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ABSTRACT

Among Italian dairy cattle, the Holstein is the most
reared breed for the production of Parmigiano Reggiano
protected designation of origin cheese, which represents
one of the most renowned products in the entire Italian
dairy industry. In this work, we used a medium-density
genome-wide data set consisting of 79,464 imputed
SNPs to study the genetic structure of Italian Holstein
breed, including the population reared in the area of
Parmigiano Reggiano cheese production, and assessing
its distinctiveness from the North American popula-
tion. Multidimensional scaling and ADMIXTURE
approaches were used to explore the genetic structure
among populations. We also investigated putative
genomic regions under selection among these 3 popu-
lations by combining 4 different statistical methods
based either on allele frequencies (single marker and
window-based) or extended haplotype homozygosity
(EHH; standardized log-ratio of integrated EHH and
cross-population EHH). The genetic structure results
allowed us to clearly distinguish the 3 Holstein popu-
lations; however, the most remarkable difference was
observed between Italian and North American stock.
Selection signature analyses identified several signifi-
cant SNPs falling within or closer to genes with known
roles in several traits such as milk quality, resistance to
disease, and fertility. In particular, a total of 22 genes
related to milk production have been identified using
the 2 allele frequency approaches. Among these, a con-
vergent signal has been found in the VPS8 gene which
resulted to be involved in milk traits, whereas other
genes (CYP7B1, KSR2, C4/A, LIPE, DCDC1, GPRZ20,
and ST3GALTI) resulted to be associated with quantita-
tive trait loci related to milk yield and composition

Received April 5, 2022.
Accepted February 7, 2023.
*Corresponding author: g.senczuk@unimol.it

in terms of fat and protein percentage. In contrast, a
total of 7 genomic regions were identified combining
the results of standardized log-ratio of integrated EHH
and cross-population EHH. In these regions candidate
genes for milk traits were also identified. Moreover, this
was also confirmed by the enrichment analyses in which
we found that the majority of the significantly enriched
quantitative trait loci were linked to milk traits, where-
as the gene ontology and pathway enrichment analysis
pointed to molecular functions and biological processes
involved in AA transmembrane transport and methane
metabolism pathway. This study provides information
on the genetic structure of the examined populations,
showing that they are distinguishable from each other.
Furthermore, the selection signature analyses can be
considered as a starting point for future studies in
the identification of causal mutations and consequent
implementation of more practical application.

Key words: cattle, Holstein, genetic structure,
selection signature, candidate genes

INTRODUCTION

With a total population size exceeding 65 million,
Holstein cattle are the most widespread dairy breed in
the world (FAO, 2018). Their origin can be traced back
to the Dutch provinces of North Holland and Friesland,
and Schleswig-Holstein in Northern Germany where
they have had a long history of dual-purpose breed-
ing. During the 1870s and 1880s it was exported to
the United States where it was strongly selected to
increase milk yields (Theunissen, 2012). Along with
the growing milk demand occurred during the twenti-
eth century, the North American stock was reused to
improve milk production in many European countries
(Cassandro, 2014; Hulsegge et al., 2022). Although on
the one hand this has led to a significant global in-
crease in milk productivity, on the other, recent genetic
studies have highlighted a worrying reduction in the
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genetic variability of many traditional Holstein popula-
tions because of intense directional selection (Doekes et
al., 2018; Makanjuola et al., 2020). Contrariwise, the
maintenance of a good level of genetic diversity repre-
sents an important challenge also in highly productive
systems especially when considering the ever-changing
market requirements.

The TItalian Friesian population was historically
documented since around 1870 (Balasini, 2002), how-
ever, during the first half of the 20th century, the North
American stock was gradually introduced especially in
northern regions to improve the dairy industry (Porter
et al., 2016). The Italian Holstein herd-book was estab-
lished in 1956 by the National Association of Italian
Friesian Cattle Breeders. The National Association of
Ttalian Friesian Cattle Breeders, today the Italian Hol-
stein, Brown and Jersey National Breeders Association,
still holds the herd-book and establishes the selection
objectives (ANAFIBJ, 2021a). Currently, among Ital-
ian dairy cattle, the Italian Holstein is the most reared
breed for the production of Parmigiano Reggiano pro-
tected designation of origin cheese. Consequently, in
recent times, the use of specific breeding values such
as the “Production, Functionality and Type index,” the
“Economic - Functional Index,” and the “Cheesemak-
ing and Sustainability Index — Parmigiano Reggiano”
(ANAFIBJ, 2021b), together with specific genotypes
such as the homozygosity of the Bk-CN allele (Chessa
et al., 2020), has become an essential tool for breeders.
Although local farmers have been selecting for casein
and protein percentage for at least the last 2 decades,
only since 2016 has the National Association defined
the cheesemaking and sustainability index—Parmi-
giano Reggiano, which is specifically thought for the
herds that produce milk that will be sold to Parmigiano
Reggiano producers (Visentin et al., 2018; Marusi et
al., 2019). As far as we are aware, this may have an
impact on the genetic diversity of the Holstein breed
because distinct selection criteria used within the same
breed may affect its population structure (Andersson
and Georges, 2004; Ablondi et al., 2021). A recent high-
resolution representation of the genome-wide diversity
and population structure of Italian local cattle breeds,
including Holstein Friesian was provided, using a me-
dium-density SNP array by Mastrangelo et al. (2018).
Moreover, despite the intense genetic exchange of ge-
netic material between Italy and the rest of the world
(notably the United States), the specific environmental
conditions and breeding system could have resulted in
a genetic differentiation between the Italian and North
American populations.

Aims of this study are to explore the genetic struc-
ture of the Italian Holstein assessing its distinctiveness
from the North American population, and to identify
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whether the Italian Holstein population used to pro-
duce Parmigiano Reggiano is also distinguishable from
other Italian Holstein not used for such a production.
In doing so, we also performed a selection signature
analysis by combining different statistical methods
based either on allele frequencies (Fgr) or extended
haplotype homozygosity [EHH; standardized log-ratio
of integrated EHH (Rsb) and cross-population EHH
(XP-EHH)]. The incorporation of different methods
is crucial to investigate selection signatures at different
time resolutions. Indeed, even though Fqr methods are
best suited to detect more ancient evidence of selection,
the EHH-based methods are more suited to detect very
recent signals of selection. Definitely, here we show that
the use of multiple approaches is an essential element
for the identification of selection signatures involved in
phenotypic variation important to better understand
the evolutionary processes that underlie traits that
have been exposed to both natural and artificial selec-
tion (Saravanan et al., 2020).

MATERIALS AND METHODS

No animals were used in this study, and ethical approv-
al for the use of animals was thus deemed unnecessary.

Source of the Genotypes and Quality Control

Based on pedigree and herd-book information, 280
samples of Holstein cattle breed were selected, taking
into account their kinship to have pure representatives
of each population and avoiding close kinship among
samples. According to this criterion 3 groups have been
generated: one including only individuals from the
United States and Canada (acHOL), a second includ-
ing Italian Holstein samples not used to produce Parmi-
giano Reggiano (itHOL), and a third group including
only ITtalian Holstein cattle used to produce Parmigiano
Reggiano (prHOL). Genotype data come from the
genomic database of the Italian Holstein, Brown and
Jersey National Breeders Association, including Italian
genotyped animals, genotypes from the Intercontinen-
tal consortium (the United States, Canada, Ttaly, the
United Kingdom, Switzerland), and genotypes provided
by other parties.

To harmonize the data set, as they come from different
SNPs panels, we performed an imputation approach us-
ing the software Pedimpute (Nicolazzi et al., 2013). We
obtained 86,841 imputed SNPs that were then mapped
against the ARS-UCD1.2 reference genome (Rosen et
al., 2020). The software PLINK (Purcell et al., 2007;
Chang et al., 2015) was used to filter for minor allele
frequency (maf 0.05) and missing genotype call rate
(geno 0.01) obtaining a final data set of 79,464 SNPs.
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Analysis of Genetic Diversity
and Population Structure

For each population, basic genetic diversity indices
including average of the observed and expected het-
erozygosity and minor allele frequency were calculated
with PLINK (Purcell et al., 2007; Chang et al., 2015).
The inbreeding coefficient based on runs of homozygos-
ity was estimated using the software PLINK with pa-
rameters described in Moscarelli et al. (2021), whereas
trends in effective population size were estimated us-
ing the software GONe (Santiago et al., 2020). This
approach allows inferring a reliable demographic his-
tory of contemporary population within the past 100
generations, given the extent of the observed linkage
disequilibrium (LD) between SNPs. Due to the likely
presence of rather recent migrants among populations,
the recombination rate was set to 0.01 while other pa-
rameters have been left as default.

To explore the genetic variation within and among
groups, after calculating pairwise identical-by-state
distances using the software PLINK (—cluster mds-plot
3), a multidimensional scaling plot was generated using
the R package ggplot2 (Wickham, 2011). In addition,
a maximum-likelihood clustering approach, as imple-
mented in the software ADMIXTURE (Alexander and
Lange, 2011) with K values (given ancestral popula-
tions) ranging from 2 to 5, has been used to assess
population stratification. The results have been plotted
and ordered following the sample grouping using the
membercoef.plot function in the R package BITE (Mila-
nesi et al., 2017). Using the membercoef.cv function
from the same package, the best values of K have been
also assessed.

Selection Signature Through Genome-Wide Allele
Frequency Approaches

To identify possible genomic regions under selection
among the 3 Holstein groups, 2 different Fgp approaches
were used: (i) a genome-wide Fgr outlier method using
the software BayeScan (Foll and Gaggiotti, 2008) and
(ii) a genome window-based analysis using weighted
Fgr average according to Weir and Cockerham (1984)
method.

For both methods, the choice to select a reasonable
region also putatively under selection was based by
screening the extent of LD among markers by perform-
ing a LD decay plot and assessing when the r” reaches
a stationary (around 120 kb, Supplemental Figure
S1; https://doi.org/10.6084/m9.figshare.22786295.v1;
Senczuk, 2023).

For the single locus pairwise Fgp outlier analysis
we retained SNPs based on the top 0.05% Fgp value
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(99.95th percentile). We then considered a region of +
60 kb around the significant SNPs to retain genes and
explore their function.

For the Fgqr window-based approach, after retain-
ing windows with at least 4 SNPs, the top 0.05%
Fgr (99.95th percentile) windows were considered as
significant. According to the LD decay we screened
across windows of 120 kb with a step of 60 kb using
the software VCFtools (Danecek et al., 2011). For all
comparisons, Manhattan plots have been generated us-
ing the manhattan function of the R package qqplot
(Turner, 2018).

Information on the annotated genes within windows
and SNPs were obtained from the Genome Data Viewer
using the ARS-UCD1.2 as reference genome.

Selection Signature Through Extended
Haplotype Homozygosity

Two additional methods based on XP-EHH (Sabeti
et al., 2002) and Rsb (Tang et al., 2007) were also used.
Both approaches are based on (site-specific) EHH and
relative integrals (iES and inES) between populations
that in turn provide reliable pictures of the ongoing
selection acting on chromosomes even in the absence
of a polarization between ancestral and derived alleles
(Klassmann and Gautier, 2022).

To conduct these analyses the phased haplotypes
obtained using the software Pedimpute (Nicolazzi et
al., 2013) were imported in the rehh package (Gautier
and Vitalis, 2012) to calculate the haplotype related
statistics.

For both Rsb and XP-EHH approaches, candidate
regions were selected as those containing at least 4
significant SNPs within 1-Mb sliding windows, over-
lapping 10 kb, and retaining all SNPs exceeding the
threshold of —logl0 (P-value) = 2.5.

Finally, all annotated genes within a region were re-
trieved from the Genome Data Viewer using the ARS-
UCD1.2 as reference genome.

Quantitative Trait Loci and Functional
Enrichment Analysis

For both Fgr and EHH analyses, we used the R
package Genomic Annotation in Livestock for posi-
tional candidate loci (GALLO; Fonseca et al., 2020), to
perform an enrichment analysis. The QTL annotation
file (.gff) was imported from Animal QTL Database
(Cattle QTLdb, 2021; Hu et al., 2013, 2022), using
ARS_UCDI1.2 as reference genome. Concerning EHH
regions, all the subsequent analyses were conducted
only on the shared haplotypes detected by the 2 ap-
proaches (XP-EHH and Rsb). The proportion of QTL
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Table 1. Genetic diversity indices estimated for the 3 Holstein cattle populations (one including only individuals from the United States and
Canada (acHOL), a second including Italian Holstein samples not used to produce Parmigiano Reggiano (itHOL), and a third group including
only Italian Holstein cattle used to produce Parmigiano Reggiano (prHOL)

Population Code No. Ho + SD He £ SD Fron' Neé?

Italian Holstein itHOL 74 0.373 + 0.160 0.354 + 0.144 0.102 43.39
Parmigiano Reggiano Holstein prHOL 105 0.363 £ 0.138 0.368 £+ 0.135 0.125 89.05
North American Holstein acHOL 101 0.342 £ 0.171 0.332 £ 0.160 0.168 39.97

! Fron = genomic inbreeding coefficient (F) derived from runs of homozygosity (ROH).

*Ne = effective population size.

categories was calculated and plotted in pie charts using
the function plot_gtl_info. Subsequently, enrichment
analysis was conducted using the chromosome-based
method on both the significant Fgp markers (taking
60 kb windows upstream and downstream) and within
the selected windows-based and EHH regions. To com-
pare the observed and the expected number of QTL for
each trait, a bootstrap approach through 1,000 itera-
tions of random sampling was used. Adjusted P-values
(Padj-value) were calculated based on the Bonferroni
correction. Only chromosome-enriched traits with a
Padj-value below the significance threshold of 0.05 were
plotted.

Finally, with the aim of intercepting interactions
between genes, the software ToppGene (Chen et al.,
2009) was used to explore potential biological functions
and pathways. As a gene list we included all genes
falling within significantly enriched QTL as revealed
by GALLO, either considering the Fgp-based or EHH-
based approaches. The table containing the training
set used for the gene prioritization analysis is available
in Supplemental Table S1 (https://doi.org/10.6084/
m9.figshare.22786295.v1; Senczuk, 2023). For the
Gene Ontology (GO) terms and pathways enrichment
analysis, we used a random sampling size of 5,000 and
a minimum feature count of 2 as test parameters. The
analysis was performed for each comparison separately,
selecting GO terms and Kyoto Encyclopedia of Genes
and Genomes pathways based on P-values adjusted for
Bonferroni (Padj-value < 0.05).

RESULTS

Analysis of Genetic Relationships
and Population Structure

Genetic diversity indices for the 3 Holstein popula-
tions are reported in Table 1. The itHOL showed the
highest level of observed heterozygosity and the lowest
level of inbreeding, the acHOL showed an opposite pat-
tern, whereas the prHOL showed intermediate values.
Concerning contemporary effective population size
(Ne), the prHOL population showed the highest value
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whereas the acHOL showed the lowest (Table 1). Trends
in population size as shown by exploring Ne over the
last 100 generations indicated a similar pattern with
a general decrease of all populations starting between
25 and 20 generations ago. However, the Italian Hol-
stein (itHOL and prHOL) showed higher values of Ne
compared with the North American Holstein (acHOL;
Supplemental Figure S2; https://doi.org/10.6084/m9
figshare.22786295.v1; Senczuk, 2023).

The multidimensional scaling plot is reported in
Figure 1. The first 2 dimensions cumulatively account
for 14.18% of the total variance. The results show sepa-
ration among the 3 Holstein populations; however, a
slight overlap can be also observed among them.

Analogous results are given by the ADMIXTURE
analysis which showed the most reliable repartition
at value of K = 3 (Figure 2). Indeed, at this genetic
structuring the acHOL group is clearly distinguishable
from all the Italian Holsteins showing a predominance
of the red component. However, 2 main groups cor-
responding to the itHOL and prHOL populations also
showed a marked genetic distinctiveness. In particular,
the itHOL showed a dominance of the blue component
whereas in the prHOL group we observed a higher di-
versity in terms of genetic components, although the
yellow one results the more frequent.

Selection Signature Through Genome-Wide Allele
Frequency Approaches

Among the 3 sets of comparisons, a total of 120 out-
lier SNPs were detected using the single marker Bayes-
ian approach whereas 140 SNPs were identified using
the Fgp window-based approach (Figure 3). The list of
all significant SNPs is reported in Supplemental Table
S2 (https://doi.org/10.6084/m9.figshare.22786295
.v1; Senczuk, 2023). Among these, we found 15 SNPs
encompassing 6 chromosomes (BTA1, BTA3, BTA14,
BTA16, BTA18, and BTA20) that were coincident
between the 2 approaches. Within these candidate re-
gions, 11 annotated genes were located (VPSS, P2RY1,
BTG2, CHIT1, MYBPH, CHI3L1, PPP1R15B, PIK-
3C2B, ZNF/04, ZNF/5, and ZNF226).


https://doi.org/10.6084/m9.figshare.22786295.v1
https://doi.org/10.6084/m9.figshare.22786295.v1
https://doi.org/10.6084/m9.figshare.22786295.v1
https://doi.org/10.6084/m9.figshare.22786295.v1
https://doi.org/10.6084/m9.figshare.22786295.v1
https://doi.org/10.6084/m9.figshare.22786295.v1

Persichilli et al.: GENOME-WIDE DIVERSITY OF HOLSTEIN CATTLE

0.10
o 005 e’
ER X'
2 s 73t
g "j‘ ® el
.= R o
A 000 ® o
.3
L] [
-0.05
[
-0.10 -0.05 0.00

° e °
2 e acHOL
R
o ° itHOL
() v
° prtHOL
(1]
[ [ )
DY
!
>)
0.05 0.10

Dimension 1

Figure 1. Multidimensional scaling plot showing the genetic relationships of the analyzed Holstein populations as reported in Table 1. acHOL
= only individuals from the United States and Canada; itHOL = Italian Holstein samples not used to produce Parmigiano Reggiano; prHOL =

only Italian Holstein cattle used to produce Parmigiano Reggiano..

In the BayeScan analysis the Fgr values for the top
0.05% SNP ranged from 0.260 to 0.335, from 0.125 to
0.183, and from 0.110 to 0.132 in the itHOL versus
acHOL, prHOL wversus acHOL, and prHOL versus
itHOL, respectively. For each comparison we found 40
top markers (0.05% Fgr) encompassing 25, 27, and 43
annotated genes, located in 12, 9, and 8 autosomes, in
the comparisons itHOL versus acHOL, prHOL versus
acHOL, and prHOL versus itHOL, respectively (Table

=3)

Ancestry (K

acHOL

itHOL

2). Interestingly, 5 genes (UNC13C, MAPKG6, LEOI,
ZFPM1, KCNMA1) were found close to significant
markers in 2 comparisons (itHOL vs. acHOL and prHOL
vs. acHOL), whereas a single gene (C12H150rf}2) was
found close to a significant SNP in the comparison be-
tween prHOL and acHOL.

Considering the Fgp window-based approach, we found
12 significant windows for each comparison (Supplemen-
tal Table S2). However, several windows were partially

prHOL

Figure 2. Bar plot of the ADMIXTURE analysis considering the most reliable number of given ancestral populations (K values; K = 3).
acHOL = only individuals from the United States and Canada; itHOL = Italian Holstein samples not used to produce Parmigiano Reggiano;
prHOL = only Italian Holstein cattle used to produce Parmigiano Reggiano.
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Figure 3. Manhattan plot of statistical method based on allele frequencies (Fgr) calculated with an Fgp window-based approach (A) between
acHOL and itHOL, prHOL and itHOL, and prHOL and acHOL, or the Bayesian outlier approach (B) between acHOL and itHOL, prHOL and
itHOL, and prHOL and acHOL. acHOL = only individuals from the United States and Canada; itHOL = Italian Holstein samples not used to
produce Parmigiano Reggiano; prHOL = only Italian Holstein cattle used to produce Parmigiano Reggiano. The horizontal red line indicates

the threshold based on the 0.05% Fgr (99.95th percentile).

overlapped and were therefore merged (Table 3). In addi-
tion, only 7, 6, and 5 windows contained annotated genes
in the itHOL versus acHOL, prHOL versus acHOL, and
prHOL versus itHOL comparisons, respectively (Table
3). In the comparison between the itHOL and acHOL,
prHOL and acHOL, and prHOL and itHOL, 9, 8, and 15
annotated genes located in 7, 5, and 4 autosomes were
found. Also, in this case, overlapping significant SNPs
in the comparisons itHOL versus acHOL and prHOL
versus acHOL mapped within known genes (VPS8 and
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FER; Table 3). In addition, within these 2 comparisons,

the genes VPS8, FER, and GRIKS3 were detected in
more than one significant window.

Selection Signature Through Extended
Haplotype Homozygosity

The 2 EHH-based analyses between populations re-
vealed a total of 29 candidate regions putatively under
selection (Figure 4). Among those, 11 were obtained
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using the XP-EHH whereas 18 were obtained using
the Rsb approach, respectively (Supplemental Table
S2). We found a total of 7 overlapping genomic regions
between the 2 EHH-based analyses, specifically 1 in
the itHOL versus acHOL comparison, 3 in the prHOL
versus acHOL comparison, and 3 in the prHOL versus
itHOL comparison (Table 3).

Within the overlapping candidate regions identified
by the 2 EHH-based analyses, a total of 266 annotated
genes were found (Table 3). Among those, 52, 47, and
187 annotated genes were found within the itHOL ver-
sus acHOL, the itHOL versus prHOL, and the prHOL
versus acHOL comparisons, respectively. In contrast,
just a single genomic region located on the BTA10 was
found in both the itHOL versus acHOL and the itHOL
versus prHOL comparisons. In this region, we found
20 overlapping annotated genes (MGAT2, DNAAF2,
MIR6517, POLE2, KLHDCI1, KLHDC2 NEMF,
ARF6, VCPKMT, SOS2, L2HGDH, ATP5S, CDKL1,
MAP4KS5, ATL1, SAV1, NIN, ABHD12B, PYGL, and
TRIMY).

ZNF226*

]

INF45*

MDMJ, TRNAK-UUU

KLF12*
52020001 52140000 4 ZNF404%* ZNF283*

no. Gene

5

prHOL vs. itHOL
1080000 6 CHI3L1* MYBPH, CHIT1* BTG2

2280000 5 PPPIR15B* PIK3C2B* PLEKHAG,

End

960001
2100001

Start
114900001 115020000 5 P2RY1

48420001 48540000

BTA
3
12

1
16
1

Quantitative Trait Loci and Functional
Enrichment Analysis

The proportion of the QTL categories found within the
candidate genomic regions identified with BayeScan, Fgr
window-based, and EHH-based approaches are reported
in Supplemental Figures S3, S4, and S5, respectively
(https://doi.org/10.6084/m9.figshare.22786295.v1;
Senczuk, 2023). Both Fgp window-based and EHH-based
approaches showed on average the higher proportion of
QTL related to milk, whereas the Bayesian method the
lowest. These results are also in line with the QTL enrich-
ment analysis which showed the majority of significant
milk-related QTL in both the Fgr windows-based and
the EHH-based approaches. Indeed, for these 2 methods,
most of the significantly enriched QTL (Padjvalue <
0.05) were related to milk type.

In the Fgr windows-based approach, among the sig-
nificantly enriched milk type QTL (all detected with
Padj-value < 0.05) we found the glycosylated k-CN
percentage within the selection signal located on BTA7
detected in the itHOL versus acHOL comparison, the
k-CN percentage and milk fat percentage within the
selection signals located on BTA3 and BTA14 in the
prHOL versus acHOL comparison, and the somatic cell
score and 305-d milk yield within the selection signal
on BTAI18 in the itHOL versus prHOL comparison
(Supplemental Figure S4).

Concerning the EHH-based approach, among the
significantly enriched milk type QTL (all detected with
Padj-value < 0.05) we found milk protein percentage,
milk fat content, and milk caproic acid content on

no. Gene
PTP4A3,
GPR20*
7980000 6 STSGALI*

End
2640000 4 MROHS,

prHOL vs. acHOL
82260001 82440000 5 VPS8*
108840001 109020000 4 GRIKS*
24540001 24660000 4 SLC24A2*

(prHOL)'
2520001
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TA
1
3
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14

TRNAG-CCC

107940001 108300000 4 FER*

5 KIRRELI1*
FAM/9B*

no. Gene

End
10560000 4 HMGBI1P1

itHOL vs. acHOL
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87900000 4 ESRRB*
10680000 6 ASAPI1*
61740000 4 DCDC1*

12240001
87780001
10560001
61620001
10440001

Start
82260001
'Only windows containing annotated genes are shown. When the marker falls within the gene a * is annotated. In bold are indicated genes with potential role in productivity traits

in cattle. Genes overlapping between BayeScan and the statistical method based on allele frequencies (Fgr) window-based approaches are underlined.

Table 3. List of significant windows detected using the Fgr window-based approach and their relative genes for the 3 Holstein cattle populations (one including only individuals
from the United States and Canada (acHOL), a second including Italian Holstein samples not used to produce Parmigiano Reggiano (itHOL), and a third group including only

Italian Holstein cattle used to produce Parmigiano Reggiano
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Figure 4. Manhattan plot of the —log;, (P-value) calculated between pairs of the 3 Holstein populations using the statistical method based
on extended haplotype homozygosity [ratio of extended haplotype homozygosity segments between populations (Rsb; A) and the cross-popu-
lation extended haplotype homozygosity (XP-EHH; B)] approaches. acHOL = only individuals from the United States and Canada; itHOL =
Italian Holstein samples not used to produce Parmigiano Reggiano; prHOL = only Italian Holstein cattle used to produce Parmigiano Reggiano.
The horizontal red line indicates the threshold based on the 0.05% logo(P-value) (99.95th percentile).

BTA10 in the itHOL versus acHOL comparison, milk
linoleic acid content and milk casein percentage within
the selection signals located on BTA19 and BTA1S in
the prHOL versus acHOL comparison, and milk phos-
phorus content and milk a-S1-CN percentage within the
selection signal on BTA7 in the itHOL versus prHOL
comparison (Supplemental Figure S5).

Finally, in the Bayesian method, the significantly en-
riched QTL were related to health, reproduction, and
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meat and carcass while no significantly enriched milk
type QTL were found (Supplemental Figure S3).

Most of the significantly enriched GO terms were
found in the comparison itHOL versus prHOL and in-
cluded 10 GO molecular functions and 5 GO biological
processes, all linked to AA transmembrane transporter
activities (Supplemental Table S3; https://doi.org/10
.6084/m9.figshare.22786295.v1; Senczuk, 2023). How-
ever, just 2 GO terms (GO:0008157 and GO:0005601)
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were found significantly enriched in the itHOL versus
acHOL and prHOL versus acHOL, respectively.

Considering pathways, we only found one significant-
ly enriched Kyoto Encyclopedia of Genes and Genomes
term (MAPO00680) involved in methane metabolism in
the comparison between itHOL and prHOL.

DISCUSSION

Maintaining a good level of genetic variability rep-
resents an important challenge in highly productive
systems where artificial selection for particular traits
have markedly affected the genomic variability of many
cosmopolitan breeds (Ma et al., 2019; Ablondi et al.,
2022). The availability of SNP arrays has greatly im-
proved the power of genome-wide studies for a deep
investigation of genetic diversity, allowing the identifi-
cation of genomic regions under selection in cattle (e.g.,
Qanbari et al., 2010; Zhao et al., 2015; Ben-Jemaa et
al., 2020; Mastrangelo et al., 2020; Abbasi-Moshaii et
al., 2023).

Our study shows that both the regular Italian Hol-
stein and Italian Holstein used to produce Parmigiano
Reggiano are clearly differentiated from the North
American Holstein. In particular, we found that Italian
Holstein used for the production of Parmigiano Reg-
giano seems to retain higher genetic diversity in terms
of genomic admixture whereas both the North Ameri-
can and Italian groups seem to be characterized by a
more homogeneous pattern. Such a pattern is probably
due to stronger genetic drift caused by the early imple-
mentation of genomic selection in acHOL, and later in
itHOL, as also detected in previous works (Makanjuola
et al., 2020; Hulsegge et al., 2022). In contrast, the
higher genomic admixture highlighted in the Holstein
population used for the production of Parmigiano Reg-
giano might reflect the past use of the American stock
to implement the breeding selection strategy linked
to dairy productive traits. In addition, our results are
also in line with other studies which found a certain
distinctiveness of some Italian Holstein cows reared for
other cheese production chains (Ablondi et al., 2021).
These outcomes are also confirmed by all genetic di-
versity indices which indicates higher inbreeding and
lower observed heterozygosity in the North American
population which is well known to have been exposed
to intense genomic selection. To strengthen these con-
siderations are the effective population size estimates
which underline a high contemporary value for the
prHOL and lower values for both itHOL and acHOL. In
general, the average inferred contemporary Ne for the 3
populations resulted comparable with those observed in
others worldwide cosmopolitan breeds (Senczuk et al.,
2020b). Finally, trends in Ne show considerable drops
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from 25 generations ago in all the analyzed populations
but in general, the Ttalian Holstein populations (itHOL
and prHOL) show higher values. Even thoough the in-
ferred sudden Ne decline may reflect a recent increase
in the genetic drift due to the strong selection, these
results should be taken with a certain caution as very
recent drastic drops might be related to bias estimates
either in structured populations characterized by low
migration rate or in population with recent migrants
(Santiago et al., 2020).

Selection Signature Through Genome-Wide Allele
Frequency Approaches

The analytical approach using Fgr has been recently
applied in cattle for the identification of genomic regions
involved in phenotypic differences (Mastrangelo et al.,
2019a,b; Senczuk et al., 2020a; Moscarelli et al., 2021;
Bertolini et al., 2021). The genome-wide information in
comparative Fgr was used to detect signatures of selec-
tion that diverge among the 3 groups of Holstein cattle
considered in this study. Several genes with known roles
in traits related to milk quality, resistance to disease
and immune response, and fertility have been identified
(Table 2). The fact that we do not find a great overlap
in significant SNPs between the 2 approaches in almost
all comparisons is not surprising considering the 2 dif-
ferent schemes in selecting SNPs we used. Indeed, for
the Fyr windows-based approach we used a weighted
Fyr average, retaining only windows with at least 4
SNPs (Weir and Cockerham, 1984). However, a total
of 11 genes (VPSS8, P2RY1, BTG2, CHIT1, MYBPH,
CHIS3L1, PPP1R15B, PIK3C2B, ZNF404, ZNF}5,
and ZNF'226) still showed concordant results between
the 2 approaches. Moreover, most of these genes have
been shown to have a role in different productive traits
in cattle (Pimentel et al., 2011; Du et al., 2019; Mo-
hammadi et al., 2020; Illa et al., 2021; Soares et al.,
2021; Yang et al., 2021). For example, the VPS8 gene
overlapped with the bovine QTL region of milk traits
(Taye et al., 2017), the gene ZNF'226 is associated with
growth and carcass quality QTL (MacHugh et al.,
1997), and CHI3LI is related to the innate immune re-
sponse during bacterial inflammation of the mammary
gland (Breyne et al., 2018).

The BayeScan analysis detected 86 unique annotated
genes falling within the upstream and downstream 60
kb from the significant SNPs. Several of these genes
were detected in more than one comparison (UNC15C,
MAPK, LEO1, ZFPM1, KCNMA1, and C12H130rf4}2).
Among the 86 annotated genes, 55 have been shown to
play a role in productive traits (in bold Tables 2 and
3) including genes related to milk production (GSK3A,
SUPT/H1, RNF/3, VPS8, KSR2, ZFPM1, KCNMA1,
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TMEFF2, CYP7B1, RELN, ZFPM1, HDACY, LIPE,
FBX033, C4/A, IRS1, and KIAA0586). Notably, among
the 18 milk production associate genes, 16 have been
found in the comparisons including the acHOL. For
example, the PRL/miR-183/IRS1 pathway has been
shown to be involved in the regulation of milk fat me-
tabolism (Jiao et al., 2020), whereas the gene KCNMA 1
has been predicted to have a functional interaction with
the k-CN gene (CSNS3), thus possibly affecting coagula-
tion and properties of milk, especially curd and cheese
production (Patel and Chauhan, 2018). Interestingly,
this latter gene has been found to be significant in both
comparisons including the acHOL. In addition, sev-
eral of these genes (ZFPM1, KIAA0586, VPS8, C4A,
CYP7B1, and KSR2) mapped within genomic regions
with QTL associated with milk production and yield
(Pimentel et al., 2011; Raschia et al., 2020; Tlla et al.,
2021). Finally, the genes SUPT4H1 and RNF48 have
been found within flanking regions of associated SNPs
for lactation persistency (Do et al., 2017).

Considering the Fgp windows-based approach, we
found 29 annotated genes with 2 genes shared in the
2 comparisons including the acHOL (VPS8 and FER).
Whereas the VPS8 gene is involved in milk traits (Taye
et al., 2017), the FER gene encodes a tyrosine kinase
with a putative role in the regulation of innate im-
mune response (McCafferty et al., 2002). Among the 29
genes, 15 have been previously detected to be associ-
ated with productive traits including milk yield and
quality (DCDC1, VPS8, PTP4A3, ST3GAL1, GPR20,
and SLC2/A2). Among them, the gene GPR20 has
been found involved in the production of milk medium-
chain fatty acids in a GWS framework (Freitas et al.,
2020). Furthermore, the SLC24A2 and DCDC1 genes
have been argued to be associated with milk production
(da Cruz et al., 2021; Rajawat et al., 2022). Finally,
transcripts of the gene PTP4AS3 have been detected
to be downregulated in the mammary glands of dairy
cows during early lactation (Lin et al., 2019).

Selection Signature Through Extended
Haplotype Homozygosity

The genome-wide scan addressed to find putative
genomic regions under selection using EHH approaches
(XP-EHH and Rsb), identified a total of 29 genomic
regions putatively under selection (Supplemental Table
S2). However, in the haplotypic approach we did not find
any common signal with the 2 Fgr-based approaches.
This is a common observation in genome scans suggest-
ing that detection of selection depends on the method
used. In fact, Fgt and EHH-based approaches should be
considered as complementary because of the different
time scale resolution in which these methods are able to
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detect evidence of selection (Maiorano et al., 2018). In
general, Fgr approaches are more appropriate to inves-
tigate evidence of selection in the distant past as being
related to intermediate window size and therefore more
sensitive to historical processes (Sabeti et al., 2006).
In contrast, the EHH-based methods are best suited
to detect more recent positive selection as they need a
relatively large window size to distinguish allele fixation
from noise (Mizuno et al., 2010). Therefore, combining
complementary approaches is a growing promising strat-
egy to identify a wider spectrum of possible selection
signatures (Liu et al., 2013; Ben-Jemaa et al., 2020).
A total of 7 genomic regions containing 266 annotated
genes were identified combining the results of Rsb and
XP-EHH, providing good evidence that these signals
are not artifacts but really genomic regions under selec-
tion. Among the 52 annotated genes found within the
itHOL versus acHOL comparison, most were related to
reproductive and dairy traits. In particular, 15 genes
have been previously shown to be associated with milk
production (ATLI1, SAV1, FRMDG, GNG2, RTRAF,
PCLAF, CSNK1G1, DAPK2, HERC1, FBXL22, USP3,
APHI1B, LACTB, C2CD4B, and VPS13C; Marete et
al., 2018; Deng et al., 2019; Klein et al., 2021; Korkué
et al., 2021; Vohra et al., 2021; Atashi et al., 2022;
Nizamuddin et al., 2022). Noteworthy, this genomic
region on BTA10 has been also found significant in a
recent genome-wide association study for milk produc-
tion traits, which reported the association of 6 genes
(FRMDG6, GNG2, RTRAF, PCLAF, CSNKI1G1, and
DAPK?2) with SCC, milk protein yield, and daily milk
yield (Atashi et al., 2022). In addition, the DAPK2
gene has been also argued to be related to milk fat
percentage in another recent genome-wide association
study (Vohra et al., 2021).

Within the itHOL versus prHOL comparison, 5
genes located on BTA7, BTA10, and BTA20, have
been shown to be associated with milk traits (SAV1,
ATL1, ANXA6, SLC36A2, and SLC3GA1) in previous
studies (Bionaz and Loor, 2011; Kim et al., 2013; Zhou
et al., 2019; Klein et al., 2021). In this comparison, 20
genes on BTA10 were also detected as significant in the
itHOL versus acHOL comparison (see underlined genes
in the Table 4) where 2 of these (SAVI and ATL1), are
found to be milk-related (Klein et al., 2021). Further-
more, SLC36A2 appeared to be associated with 6 milk
protein traits (asl-CN, as2-CN, 3-CN, k-CN, protein
yield, and protein percentage) suggesting a potential
pleiotropic effect for protein composition traits and
coagulation (Zhou et al., 2019).

Finally, in the comparison prHOL versus acHOL,
we found 14 genes associated with milk production
traits (ZNF112, CBLC, SHKBP1, PGLYRP1, RAB/B,
TMEM145, FOXAS3, APOC2, BLVRB, TMEMYS,
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MYO1D, RHOT1, ADAP2, and UTP6) which mapped
on BTA8, BTA18, and BTA19. Among these, Sablik et
al. (2020) demonstrated how a mutation in PGLYRP1
increased milk and protein production during first lac-
tation in Holstein Friesian cattle, whereas FOXAS3 was
observed to be associated with milk and protein yield in
several studies (Kolbehdari et al., 2009; Valdez-Torres
et al., 2020).

Quantitative Trait Loci and Functional
Enrichment Analysis

Among comparisons and methods used, most of the
proportion of QTL annotation was related to the class
milk traits. In fact, the Fgp windows-based and EHH-
based approaches showed the highest fraction of QTL
related to milk traits in all comparisons. For example,
in the Fgr windows-based approach, the enrichment
analysis highlights significantly enriched QTL related
to milk glycosylated k-CN percentage on BTA7 (itHOL
vs. acHOL); milk k-CN percentage and milk fat per-
centage on BTA3 and BTA14, respectively (prHOL vs.
acHOL). Interestingly, the milk protein composition
such as glycosylated K-CN percentage has been shown
to have implication on variations in the rate of firm-
ing and curd firmness (Robitaille et al., 1993) whereas
in general, the role of the K-CN in the stabilization
of the casein micelle is commonly known (McMahon
and Brown, 1984). The fact that we found these milk-
related QTL only when comparing Holstein from Italy
(prHOL and itHOL) with the acHOL, could be related
to a greater attention of the Italian farmer to select for
milk traits involved in the cheese making. Although the
remaining significantly enriched QTL between acHOL
and the other 2 populations were not directly linked to
milk traits, they point to conformation traits indirectly
important for milk production. For example, stature,
withers height, and chest girth are reportedly related
to feed efficiency (Dickinson et al., 1969; Yerex et al.,
1988). Others limb-related conformation traits such as
rear leg placement, foot angle, and feet and leg con-
formation are related to the length of productive life
of a cow (Vollema and Groen, 1998; Peréz-Cabal and
Alenda, 2002; Vacek et al., 2006; Shin et al., 2022).

Considering the comparison prHOL versus itHOL,
we just found 2 significantly enriched QTL, one re-
lated to milk yield (305-d milk yield) on BTA18 and
the other to somatic cell score which is a trait often
selected to improve resistance to mastitis (Shook and
Schutz, 1994).

Concerning the significantly enriched QTL related
to milk traits highlighted on putative genomic regions
detected by the EHH approaches, we found milk pro-
tein percentage, milk fat content, and milk caproic acid
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content on BTA10 (itHOL vs. acHOL); milk linoleic
acid content and milk casein percentage on BTA18 and
BTA19, respectively (prHOL vs. acHOL); and milk
phosphorus content and milk «-S1-CN percentage on
BTAT7 (prHOL vs. itHOL).

Finally, in the Bayesian approach, the significantly
enriched QTL were mainly linked to health, reproduc-
tion, and meat and carcass. As reported above, these
results might stress some weaknesses in the use of a
single locus approach with respect to either multilocus
(windows-based) or EHH-based approaches, especially
in the absence of a multicohort framework (Senczuk et
al., 2020a).

In the GO and pathway enrichment analyses per-
formed on a list of candidate genes located within
significantly enriched QTL related to production traits,
we found that the majority of the significant terms
were related to molecular function and biological pro-
cess. Among the 17 enriched GO terms, 15 were found
in the comparison itHOL versus prHOL and all were
associated with AA transmembrane transport, specifi-
cally alanine, glycine, and proline. The latter is a con-
ditionally essential AA (which may not be synthesized
by the organism in some conditions) and has a key role
in the pathway of P53 which is involved in different
mechanisms including apoptosis, responses to oxidative
stress, and in the regulation of fertility (Krishnan et al.,
2008, Hu et al., 2011) through the pathway of estriol
(E3), which has a crucial role in female fertility (Luo et
al., 2013; Otsuka and Kadokawa, 2017).

In the same comparison, the enrichment of the
Kyoto Encyclopedia of Genes and Genomes pathway
map00680 for methane metabolism is notable; in fact,
even though methanogenesis is performed by the ru-
men microbial community, there may be an effect of
the animal itself (Corral-Jara et al., 2022). Additional
studies will be necessary to assess possible differences in
methane emission of the studied populations.

CONCLUSIONS

In this study we showed that the 3 Holstein popula-
tions are clearly differentiated; however, both the Ital-
ian and North American Holstein showed low levels of
genetic diversity indices, higher inbreeding coefficients
compatible with their history of isolation, drift, and
strong genomic selection. Conversely, the Holstein pop-
ulation used to produce Parmigiano Reggiano, showed
higher genetic diversity and lower inbreeding values.
These results suggest that also in a cosmopolitan breed,
often characterized by intense genetic exchange, the
different breeding goals, environmental conditions, and
farm systems can produce a genetic differentiation in
a very short number of generations. Finally, the selec-
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tion signature analyses detected the presence of several
genes within QTL regions for important production
traits associated with fertility, resistance to disease
but especially with milk production traits. Overall, the
results of the present study indicate that the 3 Holstein
populations are genetically distinguishable from each
other and that our selection signature analyses can be
a starting point to identify causal mutations useful in
future studies and lately in more practical applications.
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