.

CONCLUSIONS

This study reports a detailed analysis of the inbreed-
ing in 2 autochthonous cattle breeds, both using pedi-
gree and genomic information, that made it possible 
to evaluate the effectiveness of pedigree information in 
local breeds that have ongoing plans of conservation 
but with a history of recent expansion of the popula-
tion size. The different genomic estimates reported a 
limited increase of the inbreeding level over the last 
decades, suggesting a good breeding management of 
both breeds. The comparison between pedigree-based 
and genomic-based methods demonstrated the impor-
tance to apply genomic information in local popula-
tions such as Reggiana and Modenese to complement 

the incompleteness of the pedigree records. Signatures 
of selection, identified in the correspondence of ROH 
islands, explaining, at least in part, some breed-specific 
features, remained in the 2 breeds, despite the recent 
population size expansions after the major bottlenecks 
that both breeds experienced. Conservation programs 
of these cattle genetic resources should maintain these 
genetic peculiarities identified in some chromosome po-
sitions enriched of highly homozygous regions, but at 
the time, have to control the inbreeding rate. The use of 
marker assisted selection for a few of these regions (e.g., 
MC1R alleles in the Reggiana cattle) can be optimized 
for this double purpose. Therefore, all animals of these 
2 breeds are going to be genotyped with the same SNP 
chip already used in this study and for a few gene mark-
ers that could help to address a balanced conservation 
strategy driven by genomic information.
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