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Abstract 
Inbreeding depression has become an urgent issue in cosmopolitan breeds where the massive genetic progress achieved in the latest gener-
ations is counterbalanced by a dramatic loss of genetic diversity causing increased health issues. Thus, the aim of this study was to estimate 
inbreeding depression on productive traits in Holstein dairy cattle. More precisely, we aimed to i) determine the level of inbreeding in 27,735 
Italian Holstein dairy cows using pedigree and genotype data, ii) quantify the effect of inbreeding on 305-d in milk yield (MY; kg), fat yield (FY; kg), 
and protein yield (PY; kg) based on different statistical approaches, iii) determine if recent inbreeding has a more harmful impact than ancestral 
ones, and iv) quantify chromosomal homozygosity effect on productive traits. Quality control was performed on the autosomal chromosomes 
resulting in a final dataset of 84,443 single nucleotide polymorphisms. Four statistical models were used to evaluate the presence of inbreeding 
depression, which included linear regression analysis and division of FPED and FROH into percentile classes. Moreover, FROH was partitioned 
into i) length classes to assess the role of recent and ancestral inbreeding and ii) chromosome-specific contributions (FROH-CHR). Results 
evidenced that inbreeding negatively impacted the productive performance of Italian Holstein Friesian cows. However, differences between the 
estimated FPED and FROH coefficients resulted in different estimates of inbreeding depression. For instance, a 1% increase in FPED and FROH 
was associated with a decrease in MY of about 44 and 61 kg (P < 0.01). Further, when considering the extreme inbreeding percentile classes 
moving from the 5th lowest to the 95th highest, there was a reduction of −263 kg and −561 kg per lactation for FPED and FROH. Increased 
inbreeding, estimated by FPED and FROH, had also a negative effect on PY and FY, either fit as a regressor or percentile classes. When evalu-
ating the impact of inbreeding based on runs of homozygosity (ROH) length classes, longer ROH (over 8 Mb) had a negative effect in all traits, 
indicating that recent inbreeding might be more harmful than the ancestral one. Finally, results within chromosome homozygosity highlighted 
specific chromosomes with a more deleterious effect on productive traits.

Lay Summary 
Inbreeding depression is a reduction in performance or health due to the mating of closely related individuals. The overall aim of this study was to inves-
tigate the level of inbreeding in the Italian Holstein dairy cow breed and quantify its negative effect on productive performances. The level of inbreeding 
was estimated by pedigree (FPED) and genomic data by looking at stretches of homozygosity (FROH). Both methods revealed a reduction in milk yield, 
fat yield, and protein yield when inbreeding increased. Moreover, the study demonstrated that FROH was able to capture more inbreeding depression 
compared to FPED. In addition, the more recent inbreeding had a stronger negative impact on productive performances compared to ancestral ones. 
Then, since the amount of runs of homozygosity can vary across the chromosomes of an individual, the effect of each chromosomal homozygosity 
region on productive traits was also evaluated. The chromosome-level results might be included in breeding programs to limit the accumulation of 
homozygosity in particular regions that appear to have a more detrimental effect on productive traits. Overall, this study highlights the importance of 
avoiding inbreeding in animal breeding programs to keep productive animals in the long term.
Key words: dairy cattle, FPED, FROH, genomics, inbreeding depression, production
Abbreviations: CGE, complete generation equivalent; F, inbreeding; FPED, pedigree-based inbreeding coefficient; FROH, SNP-based inbreeding coefficient; 
FROH-CHR, chromosome homozygosity-specific contribution; FY, fat yield; MY, milk yield; PDO, protected designation of origin; PY, protein yield; ROH, runs of 
homozygosity; SNP, single nucleotide polymorphism

Introduction
Inbreeding depression is the decrease in the biological fitness 
of individuals due to a reduction in heterozygosity. Inbreeding 
depression is related to the increased frequency of deleterious 
recessive homozygous genotypes which in turn has a negative 
effect on the survival of the affected animals (Charlesworth 
and Willis, 2009; Leroy, 2014). In dairy cattle, inbreeding 

depression can be observed in reduced performance of pro-
ductive and reproductive traits, and resilience (Parland et al., 
2007; Howard et al., 2017; Martikainen et al., 2017; Doekes 
et al., 2019). The genomic era has led to a massive increase 
in genetic gain especially in dairy cattle where the increase in 
genetic progress was recently estimated to range from 50% 
to 100% for yield traits and from 200% to 300% for fitness 
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traits per year in American Holstein due to genomic selection 
(García-Ruiz et al., 2016). However, there is increasing evi-
dence that the continuous increase in genetic gain in recent 
decades is counterbalanced by a reduction of genetic diversity 
within a population. It has been shown that genomics plays 
a crucial role in precisely evaluating the interplay between 
genetic improvement and inbreeding depression (Gutiérrez- 
Reinoso et al., 2022). Indeed, based on genotype data, it 
has been shown that the annual inbreeding rate (ΔF) has 
increased more after the implementation of genomic selection 
compared to what happened in the past in several dairy cat-
tle populations (Stachowicz et al., 2011; Baes et al., 2019; 
Doublet et al., 2019; Makanjuola et al., 2020). The Italian 
Holstein breed exactly resembles this scenario with a signif-
icant increase in the ΔF since the introduction of genomic 
selection in the breed (Ablondi et al., 2022). Therefore, there 
is an urgent need to quantify the potential negative impact 
of increased inbreeding on dairy cows’ performance. Inbreed-
ing coefficients (F) can be combined with phenotypic data to 
estimate the effect that increased F has on phenotypes. Tra-
ditionally, F is derived from pedigree data (FPED) routinely 
recorded by breeding associations. However, FPED has some 
limitations since it does not capture variation due to Men-
delian sampling and linkage during gamete formation (Hill 
and Weir, 2011). Additionally, the accuracy of genetic diver-
sity estimated by pedigree data highly relies on the quality 
and depth of the recorded genealogical data. Single nucleo-
tide polymorphisms (SNPs) are genetic markers widely used 
nowadays in breeding programs to estimate genomic breed-
ing values but also to estimate F (Howard et al., 2017). Vari-
ous ways exist to estimate F from SNP data (Dadousis et al., 
2022), with the most robust being the runs of homozygosity 
(FROH) across the genome (McQuillan et al., 2008). Spe-
cifically, runs of homozygosity (ROH) are long consecutive 
homozygous segments distributed across the genome, which 
can arise from identical-by-descendent haplotypes (McQuil-
lan et al., 2008). These regions can provide information on 
the level of inbreeding of an individual (FROH), its ancestry, 
and the population it belongs to Aguilar et al. (2011). By com-
bining the estimated inbreeding level from pedigree and gen-
otype data with phenotype data, the presence of inbreeding 
depression can be quantified (Howard et al., 2017). Among 
several economically relevant traits in the dairy industry, 
fat, and protein are two of the most important milk compo-
nents included in payment systems. For dairy cattle farmers, 
achieving high protein yield (PY) and fat yield (FY) is key 
for maximizing the economic value of their herds (Koutouz-
idou et al., 2022). This is especially prominent in the Italian 
context where roughly 80% of the milk is transformed into 
cheese (Ablondi et al., 2021). Milk with higher protein and 
fat yield can result in higher cheese and other dairy prod-
uct yields. Therefore, dairy farmers often focus on breeding 
and management strategies that promote high PY and FY in 
their cows, such as selecting bulls with high genetic potential 
for milk quality and providing cows with balanced diets that 
meet their nutritional needs. Thus, knowledge of the reduc-
tion of fat and protein yields due to inbreeding depression is 
fundamental for the dairy industry. Therefore the objectives 
of this study were to i) estimate the level of inbreeding in 
27,735 Italian Holstein dairy cows from pedigree and ~85k 
SNP imputed genotype data, ii) assess the effect of inbreeding 
on 305-d in milk (milk yield [MY]; kg), FY (kg), and PY (kg) 
based on different statistical methods, iii) compare the effect 

of recent and ancestral inbreeding on the aforementioned 
traits, and iv) quantify chromosome homozygosity-specific 
contribution (FROH-CHR) on inbreeding depression.

Material and Methods
Ethical statement
All the dairy cows involved in this study were reared in com-
mercial private farms and were not subjected to any invasive 
procedures. Milk samples used for the analyses were collected 
during routine milking. Therefore, no ethics approvals were 
necessary for this study.

Animals and herds data
Pedigree, genomic, and phenotypic data were provided by the 
Italian National Association of Holstein, Brown Swiss, and Jer-
sey Breeders (ANAFIBJ). The raw dataset included a total of 
41,049 cows which was subjected to a series of filtering criteria 
to guarantee high-quality data. A filter on the number of cows 
available per herd was considered, excluding herds where dairy 
cows are occasionally genotyped (at least 5 animals per herd). 
This latter filter was applied to reduce the potential bias of the 
breeder’s choice to genotype only highly selected animals. Those 
cows had lactations during a period of 10 yr from 2011 to 2020 
and were either at their first, second, or third parity.

The pedigree database included 393,607 cattle born 
between 1898 and 2020 with 26,226 bulls and 367,381 
cows over 24 generations of pedigree depth. To assess pedi-
gree completeness, the complete generation equivalent (CGE) 
(Maignel et al., 1996) was computed which averaged to 10.6 
(SD = 1.02). The CGE was computed as the sum of (1/2)n of 
all known ancestors of each individual, with n as the num-
ber of generations from a given ancestor to the individual. 
To limit the effect of incomplete pedigree information on the 
inbreeding depression estimates, cows with a CGE lower than 
5 were excluded since the correlation between FPED and 
FROH dropped when considering animals with less pedigree 
depth and completeness. Cows were genotyped with a variety 
of SNP panels, but all with at least medium-density panels 
(over 40K SNPs) to ensure less variability due to the SNP 
numbers that are included in the imputed pipeline (Dadou-
sis et al., 2023). Genotypes were imputed to medium density 
(85K) using PedImpute (Nicolazzi et al., 2013). To guaran-
tee high accuracy during the imputation pipeline, females 
retained for this study were only those with both sire and sire 
of the dam genotyped and used in the imputation pipeline. 
The reference dataset for imputation is made by over 500.000 
Holstein genotypes, which passed Quality control (QC) for: 
known ancestry (at least sire, dam, and maternal grandsire), 
call rate, and known sex. The bulls included in the reference 
dataset are from the Intercontinental consortium: Italy, USA, 
Canada, UK, and Switzerland animals together with bulls 
from several other countries which send them in on voluntary 
bases. The imputation pipeline ANAFIBJ is currently running 
accommodates for 53 different genomic chips.

The bulls included in the reference dataset are from the Inter-
continental consortium: Italy, USA, Canada, UK, and Switzer-
land animals together with bulls from several other countries 
which send them in on a voluntary bases. The imputation 
pipeline ANAFIBJ is currently running accommodates 53 dif-
ferent genomic chips. QC was performed on the 29 autoso-
mal chromosomes in PLINK v1.90 (Purcell et al., 2007). The 
QC was based on the following criteria: call rate of <95%, 
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parent-offspring SNP mismatch of <0.01, minor allele (<0.01) 
and genotype (<0.001) frequencies, and extreme deviation from 
the Hardy–Weinberg equilibrium (P < 0.005). The final dataset 
contained 84,443 autosomal SNPs.

In terms of phenotypic traits, the 305-d MY (kg), 305-d FY 
(kg), and 305-d PY (kg) were considered in this study. For each 
of the traits, values outside the range of ±3 SD from the mean 
were excluded from further analysis. In total, 27,735 cows from 
939 herds were included in the study which resulted from the 
above-mentioned filtering criteria. Those animals were 14,679 
primiparous, 9,036 secondiparous, and 4,023 tertiparous. 
Although by the application of those filters we have included 
67% of the observations available in the raw dataset, high 
standards in terms of distribution of phenotypic data as well as 
imputed genotypes were guaranteed.

Statistical analysis
Inbreeding coefficients
Pedigree-based inbreeding coefficients (FPED) were defined as 
the probability that an individual has two identical alleles by 
descendant and was computed using the OptiSel R package 
(Wellmann, 2019). Genomic inbreeding coefficients were derived 
by means of ROH assessment. The ROH segments were detected 
using the DetectRUNS package (Biscarini et al., 2019) in R using 
a sliding window approach (15 SNPs) and defined as follows: 
at least 15 SNPs in a run, a minimum length of a run equal to 1 
Mb, a maximum distance between consecutive SNPs in a win-
dow 500 kb, a lower density limit of 1 SNP per 100 kb and 
allowing for a maximum of one missing and one heterozygous 
SNP in a run. The genomic inbreeding coefficients (FROH) were 
calculated as the proportion of individual genome size covered 
by ROH as performed in previous studies (Ablondi et al., 2022; 
Dadousis et al., 2022).

Inbreeding depression
The presence of inbreeding depression on 305-d in MY, FY, 
and PY was evaluated by using several linear mixed models 
[ASReml 4.1(Gilmour et al., 2015)] where FPED and FROH 
were included in different ways in the statistical model. More 
specifically, firstly they were included as regressors; secondly 
as fixed effects by dividing FPED and FROH into seven 
percentile classes, where each percentile included the same 
number of animals, to further quantify the effect in terms of 
least square means (LSM). In addition, the FROH divided by 
length classes (ROH 1: 1 to 2 Mb, ROH 2: 2 to 4 Mb, ROH 
3: 4 to 8 Mb, ROH 4: 8 to 16 Mb, ROH 5: 16 to 32 Mb) 
were modeled simultaneously following the method proposed 
by (Doekes et al., 2019) to evaluate the effect of ancestral 
and recent inbreeding. Finally, FROH was calculated per each 
of the 29 autosomal chromosomes separately, and each of 
them was included in the model as a regressor to determine 
the effect of chromosome-specific inbreeding. In the latest 
model, the FROH-CHR was computed as the ratio between 
the length of the chromosome covered by ROH and the total 
length of the chromosome. In all the tested models, the fol-
lowing terms were also included: herd-year of calving (2,242 
classes), parity (3 classes), and month of calving (12 classes) as 
fixed effects while animal as random effect as reported below:

yijkl = µ+HYi + parityj +monthk
+ FPEDl or FROHl + cowl + eijkl

Where yijkl is the response variable being either 305-d MY, 
FY, and PY, µ is the mean of the population, HYi is the com-
bined effect of herd-year of calving, parityj which is the parity 
class, monthk is the month of calving, FPED l or FROHl are 
the inbreeding coefficients included in the model either as a 
regressor or fixed factor as above mentioned for the lth cow, 
cowi is the random genetic effect for the lth cow, and eijkl  is 
the random error term. The cow

effect was assumed to follow N (0, A σ2
a), where A is the 

numerator relationship matrix and σ2
a the additive genetic 

variance.

Results and Discussion
Effect of inbreeding depression on productive 
performances
The Italian dairy industry is highly oriented in the production 
of high value and traditional cheeses, in particular protected 
designation of origin (PDO), which highlights the Italian deep-
rooted tradition in cheese making. More than fifty cheeses 
produced in the Italian territory are registered at the European 
Commission as PDO since they have proven traditional land 
of origin and specific procedures for milk processing. Across 
the prosperous variety of dairy products made in this country, 
the most widely reared dairy cattle breed is the Italian Hol-
stein, accounting 2022 for 1,148,844 herd-tested cows (AIA, 
2023). Therefore, milk quality in this breed, which is mainly 
used for cheese production, is key in Italy and its composi-
tion, in particular fat and protein, is of particular interest. The 
descriptive statistics of productive traits (MY, FY, and PY) of 
the 27,735 Italian Holstein dairy cows included in this study 
are presented in Table 1. On average, MY was 10,836 kg, fat 
412 kg, and protein 363 kg for 305-d in milk. These values 
are in line with those reported for the Canadian Holstein, and 
are largely superior compared to other specialized dairy and 
dual-purpose breeds (Brito et al., 2021).

Overall, FROH (FROH = 0.16 ± 0.03) was higher than 
FPED (FPED = 0.07 ± 0.02, CGE = 10.59), evidencing that the 
observed homozygosity in the population (FROH) is greater 
than the expected homozygosity based on pedigree (FPED) (Fig-
ure 1). The moderate positive Pearson correlation of 0.65 indi-
cates that as FPED increases, FROH also tends to increase. As 
previously shown in terms of average value, FPED fails to fully 
account for all the lost heterozygosity throughout generations. 
Nevertheless, a correlation of one is not expected between FPED 
and FROH, since the former does not account for the Mende-
lian sampling variation as the latter does, and FPED highly relies 
on pedigree completeness and correctness (Curik et al., 2014; 
Baes et al., 2019). Nevertheless, the obtained correlation is in line 
with the values found in previous studies (Rodríguez-Ramilo et 
al., 2015; Ablondi et al., 2022). To quantify the effect of differ-
ent levels of FPED and FROH on milk and productive traits, 

Table 1. Descriptive statistics of quantity of milk, fat, and protein, 
expressed in kg on 305-d in milk

Trait Mean Min Max SD

Milk 10,836 4,861 16,781 1,929

Fat 412.3 170 659 77.79

Protein 363.3 183 544 59.01
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they were divided into seven percentile classes and included 
as fixed factors in the model (Figure 2). Interesting to notice is 
that, although each percentile class contains the same number of 
observations, more variation was observed for the highest class 
(seventh percentile) both in terms of FPED and FROH. Overall, 
the variability of the individual percentile classes was slightly 
higher in the case of FROH than FPED.

In Figure 3, the level of inbreeding based on FROH estimates 
divided by length classes (Mb). The rationale behind this clas-
sification was to determine if a recent inbreeding, described by 
longer ROH, could be more detrimental in terms of inbreed-
ing depression compared to ancestral ones. The mean level of 
inbreeding was comparable among ROH classes starting from 

0.026 in the 2 to 4 Mb to 0.037 in the 1 to 2 Mb class. Although 
extreme values (over the mean ± 3 SD as called hereafter out-
liers) were found for all the assessed ROH length classes, in 
the longest class, the highest number of outliers were observed 
(Figure 3). This could be mostly due to the presence of repeated 
mating among close relatives in the recent generations that has 
led to the formation of longer and more contiguous stretches of 
homozygous regions in the genome (Bosse et al., 2012; Zhang 
et al., 2015).

Inbreeding depression was observed for MY, FY, and PY for 
both inbreeding estimates (FPED and FROH) (P < 0.01) when 
included as regressors in the model. As an example, when both 
FPED and FROH increase by 1%, a reduction in MY of about 

Figure 1. Pearson product-moment correlation (above diagonal) with the level of significance of the correlation (P-value ***≤0.001), and x-y plot (below 
diagonal) between FPED (pedigree-based) and FROH (runs of homozygosity-based) inbreeding coefficients. On diagonal the distributions of FPED and 
FROH inbreeding coefficients.

Figure 2. Seven percentile classes based on FPED (pedigree-based inbreeding) (A) and FROH (runs of homozygosity-based inbreeding) (B).
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44 and 61 kg (P < 0.01) was observed. Thus, by evaluating the 
extreme in terms of inbreeding estimates as 5% lowest and high-
est (Figure 4), the effect on reduced milk production was equal 
to -263 kg and -561 kg per lactation for FPED and FROH. The 
latter result translates into a 2.4% and 5.2% decline compared 
to the average MY per lactation of 10,836 kg. The same neg-
ative trend was found for both FY and PY (P < 0.01), with a 
decrease of 1.31 and 2.45 kg per lactation, respectively, if based 
on FROH, and a reduction of 1.41 and 2.00 kg for FY and PY 
when based on FPED. These reductions in fat and PY can have 
significant implications for cheese production, as both are prin-
cipal components of cheese (Fox et al., 2017). Lower fat and PYs 
may result in reduced cheese yield per lactation. This is because 
milk with a lower protein content may result in less recovery of 
fat in the cheese (Cipolat-Gotet et al., 2018), and lower milk fat 
content may lead to reduced firmness or texture (Martin et al., 
2005). This could potentially impact the overall profitability 

and quality of cheese production from a dairy cattle population 
experiencing inbreeding depression. To give a practical example 
from the Italian dairy scenario, we could consider the context of 
Parmigiano Reggiano (PR) production, which is the second larg-
est Italian PDO consortium, with 160,097 tons of hard cheese 
produced in 2022 and an overall production value of 2.7 billion 
euro (CLAL., 2023). When looking at losses due to inbreeding 
in terms of PR production and comparing the two most extreme 
5% inbred cows, this translated into over half a wheel of PR 
cheese per FPED and over one per FROH, leading to an eco-
nomic loss of roughly 310 about 600 euros, respectively for 
FPED and FROH per cow per lactation, if considering the price 
of a 24-mo-aged PR cheese (CLAL, 2022).

When the inbreeding was included as a fixed factor in the 
linear mixed model in percentile classes, the effect resulted 
significantly for both estimates (FPED and FROH) across 
all the tested productive traits (P < 0.05). The percentage of 
decline when comparing the two extreme percentile classes 
was 3.79% and 2.57% for MY, 2.35% and 2.13% for FY, 

Figure 3. Inbreeding estimates divided by the following 5 ROH (Runs 
of homozygosity-based) classes: ROH 1: 1 to 2 Mb, ROH 2: 2 to 4 Mb, 
ROH 3: 4 to 8 Mb, ROH 4: 8 to 16 Mb, ROH 5: 16 to 32 Mb.

Figure 4. Differences in milk production expressed in kg on 305-d in 
milk between the lowest and the highest fifth percentile based on FPED 
(pedigree-based) and FROH (runs of homozygosity-based) inbreeding 
coefficients.

Figure 5. Milk production expressed in kg on 305-d in milk for FPED (pedigree-based) (A) and FROH (runs of homozygosity-based) (B) inbreeding 
coefficients across percentile classes.
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and 3.46% and 2.69% for PY, respectively, for FROH and 
FPED. As expected, for all the evaluated traits the differences 
in terms of decrease of MY, FY, and PY per increase of per-
centile classes were more evident when including in the model 
the inbreeding as FROH compared to FPED. Indeed, the dif-
ferences in terms of the increase of FPED percentile were only 
significant when comparing the highest class with the remain-
ing ones (Figures 5 and 6), demonstrating that FPED captures 
less inbreeding depression compared to FROH. This could be 
explained since FROH captures the random nature of recom-
bination and segregation, whereas with pedigree data this 
latter aspect cannot be assessed. In addition, as pointed out 
in a previous study, the recording errors that can happen in 

the pedigree might cause an attenuation of the slope towards 
zero, a statistical phenomenon known as regression dilution 
(Doekes et al., 2019). Figure 6 shows that FY displayed a 
more erratic trend across percentiles in both FPED and FROH 
compared to PY, and this is related to the high variability of 
the milk fat itself, as reported in the literature (Cipolat-Gotet 
et al., 2013).

It is key to contextualize the negative effect of inbreeding 
compared to what sthe gain thanks to the realized genetic 
progress in the breed to fully quantify the effect and the cost 
of inbreeding. For example, for a 305-d MY, a reduction of 
about 61 and 44 kg of milk per 1% increase in FROH and 
FPED was found. If we consider the last 5 yr evaluated in this 

Figure 6. Milk protein and fat production expressed in kg on 305-d in milk for FPED (pedigree-based) (A) and FROH (runs of homozygosity-based) (B) 
across percentile classes.
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study (2015-2020), the pedigree ΔF based on a previous work 
(Ablondi et al., 2022) was equal to + 2.35% and this means 
a loss of roughly 143 kg per lactation if estimated by FROH 
and of 103 kg per lactation if based on FPED. In the same 5-yr 
period, at the population level, the realized genetic progress 
for MY in the Italian Holstein breed was equal to + 415 kg 
(ANAFIBJ, 2023). Thus, the missed genetic progress due to 
inbreeding compared to the realized one can be quantified as 
34.5% and 24.9% based on FROH and FPED, respectively. 
In other words, if expressed in potential genetic progress, 
it translates into 25.7% and 19.9% for FROH and FPED, 
respectively, if inbreeding would have not occurred. Thus, this 
result showed that the realized genetic progress has so far suc-
cessfully counterbalanced the negative effect of inbreeding for 
MY; however, this might not be true for the overall sustain-
ability of the breed over future time. This is because the over-
all costs of inbreeding should be quantified not only in terms 
of productive traits but also in terms of fitness-related traits as 
shown in previous studies (Leroy, 2014; Doekes et al., 2019) 
and by the expectation of rapidly increasing inbreeding levels 
in future generations. On top of that, as shown in the fol-
lowing analyses on the ROH length effect, recent inbreeding 
seems to be more harmful than ancestral ones. Thus, the cur-
rent loss of genetic diversity both in terms of economic losses 
and the long-term adaptability of the breed in the long terms 
should be carefully considered.

Effect of recent and ancestral inbreeding and 
chromosomal homozygosity on productive 
performances
When the inbreeding was included as a fixed factor based on 
five different classes of ROH length, its effect was mainly sig-
nificant for longer ROH which reflects more recent inbreeding 
compared to shorter ones (Figure 7). This result was expected 
and in line with a previous study in Holstein and Jersey where 
a stronger depression effect for 305-d MY was observed only 
when long ROH was included (Pryce et al., 2014). Long ROH 
segments are more likely to reflect recent inbreeding events, 
where the offspring of close relatives have inherited longer 
stretches of identical genomic regions which did not undergo 
recombination yet and might potentially carry recessive delete-
rious variants. Indeed, it has been shown that longer ROH seg-
ments are more likely to harbor deleterious or recessive alleles 
due to recent inbreeding, leading to a higher genetic load or 

burden (Forutan et al., 2018). The genetic load refers to the 
accumulation of harmful genetic variants in the genome, which 
can increase the risk of various health issues in the popula-
tion. In contrast, shorter ROH segments as a signature of older 
genetic diversity reduction may carry fewer deleterious alleles 
or have a positive effect (Szpiech et al., 2013). Nevertheless, it 
is important to mention that the medium density panel used in 
this study (85K) might result in a false positive ROH shorter 
than 2 Mb as previously pointed out (Ferenčaković et al., 
2013). Thus, the results from shorter ROH effects, especially 
for the ROH class 1: 1 to 2 Mb, should be interpreted with cau-
tion. The inability to detect short ROH precisely might be the 
reason behind the highest standard error found when estimat-
ing the effect of ROH class 1 on productive traits (Figure 7). 
Therefore, thanks to the decreasing cost of high-density panels 
as well as sequence data, we suggest further exploring the effect 
of ancestral and recent inbreeding with higher-density SNP 
panels. For the sake of completeness, it is important to mention 
that ROH of 2 to 4 Mb seemed to have the similar negative 
effect of longer ones (above 8 Mb) for MY and PY. However, 
since the standard error of the ROH 2 to 4 Mb effect was much 
higher, did not align with previously found in the literature, 
and for the above-mentioned lack of precision when detecting 
shorter ROH with medium density panel, we preferred to not 
make any inference on this result.

Finally, it is known that ROH varies across chromosomes 
and thus their contribution to the overall individual inbreed-
ing, ranging in the Italian Holstein from 12.6% in Bos tau-
rus autosome (BTA) 18 to 22.4% in BTA10 (Supplementary 
Figure S1). Accordingly, we aimed to quantify the effect on 
productive traits of each chromosomal homozygosity calcu-
lated as FROH per each chromosome. A total of 16 FROH-
CHR had a negative effect on MY ranging between −1.54 and 
−3.53 kg of fat per lactation for BTA21 and BTA14, respec-
tively (Table 2). Interestingly for FY, homozygosity on BTA2, 
which was mostly characterized by ROH limited in size (aver-
age length of 3.88 Mb) had a positive effect which highlights 
that homozygosity can also be signatures of positive selec-
tion for favorable traits. Moreover, a total of 19 FROH-CHR 
had a negative effect on PY which overall accounted for a 
reduction of −1.20 kg of protein per lactation for each 1% 
increase of inbreeding in those 19 chromosomes (Table 2). 
Those results on chromosome level might be used in mating 
schemes to constrain homozygosity at specific regions with a 
more deleterious effect on productive traits.

Figure 7. Effect of inbreeding on milk, fat and protein yields, expressed in kg on 305-d in milk based on different ROH (Runs of homozygosity) 
length classes: ROH 1: 1 to 2 Mb, ROH 2: 2 to 4 Mb, ROH 3: 4 to 8 Mb, ROH 4: 8 to 16 Mb, ROH 5: 16 to 32 Mb (* = P ≤ 0.05, ** = P ≤ 0.01, and 
*** = P ≤ 0.001).
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Table 2. Estimates of the regression coefficients of FROH per significant chromosome (FROH-CHR) on quantity of milk, fat and protein, expressed in kg 
on 305-d in milk

Trait Chromosome FROH-CHR SE P value

Milk

BTA3 −3.25 0.85 ***

BTA4 −2.15 0.80 **

BTA6 −2.02 0.86 **

BTA7 −1.72 0.75 **

BTA10 −1.68 0.66 **

BTA11 −2.57 0.82 ***

BTA13 −3.18 0.78 ***

BTA14 −3.53 0.73 ***

BTA15 −2.01 0.85 **

BTA16 −2.41 0.73 **

BTA17 −2.78 0.75 ***

BTA18 −2.82 0.82 **

BTA19 −2.43 0.78 **

BTA20 −2.87 0.61 ***

BTA21 −1.57 0.74 *

BTA24 −2.29 0.69 **

Fat

BTA2 0.08 0.04 **

BTA9 −0.10 0.04 **

BTA10 −0.07 0.04 **

BTA11 −0.18 0.04 ***

BTA17 −0.08 0.03 **

BTA18 −0.08 0.04 **

BTA19 −0.10 0.03 **

BTA21 −0.12 0.03 ***

BTA24 −0.06 0.03 *

BTA27 −0.07 0.31 **

Protein

BTA3 −0.05 0.03 *

BTA4 −0.05 0.03 *

BTA5 −0.07 0.03 **

BTA6 −0.08 0.03 **

BTA7 −0.06 0.03 **

BTA9 −0.05 0.03 *

BTA10 −0.06 0.02 **

BTA11 −0.10 0.02 ***

BTA13 −0.08 0.02 ***

BTA14 −0.10 0.03 ***

BTA16 −0.05 0.02 **

BTA17 −0.07 0.02 **

BTA18 −0.07 0.02 **

BTA19 −0.06 0.03 *

BTA20 −0.05 0.02 **

BTA21 −0.05 0.02 **

BTA23 −0.07 0.02 ***

BTA24 −0.05 0.02 **

BTA27 −0.04 0.02 *

* = P ≤ 0.05, ** = P ≤ 0.01 and *** = P ≤ 0.001; FROH: Inbreeding based on Runs of Homozygosity; BTA: Bos taurus autosome.
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Implications of inbreeding depression in the dairy 
industry
Production traits such as milk, fat and protein yields are crucial 
components for cheese manufacture. They are fundamental to 
produce high-quality and labeled dairy foods, where a reduc-
tion in milk, fat, and protein yields can lead to lower-quality 
cheeses that may not meet the stringent standards required for 
their production. Moreover, since fat and protein are key for 
cheese yield, their reduction is associated with decreased profit-
ability for the cheese factories. Over time, selection indexes have 
been improved by targeting specific market demands or tackling 
emerging issues related to the sustainability of the dairy industry, 
as well as by using genomic data. All those changes in the breed-
ing programs have enhanced the productivity while reducing the 
genetic variability of the dairy cattle population due to intense 
use of few elite sires. Thus, the economic impact of inbreeding 
today translates into increased economic losses along the dairy 
chain due to inbreeding depression although so far counterbal-
anced by genetic progress. This study corroborated the negative 
effects of inbreeding on production traits and suggested that 
more awareness and understanding of inbreeding depression in 
dairy cattle are needed to adopt mitigation measurements for 
the future sustainability of the dairy sector. The results of this 
study are even more alarming when combined with what previ-
ously found at genetic diversity level in the breed throughout a 
period of 18 yr (2002 to 2020) analyzing 74,485 cows where a 
significant increase in the ΔF was found since the introduction of 
genomic selection in the breed (Ablondi et al., 2022).

Conclusions
This study compared the different levels of inbreeding based 
on pedigree (FPED) and SNP data (FROH), and the presence 
of inbreeding depression for productive performance in the Ital-
ian Holstein Friesian cows. In particular, the inbreeding included 
both as regressors as well as percentile classes was significant for 
both methods (FPED and FROH) and all the evaluated traits. 
Moreover, the differences in terms of decrease of MY, FY, and 
PY per increase of percentile classes were larger when included 
in the model inbreeding as FROH compared to FPED, suggest-
ing that FPED captures less inbreeding depression compared to 
FROH. In addition, when including inbreeding based on classes 
of ROH length, the effect of inbreeding was mainly significant 
for longer ROH compared to shorter ones, meaning that the 
recent inbreeding has a more deleterious effect than the ancestral 
one. Finally, based on a chromosomal homozygosity evaluation, 
we could identify specific chromosomes which seem to have a 
more deleterious effect on productive traits. Thus, it is key to 
further implement strategies at a mating level to reduce inbreed-
ing and thus the damage from the loss of genetic variation in the 
future generations.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.
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