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ABSTRACT

Maintaining a genetically diverse dairy cattle popula-
tion is critical to preserving adaptability to future breed-
ing goals and avoiding declines in fitness. This study 
characterized the genomic landscape of autozygosity 
and assessed trends in genetic diversity in 5 breeds of 
US dairy cattle. We analyzed a sizable genomic data 
set containing 4,173,679 pedigreed and genotyped ani-
mals of the Ayrshire, Brown Swiss, Guernsey, Holstein, 
and Jersey breeds. Runs of homozygosity (ROH) of 2 
Mb or longer in length were identified in each animal. 
The within-breed means for number and the combined 
length of ROH were highest in Jerseys (62.66 ± 8.29 
ROH and 426.24 ± 83.40 Mb, respectively; mean ± SD) 
and lowest in Ayrshires (37.24 ± 8.27 ROH and 265.05 
± 85.00 Mb, respectively). Short ROH were the most 
abundant, but moderate to large ROH made up the 
largest proportion of genome autozygosity in all breeds. 
In addition, we identified ROH islands in each breed. 
This revealed selection patterns for milk production, 
productive life, health, and reproduction in most breeds 
and evidence for parallel selective pressure for loci on 
chromosome 6 between Ayrshire and Brown Swiss and 
for loci on chromosome 20 between Holstein and Jersey. 
We calculated inbreeding coefficients using 3 different 
approaches, pedigree-based (FPED), marker-based using 
a genomic relationship matrix (FGRM), and segment-
based using ROH (FROH). The average inbreeding 
coefficient ranged from 0.06 in Ayrshires and Brown 
Swiss to 0.08 in Jerseys and Holsteins using FPED, from 
0.22 in Holsteins to 0.29 in Guernsey and Jerseys using 
FGRM, and from 0.11 in Ayrshires to 0.17 in Jerseys 
using FROH. In addition, the effective population size 
at past generations (5–100 generations ago), the yearly 

rate of inbreeding, and the effective population size in 3 
recent periods (2000–2009, 2010–2014, and 2015–2018) 
were determined in each breed to ascertain current 
and historical trends of genetic diversity. We found a 
historical trend of decreasing effective population size 
in the last 100 generations in all breeds and breed dif-
ferences in the effect of the recent implementation of 
genomic selection on inbreeding accumulation.
Key words: dairy cattle, runs of homozygosity, 
inbreeding, genetic diversity

INTRODUCTION

The development of dense SNP arrays has enabled 
the identification of patterns of homozygosity in the ge-
nome. The detection of continuous stretches of the ge-
nome with SNP in a homozygous state, known as runs 
of homozygosity (ROH), was first performed in humans 
(Gibson et al., 2006) and subsequently in domestic 
animal populations (Boyko et al., 2010; Ferenčaković et 
al., 2011; Bosse et al., 2012) to determine the current 
and past demographic histories of these populations. 
These ROH are generated when chromosomal segments 
inherited from each parent are derived from a com-
mon ancestor. Therefore, the characteristics of ROH 
can give insight into population-level dynamics of selec-
tion and inbreeding. The length of an ROH is expected 
to be related to the number of generations that have 
passed since the common ancestor, with short ROH be-
ing derived from a distant past and long ROH being of 
recent origin (Howrigan et al., 2011). The distribution 
of ROH has been extensively used to map the selective 
histories of populations with the knowledge that ROH 
are not randomly distributed across the genome (Zhang 
et al., 2015), and individuals from the same population 
share similar patterns of ROH distribution (Bosse et 
al., 2012). Therefore, continuous regions of the genome 
with a high proportion of individuals exhibiting ROH, 
known as ROH islands, can be used as signatures of 
selection. Detecting selection signatures using ROH-
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based metrics has uncovered genomic regions under 
selection within and across populations in dairy cattle. 
Highly autozygous genomic regions in dairy have been 
found to contain genes associated with economically 
relevant traits such as milk production (Kim et al., 
2013, 2015; Howard et al., 2015) and udder health (Kim 
et al., 2015; Peripolli et al., 2018).

Genomic information has allowed the determination 
of an individual’s realized level of inbreeding rather 
than the expectation obtained using pedigree records. 
Additionally, although inbreeding calculated from pedi-
gree information may suffer from the nonavailability 
or inaccuracy of genealogical records, genomic-based 
inbreeding can be determined for individuals with 
genotype data regardless of available records. Measures 
of genomic inbreeding broadly fall into either marker-
based or segment-based approaches. Marker-based 
genomic inbreeding is traditionally obtained by sub-
tracting one from the diagonal of genomic relationship 
matrices. However, several methods exist to construct 
the genomic relationship matrix, and inbreeding coeffi-
cients obtained from them can vary in range and inter-
pretation (Villanueva et al., 2021). In the last decade, 
segment-based genomic inbreeding coefficients such as 
the proportion of the genome composed of ROH have 
become consistent measures of inbreeding in human, 
plant, and animal populations. Furthermore, inbreed-
ing coefficients based on ROH have been found to mea-
sure autozygosity reliably and have high correlations 
with traditional measures of inbreeding (Howrigan et 
al., 2011; Forutan et al., 2018).

Over the last 25 yr, significant advances have been 
made in using genomic information to predict the 
genetic merit of animals for use in selection (Nejati-
Javaremi et al., 1997; Meuwissen et al., 2001). Genomic 
selection was implemented in North American dairy 
populations a little over a decade ago, with the first of-
ficial genomic evaluations of Holstein (HO) and Jersey 
(JE) breeds released in 2009 (Wiggans et al., 2011). 
This almost immediately resulted in reductions in 
generation intervals and considerable improvement to 
many dairy traits, especially for low heritability traits 
such as reproductive efficiency, longevity, and health 
(García-Ruiz et al., 2016). Before its widespread imple-
mentation, there was much speculation about how ge-
nomic selection would affect genetic diversity in cattle. 
For example, genomic information allows breeders to 
account for the Mendelian sampling term in predicting 
genetic merit. This was expected to lead to a reduction 
in the co-selection of sibs and consequently, inbreeding 
(Daetwyler et al., 2007; de Roos et al., 2011). However, 
at the same time, the ability to predict the breeding 
value of young bulls would decrease generation intervals 
and increase the yearly rate of inbreeding, especially if 

the accuracy of prediction in unproven animals is low 
(Schaeffer, 2006; de Roos et al., 2011). Recent stud-
ies have reported increases in the rate of inbreeding 
after the implementation of genomic selection in several 
dairy cattle populations (Doekes et al., 2018; Doublet 
et al., 2019; Makanjuola et al., 2020; Scott et al., 2021; 
Ablondi et al., 2022).

Our study leveraged a sizable data set consisting of 
numerically large (HO and JE) and small [Ayrshire 
(AY), Brown Swiss (BS), and Guernsey (GU)] US 
dairy cattle populations with the aim to (1) character-
ize genome-wide and region-specific autozygosity, (2) 
assess the current state of pedigree and genomic in-
breeding, and (3) pinpoint historical and recent changes 
in genetic diversity.

MATERIALS AND METHODS

Because no live animals were used in this study, In-
stitutional Animal Care and Use Committee approval 
was not required.

Animals and Data

Imputed genotypes were obtained for 76,389 autoso-
mal SNP of 4,173,679 animals of the AY, BS, GU, HO, 
and JE US dairy cattle breeds. Pedigree information 
on these animals was also made available. Methodology 
on variant selection and imputation are described by 
VanRaden et al. (2017).

Quality control of genomic data was performed in 
PLINK 1.9 (Chang et al., 2015) in 2 steps. First, we 
removed animals within each breed with a call rate of 
less than 95% and SNP with a minor allele frequency 
of less than 0.01% or a Mendelian error rate of more 
than 10%. Afterward, we removed SNP with less than 
95% across-breed call rate. This resulted in a total of 
62,546 SNP remaining for further analysis. In addition, 
we performed quality control of the pedigree data of 
genotyped animals by removing animals with several 
complete generations less than 3 generations and a 
pedigree completeness index that takes 5 generations 
into account less than 0.90. The pedigree complete-
ness index was calculated according to MacCluer et 
al. (1983). We opted for creating 2 data sets from the 
available data, a complete data set that includes all 
animals that passed genomic quality control regardless 
of pedigree completeness (data set A) and a smaller 
data set containing those animals from data set A that 
passed pedigree quality control (i.e., had a sufficiently 
complete pedigree; data set B). We conducted all fol-
lowing analyses using data set A unless expressly noted 
(i.e., in the estimation of pedigree inbreeding). For each 
breed, the number of animals in the pedigree file, the 

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE



Journal of Dairy Science Vol. 105 No. 11, 2022

8958

number of genotyped animals, and the number of ani-
mals in each in the data set after quality control are 
shown in Table 1. The number of animals born per year 
in each data set and for each breed can be found in 
Supplemental Figure S1 (https:​/​/​doi​.org/​10​.6084/​m9​
.figshare​.19232739​.v2; Lozada-Soto et al., 2022).

Runs of Homozygosity

The ROH were detected using a sliding window ap-
proach in PLINK 1.9 (Chang et al., 2015). The param-
eters chosen to define an ROH included: (1) a window 
size of 20 SNP, (2) at most one heterozygote call in a 
window, (3) at most 2 missing calls in a window, (4) 
minimum physical length of an ROH of 2 Mb, (5) a 
maximum gap of 500 kb between consecutive SNP, (6) 
a minimum SNP density of at least one SNP per 100 
kb, and (7) a minimum number of 60 SNP to declare 
an ROH. The number of SNP in a window was set at 
20 according to previous results (Forutan et al., 2018). 
Forutan et al. (2018) found that setting the number of 
SNP in a window to 20 produced closer estimates to ac-
tual inbreeding under several simulated scenarios over 
choices of 35 or 50 SNP. Furthermore, the maximum 
gap between SNP and the SNP density used was cho-
sen according to results published by Meyermans et al. 
(2020), which showed that these are sensible choices to 
achieve sufficient genome coverage in medium-density 
SNP data. Finally, the minimum number of SNP (l) in 
an ROH was chosen according to the following formula 
given by Purfield et al. (2012) based on a method pro-
posed by Lencz et al. (2007) to minimize the number of 
ROH called by chance:

	 l
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where a is the false positive rate (set at 0.05 in this 
study), ni is the number of genotyped individuals, ns is 
the number of SNP, and het is the average genome-wide 
SNP heterozygosity. We calculated the necessary l to be 
59.80 SNP in our study. The detected ROH were then 

grouped into 4 length categories, 2 to 4 Mb, 4 to 8 Mb, 
8 to 16 Mb, and 16 Mb or larger, to calculate the aver-
age number of ROH and the average combined length 
of the genome in ROH from each length category.

Selection Signatures Based on Reduced  
Local Variability

Within breed, a coefficient of autozygosity for every 
marker (FL) was calculated as the proportion of ani-
mals in which the marker was located inside an ROH. 
We identified noteworthy SNP as those with FL at or 
above the 99.5th percentile for all genome-wide mark-
ers. Adjacent noteworthy SNP were joined into larger 
segments known as ROH islands. The ROH islands 
represent regions of reduced local variability that serve 
as genomic signatures of past selective history. Genes 
located inside ROH islands were annotated using the 
“btaurus_gene_ensembl” database (ARS-UCD1.2 ge-
nome assembly; https:​/​/​www​.ensembl​.org/​Bos​_taurus/​
Info/​Index) with the “biomaRt” R package (v.2.48.3; 
Durinck et al., 2009). We used the GALLO R pack-
age (Fonseca et al., 2020) to query the Animal QTLdb 
(https:​/​/​www​.animalgenome​.org/​cgi​-bin/​QTLdb/​
index) for QTL that have been previously identified in 
the regions of interest. Trait enrichment analysis was 
performed on the annotated QTL by chromosome. Sig-
nificantly enriched traits had an FDR-adjusted P-value 
lower than 0.05.

Measures of Inbreeding

Inbreeding was calculated using 3 distinct methods, 
a pedigree-based approach, a genomic marker-based 
approach, and a genomic segment-based approach. A 
pedigree inbreeding coefficient (FPED) was calculated 
for the animals in data set B with PEDIG (Boichard, 
2002) using the tabular method as proposed by Van-
Raden (1992). The marker-based genomic inbreeding 
coefficient (FGRM) was calculated as Gii-1 where G is 
the diagonal of the genomic relationship matrix built 
according to the first method outlined by VanRaden 
(2008) and using fixed allele frequencies of 0.5. Fi-
nally, the segment-based genomic inbreeding coefficient 
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Table 1. Number of animals in the pedigree file, genotyped, and remaining after quality control (data sets A 
and B)

Breed   Acronym Pedigree Genotyped Data set A Data set B

Holstein HO 6,725,679 3,649,734 3,525,992 1,737,131
Jersey JE 985,959 459,784 433,439 274,566
Brown Swiss BS 208,219 49,360 39,040 30,145
Ayrshire AY 33,975 9,442 8,413 5,282
Guernsey GU 45,792 5,359 3,834 3,378

https://doi.org/10.6084/m9.figshare.19232739.v2
https://doi.org/10.6084/m9.figshare.19232739.v2
https://www.ensembl.org/Bos_taurus/Info/Index
https://www.ensembl.org/Bos_taurus/Info/Index
https://www.animalgenome.org/cgi-bin/QTLdb/index
https://www.animalgenome.org/cgi-bin/QTLdb/index
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(FROH) was calculated as the proportion of the autoso-
mal genome covered by ROH.

Estimates of Past Effective Population Size

Effective population size t generations ago Net( ) was 
estimated using a genetic algorithm (Mitchell, 1998) 
implemented in the GONE software (Santiago et al., 
2020). This method is based on the relationship be-
tween the linkage disequilibrium observed between 
pairs of SNP and Ne, and allows for nonlinear changes 
in Ne, such as population bottlenecks and expansions. 
The GONE program was run with default parameters, 
including unknown phase, an average rate of recombi-
nation of 0.01 cm/Mb, and a genetic distance correc-
tion based on Haldane’s function. For this analysis we 
used data from the last year of data collection (2020); 
this included 198 AY, 405 GU, 1,294 BS, 369,000 HO, 
and 43,200 JE animals. Because the GONE software 
has a maximum allowable sample size of 1,800 individu-
als, in the case of HO and JE, we performed the analy-
sis using subsets of the data, 205 and 24 subsets of 
1,800 individuals for HO and JE, respectively. For these 
2 breeds, Net was then obtained as the average of the 
estimates across subsets.

Genetic Diversity in the Era of Genomic Selection

The yearly rate of inbreeding (ΔFyr) and effective 
population size (Ne) was assessed for sires and dams 
born in 3 periods of interest: before the advent of ge-
nomic selection (GS; period 1, P1) from 2000 to 2009, 
during the implementation of GS (P2) from 2010 to 
2014, and after the widespread adoption of GS from 
2015 to 2018 (P3). The number of sires and dams in 
each period for all breeds are found in Supplemental 
Table S1 (https:​/​/​doi​.org/​10​.6084/​m9​.figshare​
.19232739​.v2; Lozada-Soto et al., 2022). ΔFyr was cal-
culated for each of the inbreeding measures 
∆ ∆ ∆F F FPED GRM ROHyr yr yr

, ,( ) by regressing the natural 

logarithm of 1 − F on the year of birth of the animal 
and multiplying the slope by −1 (Hillestad et al., 2014; 
Makanjuola et al., 2020). Generation intervals (L) were 
calculated for each of the traditional paths of selection: 
sires of sires (LSS), dams of sires (LDS), sires of dams 
(LSD), and dams of dams (LDD). The generation interval 
for the sire line within each period was calculated using 
the average of the yearly averages of LSS and LDS. The 
same was done for the dam line using LSD and LDD. The 

effective population size was calculated as N
L Fe

yr
=

1
2 ∆

, 

where L is the generation interval of either the sire line 

or dam line within period and ΔFyr is the estimate of 
the yearly rate of inbreeding according to one of the 
inbreeding measures. The standard error of the effec-
tive population size estimate SENe( ) was obtained using 

the delta method where SEN
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RESULTS

Characterization of ROH

Descriptive statistics for the number of ROH, the 
average length of ROH, and the combined length of the 
genome in ROH for each breed are presented in Table 2. 
The mean number of ROH ranged from 37.24 (AY) to 
62.66 (JE), the mean average ROH length ranged from 
6.74 (GU) to 7.54 (BS) Mb, and the mean combined 
length of ROH ranged from 265.05 (AY) to 426.24 (JE) 
Mb. The mean number and mean combined length of 
ROH by length category and breed are shown in Figure 
1. We observed a decrease in the mean number of ROH 
in all 5 breeds with increasing segment length. Jersey 
had the highest, and AY had the lowest mean number 
of ROH in all length categories. The combined length 
of ROH of 2 to 4 Mb was smaller than for longer ROH 
in all breeds. The combined length of ROH in the 3 
remaining length categories (4–8 Mb, 8–16 Mb, and 
16 Mb or longer) were similar. We found the largest 
value for mean combined length in the 16 Mb or longer 
category for AY (83.99 Mb), the 8 to 16 Mb category 
for BS (113.83 Mb) and HO (94.97 Mb), and the 4 to 8 
Mb category for GU (103.38 Mb) and JE (127.85 Mb).

Selection Signatures Uncovered in Regions  
of Reduced Local Variability

Manhattan plots of FL for all breeds are shown in 
Figure 2, and the genomic coordinates and gene con-
tent of ROH islands are found in Supplemental Table 
S2 (https:​/​/​doi​.org/​10​.6084/​m9​.figshare​.19232739​.v2; 
Lozada-Soto et al., 2022). The chromosomes with mul-
tiple SNP of interest were BTA4, BTA5, BTA6, and 
BTA8 for AY; BTA5, BTA6, and BTA16 for BS; BTA6, 
BTA11, BTA13, BTA15, and BTA19 for GU; BTA10 
and BTA20 for HO; and BTA1, BTA2, BTA3, BTA7, 
and BTA20 for JE. The largest ROH islands identified 
spanned 7.83 Mb (BTA13: 47.09–54.92) and 5.80 Mb 
(BTA7: 39.76–45.56) and were identified in GU and JE. 
The latter was also the most gene-dense region with 
167 genes annotated to this genomic region. We found a 
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3.44 Mb genomic region shared between AY and BS on 
chromosome 6 (BTA6: 86.76–90.21), which contained 
the most homozygous SNP in both breeds. We anno-
tated a total of 26 genes to this shared region, most no-
tably ADAMTS3, ANKRD17, GC, and NPFFR2. We 
also found a highly homozygous region shared between 
HO and JE, this time a 2.58-Mb region in chromo-
some 20 (BTA20: 25.59–28.17) containing 5 genes. The 
most notable genes in this shared region were ISL LIM 
homeobox 1 (ISL1) and pelota mRNA surveillance and 
ribosome rescue factor (PELO). Significant regions in 
GU did not overlap with any other breed.

The top 10 (based on P-value) enriched traits for 
each breed are shown in Figure 3. We found traits re-
lated to milk production to be enriched in all breeds. 
Milk yield, milk component yield, or milk component 
percentage were enriched in AY (QTL on BTA6), BS 
(BTA 5 and BTA6), GU (BTA6, BTA13, and BTA19), 
HO (BTA10 and BTA20), and JE (BTA2, BTA3, and 
BTA7). Other enriched milk production traits included 
lactation persistency in BS (BTA6), GU (BTA13), 
and HO (BTA20); milking speed in BS (BTA6), HO 
(BTA10), and JE (BTA7); milk color in GU (BTA15); 
and curd firmness in JE (BTA7). Enriched body 
measurement traits were found in all breeds except 
Holstein, including BW at birth in AY (BTA5), GU 
(BTA11), and JE (BTA3); BW at maturity in AY 
(BTA4); metabolic BW in GU (BTA13); height in BS 
(BTA16); and rump length in AY (BTA4). Feed con-
version ratio was enriched for annotated QTL on BTA 
16 in BS. The length of productive life was a trait that 
was enriched in all breeds except GU; this was for QTL 
on BTA6 in AY and BS and for QTL on BTA20 in HO 
and JE. Traits related to reproduction were enriched 
in all breeds except GU, including daughter pregnancy 
rate in AY (BTA6) and BS (BTA6); conception rate in 

AY (BTA6) and BS (BTA6); gestation length in AY 
(BTA5); inhibin level in AY (BTA5); scrotal circum-
ference in AY (BTA5); dystocia in HO (BTA20); and 
calving index in JE (BTA20). Enriched udder and body 
conformation traits were found for AY, BS, and JE, 
including udder depth in AY (BTA6) and BS (BTA6); 
udder attachment and structure in JE (BTA20), angu-
larity in AY (BTA6) and BS (BTA6); and rump angle 
in AY (BTA8). The sole enriched pigmentation trait 
was facial pigmentation in JE (BTA7). Traits related 
to health were enriched in all breeds. Many of these 
were related to the susceptibility to disease, includ-
ing mastitis in AY (BTA6) and BS (BTA6); ketosis 
in AY (BTA6) and BS (BTA6); bovine tuberculosis in 
AY (BTA8); and bovine spongiform encephalopathy in 
GU (BTA6). Additional enriched health traits included 
immunoglobulin G level in AY (BTA4), HO (BTA20), 
and JE (BTA20); tick resistance in BS (BTA5) and JE 
(BTA3); and SCS in AY (BTA6) and BS (BTA6). One 
of the most interesting results was the high number of 
enriched traits related to meat and carcass found in 
GU, with around 45% of enriched traits belonging to 
this type. In this breed, we found QTL related to meat 
production on BTA6, BTA13, BTA15, and BTA19, 
with the majority of enriched traits associated with the 
content of SFA and MUFA.

Trends in Pedigree and Genomic Inbreeding

Within-breed means for animals born from 2000 to 
2020 for pedigree (FPED) and genomic inbreeding (FGRM 
and FROH) can be found in Table 3. The average inbreed-
ing ranged from 0.06 (AY and BS) to 0.08 (HO and JE) 
using FPED, from 0.22 (HO) to 0.29 (GU and JE) using 
FGRM, and from 0.11 (AY) to 0.17 (JE) using FROH. The 
Pearson correlation coefficient between inbreeding mea-
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Table 2. Descriptive statistics for the number of runs of homozygosity (ROH), average length of ROH, and 
combined length of genome in ROH1

Parameter AY BS GU HO JE

Number of ROH          
  Mean 37.24 47.69 54.40 40.39 62.66
  SD 8.27 8.59 7.48 8.49 8.29
  Minimum 4 6 20 1 24
  Maximum 68 91 81 94 105
Average ROH length (Mb)          
  Mean 7.04 7.54 6.74 7.46 6.80
  SD 1.40 1.10 1.07 1.19 0.94
  Minimum 3.01 3.02 4.20 2.56 3.76
  Maximum 17.95 16.57 16.92 22.91 18.48
Combined length of ROH (Mb)          
  Mean 265.05 360.33 366.82 303.04 426.24
  SD 85.00 87.07 79.15 87.56 83.40
  Minimum 16.32 22.92 112.97 2.68 127.99
  Maximum 984.15 1,143.49 1,033.96 1,265.75 1,256.88
1AY = Ayrshire; BS = Brown Swiss; GU = Guernsey; HO = Holstein; JE = Jersey.
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sures (results not shown) for animals born from 2000 
to 2020 ranged from high to very high in all breeds, 
with the correlation between FPED and FGRM ranging 
from 0.58 (GU) to 0.77 (HO), between FPED and FROH 
ranging from 0.59 (GU) to 0.76 (HO), and between 
FGRM and FROH ranging from 0.95 (GU) to 0.98 (HO). 
The within-breed average for FPED, FGRM, and FROH by 
year of birth (2000–2020) is shown in Figure 4. We 
found a general trend of increased average inbreeding 
in each population for all 3 measures across time. How-
ever, we can observe substantial heterogeneity between 
breeds for the magnitude of change in inbreeding across 
time. For example, although JE animals have similar 
levels of pedigree inbreeding and higher average levels 
of genomic inbreeding than HO (Table 3), the percent 

change in average inbreeding (for all coefficients) from 
2000 to 2020 is higher in HO, with FPED increasing by 
80.89 and 25.97%, FGRM increasing by 25.47 and 5.27%, 
and FROH increasing by 56.54 and 8.82%, in HO and 
JE, respectively.

Estimates for the yearly rate of inbreeding (ΔFyr) for 
sires and dams at P1, P2, and P3 can be found in Tables 
4 and 5, respectively. For the smaller breeds (AY and 
GU), we mainly found nonsignificant (i.e., not statisti-
cally different from zero) estimates. For both AY and 
GU sires, we found the largest ΔFyr estimates during 
the P3 period across all measures, ranging from 0.19 
∆FyrPED( ) to 0.52% ∆FyrGRM( ) and 0.52 ∆FyrPED( ) to 

0.76% ∆FyrGRM( ) for AY and GU, respectively. Inbreed-
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Figure 1. Average number of runs of homozygosity (ROH, panel a) and average combined length of genome in ROH (panel b) for ROH of 
2 to 4 Mb, 4 to 8 Mb, 8 to 16 Mb, and 16 Mb or longer in length in 5 breeds.
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ing rates for GU dams were low and nonsignificant 
across periods and inbreeding measures. For AY dams, 
we found an increase in the ΔFyr after the implementa-
tion of GS, from a negative rate in P1 (∆FyrPED= 
−0.17%; ∆FyrGRM  = −0.19%) to a positive rate in P2  
(∆FyrPED = 0.25%; ∆FyrGRM  = 0.28%). The ΔFyr for BS 
sires increased significantly from P1 to P3 for all mea-
sures considered, with ΔFyr ranging from 0.02 ∆FyrROH( ) 
to 0.08% ∆FyrPED( ) and 0.65 ∆FyrPED( ) to 1.03% 

∆FyrGRM( ), during P1 and P3, respectively. However, 

results for BS dams show no difference between the P1 
and P3 rates of inbreeding for any measure.

For sires and dams of the 2 largest breeds (HO and 
JE), we found a significant increase in the rate of in-
breeding after the adoption of GS. Jersey animals had 
negative rates of inbreeding during the P1 period, rang-
ing from −0.18 (∆FyrPED  and ∆FyrROH ) to −0.19% 
∆FyrGRM( ) and −0.01 ∆FyrPED( ) to −0.11% ∆FyrGRM( ) in 

sires and dams, respectively. Positive rates of inbreed-
ing immediately followed this at P2 and P3. The ΔFyr 
of Holstein sires and dams differed between periods and 
significantly increased in each subsequent period. This 
was especially notable for the genomic measures of in-
breeding in sires, with ∆FyrGRM  increasing from 0.07% 
at P1 to 1.50% at P3 and ∆FyrROH  increasing from 0.08% 
at P1 to 1.41% at P3. The generational rate of inbreed-
ing (ΔFGen = ΔFyr × L; results not shown) displayed 
similar trends to the ΔFyr for sires and dams of most 
breeds. However, in HO sires, ΔFGen did not differ be-
tween the P2 and P3 periods for genomic measures, 
ranging from 3.65 ∆FGenROH( ) to 3.80% ∆FGenGRM( ) and 
3.65 ∆FGenPED( ) to 3.86% during P2 and P3, respec-
tively. Similarly, contrary to the results for ΔFyr, the 
∆FGenROH  for HO dams was not significantly different 
between the P1 (1.14%) and P2 (1.16%) periods and 
the ∆FGenPED  for JE dams was not significantly different 
between the P2 (0.44%) and P3 (0.51%) periods.

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE

Figure 2. Manhattan plots of the coefficient of autozygosity (FL) for 5 breeds. Horizontal blue line represents the 99.5th percentile autozy-
gosity threshold within each breed.
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Effective Population Size

Effective population size estimates for each breed for 
the last 5 to 100 generations are shown in Figure 5, 
expressed in terms of calendar years, assuming one gen-
eration equals 5 calendar years. For both HO and JE, 
estimates of Net were highly similar across data subsets, 
with the coefficient of variation calculated within gen-
eration ranging from 0.04 to 0.32 (average of 0.15) and 

from 0.02 to 0.21 (average of 0.09), respectively. Across 
all breeds, genetic diversity, as measured by Ne, has di-
minished across time. In recent generations (5–20 gen-
erations ago), estimates of Ne have remained below 200 
individuals for all breeds, with estimates ranging from 
116 (BS) to 188 (HO) and 68 (GU) to 119 (AY) indi-
viduals, for 20 and 5 generations ago, respectively.

The dynamics of Ne further back in time (21 to 
100 generations ago) differed substantially between 
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Figure 3. Top 10 enriched traits based on false discovery rate-adjusted P-value for annotated QTL.
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breeds in both magnitude and in the timing of popula-
tion bottlenecks. The estimates for Ne for GU and JE 
for 100 generations ago (circa 1520) were the lowest 
across all breeds, 2,640 and 1,792 individuals for GU 
and JE, respectively. For HO, the estimates of Ne hov-
ered around 4,000 individuals until 30 generations ago 
(circa 1870), after which we observed a fast decline, 
with estimates remaining under 500 individuals from 25 
generations ago (circa 1895) onwards. The estimates of 
Ne for AY and BS were the highest 100 generations ago, 
14,024 and 14,595 individuals, respectively. However, 
although the Ne of AY started slowly declining around 
85 generations ago (circa 1595), the Ne of BS remained 
above 10,000 individuals until about 30 generations ago 
(circa 1870), when a fast decline in genetic diversity 
was observed. After this, Ne estimates for BS have re-
mained under 500 individuals from 25 to 5 generations 
ago (circa 1895 to 1995), similar to what was observed 
for Holsteins.

We used the estimates of the yearly rate of inbreed-
ing coupled with the generation intervals calculated 
at each period to estimate each population’s effective 
population size in the 3 recent time periods (P1, P2, 
and P3). The generation intervals and estimates of Ne 
are included in Supplemental Tables S3 and S4 (https:​
/​/​doi​.org/​10​.6084/​m9​.figshare​.19232739​.v2; Lozada-
Soto et al., 2022), respectively. This measure was only 
estimated when the yearly rate of inbreeding was posi-
tive and different from zero. The effective population 
size after the adoption of GS (P3) was found to be low 
for JE sires (46–51 individuals) and BS dams (31–64 
individuals), and very low for HO sires (13–18 individu-
als), HO dams (20–25 individuals), and BS sires (12–18 
individuals). The population with the largest estimate 
of Ne at P3 was JE dams, with an effective population 
size ranging from 99 to 276 individuals.

DISCUSSION

Patterns of Homozygosity

Because selection is a significant force in shaping 
genome-wide homozygosity, we expect differences in 
the ROH landscapes of populations due to differences 
in their selective history. Multiple studies have identi-
fied differences in ROH characteristics between cattle 
populations (Purfield et al., 2012; Ferenčaković et al., 
2013; Marras et al., 2015). We found substantial het-
erogeneity between breeds in terms of the number, the 
average length, and the combined length of ROH. We 
observed an inverse relationship between the number 
of segments and segment length, which is in line with 
previous findings (Forutan et al., 2018; Huson et al., 
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Table 3. Within-breed means (±SD) of pedigree and genomic 
inbreeding for animals born between 2000 and 20201

Breed2 FPED
3 FGRM FROH

AY 0.06 ± 0.02 0.24 ± 0.03 0.11 ± 0.03
BS 0.06 ± 0.03 0.27 ± 0.03 0.15 ± 0.04
GU 0.07 ± 0.02 0.29 ± 0.03 0.15 ± 0.03
HO 0.08 ± 0.03 0.22 ± 0.03 0.12 ± 0.04
JE 0.08 ± 0.02 0.29 ± 0.03 0.17 ± 0.03
1FPED = within-breed pedigree inbreeding coefficient; FGRM = marker-
based genomic inbreeding coefficient; FROH = segment-based genomic 
inbreeding coefficient. 
2AY = Ayrshire; BS = Brown Swiss; GU = Guernsey; HO = Holstein; 
JE = Jersey.
3Estimated using animals in data set B.

Figure 4. Average yearly within-breed pedigree inbreeding coefficient (FPED), marker-based genomic inbreeding coefficient (FGRM), and 
segment-based genomic inbreeding coefficient (FROH) for animals born between 2000 and 2020 for 5 breeds. FPED was estimated using animals 
in data set B.

https://doi.org/10.6084/m9.figshare.19232739.v2
https://doi.org/10.6084/m9.figshare.19232739.v2
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2020). Forutan and colleagues (2018) reported relative 
frequencies of ROH that ranged from 43.5% for seg-
ments shorter than 2 Mb to 4.7% for segments longer 
than 16 Mb. Compared with the other breeds, the 
higher average number of short ROH (2–4 Mb) and 
the lower mean average ROH length found in JE and 
GU suggest more ancient origins to the current levels 
of homozygosity. This is consistent with the insular ori-
gin of these 2 breeds in the Channel Islands. Similarly, 
Huson et al. (2020) found a higher average number of 
ROH segments of short length (0.5–4 Mb) in JE and 
GU than HO cattle.

Genomic Signatures of Selection

The frequency of ROH in particular genomic regions 
allows us to infer and compare the selective history of 
populations. We found overlap between the significantly 
homozygous regions identified in our study and those 
previously identified in US populations of Holstein and 
Jersey cattle. Specifically, the ROH islands identified 
on BTA10 and BTA20 in HO and BTA2, BTA3, and 
BTA7 in JE overlapped with previously identified re-

gions in these breeds (Kim et al., 2013, 2015). Trait 
enrichment for QTL identified in these genomic regions 
suggest that historical selection for health and milk 
production might have contributed to the consistently 
high levels of autozygosity observed across studies.

We found the genomic coordinates of ROH islands 
to be mostly heterogeneous across populations. There 
were only 2 overlaps between ROH islands in different 
breeds, one on chromosome 6 between AY and BS and 
the other on chromosome 20 between HO and JE.

The 3.44 Mb overlapped region on BTA6 between 
AY and BS contained several genes with known func-
tions associated with traits selected for in dairy cattle; 
these were ADAMTS3, ANKRD17, GC, and NPFFR2. 
These genes have been associated with productive 
life (ADAMTS3 and NPFFR2; Mészáros et al., 2014; 
Zhang et al., 2016), milk and milk component yield 
(ADAMTS3, ANKRD17, GC, and NPFFR2; Costa et 
al., 2019; Jiang et al., 2019), clinical mastitis (GC and 
NPFFR2; Sahana et al., 2014; Freebern et al., 2020), 
and subclinical ketosis (ANKRD17; Soares et al., 2021). 
Trait enrichment based on QTL annotated in this chro-
mosome corroborated the high selective pressure for 

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE

Table 5. Rate of yearly inbreeding for dams born in 3 time periods1

Measure   Period2 AY BS GU HO JE

ΔFPED
3 (CI), %   P1 −0.17 (−0.28, −0.06) 0.26 (0.15, 0.37) 0.02 (−0.15, 0.19) 0.11 (0.10, 0.12) −0.01 (−0.06, −0.03)

  P2 0.25 (0.14, 0.36) 0.01 (−0.08, 0.09) 0.09 (−0.04, 0.22) 0.27 (0.26, 0.27) 0.10 (0.08, 0.12)
  P3 0.08 (−0.11, 0.26) 0.18 (0.06, 0.30) −0.07 (−0.26, 0.11) 0.55 (0.54, 0.56) 0.15 (0.13, 0.17)

ΔFGRM (CI), %   P1 −0.19 (−0.34, −0.04) 0.23 (0.08, 0.38) 0.18 (−0.04, 0.40) 0.17 (0.16, 0.19) −0.11 (−0.17, −0.05)
  P2 0.28 (0.16, 0.41) 0.06 (−0.07, 0.18) 0.11 (−0.10, 0.32) 0.27 (0.26, 0.27) 0.06 (0.03, 0.09)
  P3 0.11 (−0.13, 0.35) 0.37 (0.20, 0.54) −0.11 (−0.40, 0.18) 0.70 (0.69, 0.70) 0.05 (0.03, 0.08)

ΔFROH (CI), %   P1 −0.13 (−0.26, 0.01) 0.28 (0.13, 0.43) 0.17 (−0.04, 0.38) 0.21 (0.20, 0.23) −0.05 (−0.11, 0.01)
  P2 0.26 (0.15, 0.38) 0.07 (−0.05, 0.19) 0.07 (−0.13, 0.28) 0.26 (0.25, 0.27) 0.11 (0.09, 0.14)
  P3 0.15 (−0.07, 0.38) 0.35 (0.19, 0.51) −0.06 (−0.34, 0.22) 0.66 (0.66, 0.67) 0.07 (0.05, 0.10)

1FPED = within-breed pedigree inbreeding coefficient; FGRM = marker-based genomic inbreeding coefficient; FROH = segment-based genomic in-
breeding coefficient. AY = Ayrshire; BS = Brown Swiss; GU = Guernsey; HO = Holstein; JE = Jersey; CI = 95% confidence interval. 
2P1 = 2000–2009; P2 = 2010–2014; P3 = 2015–2018.
3Estimated using animals in data set B.

Table 4. Rate of yearly inbreeding for sires born in 3 time periods1

Measure   Period2 AY BS GU HO JE

ΔFPED
3 (CI), %   P1 −0.12 (−0.25, 0.01) 0.08 (0.00, 0.16) 0.23 (0.09, 0.36) 0.03 (0.01, 0.04) −0.18 (−0.24, −0.13)

  P2 0.15 (−0.15, 0.44) 0.05 (−0.13, 0.22) −0.01 (−0.32, 0.30) 0.66 (0.63, 0.69) 0.31 (0.22, 0.40)
  P3 0.19 (−0.45, 0.83) 0.65 (0.26, 1.03) 0.52 (−0.03, 1.07) 1.09 (1.02, 1.16) 0.29 (0.10, 0.48)

ΔFGRM (CI), %   P1 0.14 (−0.09, 0.36) 0.05 (−0.07, 0.16) 0.21 (−0.02, 0.44) 0.07 (0.05, 0.09) −0.19 (−0.27, −0.10)
  P2 0.03 (−0.43, 0.48) 0.36 (0.09, 0.64) −0.14 (−0.59, 0.30) 1.01 (0.96, 1.06) 0.34 (0.19, 0.50)
  P3 0.52 (−0.64, 1.68) 1.03 (0.44, 1.63) 0.76 (−0.07, 1.59) 1.50 (1.40, 1.60) 0.28 (−0.01, 0.57)

ΔFROH (CI), %   P1 0.15 (−0.06, 0.36) 0.02 (−0.09, 0.14) 0.24 (0.03, 0.45) 0.08 (0.06, 0.10) −0.18 (−0.27, −0.10)
  P2 0.08 (−0.37, 0.52) 0.26 (−0.04, 0.56) −0.30 (−0.75, 0.15) 0.97 (0.92, 1.01) 0.42 (0.27, 0.57)
  P3 0.52 (−0.59, 1.64) 1.00 (0.41, 1.59) 0.60 (−0.23, 1.42) 1.41 (1.31, 1.51) 0.33 (0.05, 0.61)

1FPED = within-breed pedigree inbreeding coefficient; FGRM = marker-based genomic inbreeding coefficient; FROH = segment-based genomic in-
breeding coefficient. AY = Ayrshire; BS = Brown Swiss; GU = Guernsey; HO = Holstein; JE = Jersey; CI = 95% confidence interval.
2P1 = 2000–2009; P2 = 2010–2014; P3 = 2015–2018.
3Estimated using animals in dataset B.
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loci on BTA6 affecting health, milk and milk compo-
nent yield, and productive life in AY and BS. Current 
weights given to these trait types in selection indices 
created by the US Ayrshires Breeders’ Association and 
the Brown Swiss Association range from 25 to 35% and 
22 to 30% for milk component yield traits, 4% and 4 to 
6% for health traits, and 0 and 8% for productive life, 
in AY (U.S. Ayrshire Breeders’ Association, 2022a) and 
BS (Brown Swiss Association, 2022a), respectively.

The ISL1 and PELO genes identified in the 2.57 Mb 
overlapped region on BTA20 between HO and JE have 
been associated with reproductive and developmental 
traits. The genomic region harboring these genes has 
been previously associated with age at puberty and 

calving difficulty in beef cattle (Fernández et al., 2014; 
Purfield et al., 2020). Furthermore, Hayes et al. (2021) 
found the ISL1 gene to be significantly associated with 
maturity in cattle. Previous studies have reported low 
and positive genetic correlations (rg = 0.22–0.28) be-
tween age at reproductive milestones (puberty, first 
calving) and calving difficulty (Bennett and Gregory, 
2001; Berry and Evans, 2014). We speculate that 
strong selective pressure to decrease age at puberty, 
age at first calving, calving difficulty, or related traits 
has led to high homozygosity in this genomic region in 
HO and JE. Breed-specific selection indices offered to 
Holstein and Jersey breeders have weights on fertility 
and calving traits that range from 2 to 12% and 1 to 
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Figure 5. Effective population size (Ne) from 20 to 5 (a) and 100 to 21 (b) generations ago for 5 breeds.
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20%, in HO (Holstein Association USA, 2022a; Genex, 
2022) and JE (American Jersey Cattle Association, 
2021; Genex, 2022), respectively.

Traits enriched in GU were mostly split between the 
milk or meat production trait categories. A possible 
explanation for this finding could be a pleiotropic effect 
of genes located in the genomic regions targeted by 
selection in GU (Gutiérrez-Gil et al., 2015). For ex-
ample, the single ROH island on BTA19 (49.37–53.27 
Mb) identified in GU partially overlaps with a selection 
signature observed in multiple dairy breeds (Stella et 
al., 2010), and which also contains SNP with significant 
effects on fatty acid composition in Japanese Black 
cattle (Uemoto et al., 2011).

Current State of Genetic Diversity

Comparison of Inbreeding Levels Among 
Dairy Breeds. We calculated 3 different measures 
of inbreeding for animals born between 2000 to 2020, 
a pedigree-based measure (FPED), a genomic marker-
based measure (FGRM), and a genomic segment-based 
measure (FROH). In all breeds, the magnitude of average 
inbreeding was largest for FGRM. The larger magnitude 
of this coefficient compared with FPED and FROH can 
be explained because inbreeding calculated using a 
genomic relationship matrix tracks allelic homozygos-
ity without distinguishing if the alleles are identical by 
descent (actual inbreeding) or not. The positive and 
high correlations between FPED and genomic measures 
and the positive and very high correlation between 
FGRM and FROH were in the range of previous studies in 
North American dairy cattle (VanRaden et al., 2011; 
Forutan et al., 2018). VanRaden et al. (2011) reported 
correlations between FPED and FGRM (using 0.5 allele 
frequencies) in 3 breeds (HO, JE, and BS) that ranged 
from 0.59 to 0.68. Forutan et al. (2018) reported a 
correlation between FPED and FROH (calculated with a 
window size of 20 SNP) of 0.70, a correlation between 
FGRM and FPED of 0.64, and a correlation between FROH 
and FGRM of 0.94, in Holsteins.

We observed little consistency in the ranking of 
breeds from least to most inbred (in terms of average 
inbreeding) across measures, with the sole exception of 
JE. The JE breed had the highest average FROH and was 
tied with HO (AY) for highest average FPED (FGRM). A 
previous comparison (VanRaden et al., 2011) of North 
American HO, JE, and BS found the highest within-
breed means for FPED and FGRM in JE. In Canadian 
JE, (Makanjuola et al., 2020) found consistently higher 
genomic inbreeding in these breeds compared with HO 
and similar levels of pedigree inbreeding in both breeds. 
Yearly averages of genomic inbreeding indicate that the 
inbreeding observed in JE originated before the year 

2000 and has remained relatively consistent in recent 
years, the latter being a possible result of management 
strategies in this breed to curb further inbreeding ac-
cumulation.

Historical and Recent Changes in Genetic 
Diversity. The rate of inbreeding of a population is 
a valuable metric to understand the effect of manage-
ment decisions and monitor genetic diversity changes 
across time. This study calculated the yearly rates of 
pedigree and genomic inbreeding in sires and dams 
during 3 periods known for being distinct in both the 
strategy and intensity of selection.

The small population of genotyped AY and GU indi-
viduals in this study prevented us from obtaining precise 
estimates of the yearly rate of inbreeding during the 3 
periods of interest. Most estimates of the inbreeding rate 
in these populations had large confidence intervals that 
overlapped with zero. However, we did find noticeably 
large point estimates in the rate of genomic inbreeding 
in AY and GU sires in the most recent period (P3) 
that suggest a decrease in genetic diversity after the 
adoption of GS. In addition, the determination of the 
effects of GS in these 2 breeds is further complicated 
by the more recent implementation of this technology, 
in 2013 for AY (Wiggans and Cooper, 2013) and 2016 
for GU (Cooper et al., 2016). We understand that as 
genotyping rates increase, future estimates of genetic 
diversity for these numerically small breeds will benefit 
from increased precision and therefore inform selection 
and mating strategies.

Inbreeding trends in the 3 most numerous North 
American breeds (BS, HO, and JE) showed a marked 
increase in the yearly rate of inbreeding after imple-
menting and adopting GS. Jersey sires and dams were 
the only populations studied that went from a decrease 
to an annual increase in the rate of inbreeding after the 
implementation of GS. Previous studies have uncovered 
a similar effect of GS on the genetic diversity of JE 
populations (Makanjuola et al., 2020; Scott et al., 
2021). Makanjuola et al. (2020) reported a shift from 
negative to positive rates of inbreeding after the intro-
duction of GS in Canadian JE. Scott and colleagues 
(2021) reported an increase in the rate of inbreeding of 
Australian JE bulls after GS that ranged from a 0.75-
fold to 51.59-fold increase. Results for the HO breed 
showed the most apparent distinction in the rate of in-
breeding between periods and the 2 subpopulations 
studied (sires and dams). First, we observed larger rates 
of inbreeding in dams than sires in P1, followed by a 
reversal of this trend during P2 and P3. The higher 
rates of inbreeding dams in P1 are most likely due to 
the genotyping strategy used. Second, the significant 
differences observed between the rates of inbreeding 
during P2 and P3 indicate an escalation in selective 
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pressure exerted in HO after 2015. Yearly rates of ge-
nomic inbreeding during P3 exceed values of 0.5% in 
both sexes, reaching a maximal value of 1.50% using 
∆FyrGRM  in sires. A previous assessment of genetic diver-
sity in Canadian Holstein cattle found yearly inbreed-
ing rates that surpassed 0.30 and 0.50% for pedigree 
and genomic measures, respectively (Makanjuola et al., 
2020). Additionally, studies of Dutch (Doekes et al., 
2018), French (Doublet et al., 2019), Australian (Scott 
et al., 2021), and Italian (Ablondi et al., 2022) popula-
tions of Holstein-Friesian cattle have also revealed a 
loss in genetic diversity following their respective adop-
tion of GS strategies.

The effective population size reflects the level of ge-
netic diversity of populations. Therefore, populations 
with small effective sizes pose a severe challenge to 
conservation efforts and are vulnerable to decreased 
adaptability to new environments or selection criteria. 
The consensus for the minimum effective population 
size to maintain fitness in a population ranges from 50 
to 100 individuals (Meuwissen, 2009). The estimates of 
effective population size have been found to vary be-
tween livestock species and breeds. Leroy et al. (2013) 
reported estimates of effective population size using the 
inbreeding rate of successive generations that ranged 
from 35 to 204 in cattle, 21 to 375 in sheep, 33 to 257 
in horses, and 15 to 510 animals in dogs.

The estimates of effective population size for past 
generations showed a decreasing trend in the genetic 
diversity of the 5 US dairy cattle breeds. This result 
was expected, as the period studied, from 100 genera-
tions ago (circa 1520) to 5 generations ago (circa 1995), 
covers the events of breed formation, importation into 
the United States, creation of US breed associations 
and specific breed standards, and improvements in 
assisted reproductive technologies. Our results gener-
ally agreed with the known history of these US dairy 
cattle breeds. For BS and HO, we observed a sizable 
population bottleneck 30 generations ago (circa 1870), 
which corresponds to the approximate time in which 
the herd books of these 2 breeds were established in the 
United States, 1880 for BS (Brown Swiss Association, 
2022b) and 1872 for HO (Holstein Association USA, 
2022b). The dynamics of Ne across time for AY can be 
divided into 3 notable periods, a period of very high 
and relatively stable Ne estimates from about 100 to 85 
generations ago (circa 1520–1595), a period of a slow 
decline in Ne from about 85 to 43 generations ago (circa 
1595–1805), and a period of seemingly faster decline in 
Ne from 43 to 5 generations ago (circa 1805–1995). We 
speculate that the development of the original AY breed 
in Scotland (before 1800) and the later importation to 
and development of this breed in the United States 

in the early 1800s, could be responsible for the loss 
of genetic diversity seen in the second and third peri-
ods, respectively (U.S. Ayrshire Breeders’ Association, 
2022b). The estimates of Ne for GU and JE were similar 
across most of the period studied; this was expected 
as the breeds have a shared history of development in 
the Channel Islands. Noticeably, our results showed a 
lower genetic diversity for these 2 breeds 100 genera-
tions ago (circa 1520) compared with the other 3 breeds 
studied; this could be indicative of a prior bottleneck 
event, possibly during the importation of the founder 
cattle to the islands where the original breeds would 
later develop.

In addition, we used estimates of inbreeding rate and 
generation interval to estimate Ne of sires and dams in 
recent periods. In most populations, estimates of Ne 
after GS were low (<100 individual). For BS and HO 
sires, these estimates were noticeably low with none 
surpassing 25 individuals. Our estimates of the most 
recent Ne are noticeably lower than those recently 
reported in Canadian (Makanjuola et al., 2020; Ne = 
43–66 individuals) and Dutch (Doekes et al., 2018; Ne 
= 69–79 individuals) HO populations. We speculate 
that methodological differences between studies are the 
main reason for differences in the magnitude of esti-
mates, as we opted for estimating Ne within discrete 
periods rather than obtaining a single estimate across 
periods. The only population to not exhibit concerning 
levels of Ne in the years following GS were JE dams (Ne 
= 99–276). The effective population sizes estimated in 
this study suggest an urgent need to implement strate-
gies to better evaluate and manage the genetic diversity 
of US dairy cattle.

CONCLUSIONS

We used pedigree and genomic data to analyze 
genome-wide and region-specific patterns of inbreeding 
in US dairy cattle. We discovered that the distribution 
of autozygosity varied considerably between breeds, 
highlighting historical and present differences in selec-
tive pressures. Highly homozygous genomic regions 
suggested common breeding objectives such as milk 
production, health, and productive life. We found dif-
ferences between breeds in the average level of inbreed-
ing, especially for the genomic inbreeding coefficients, 
and differences in the rate of inbreeding accumulation 
at 3 different periods. We confirmed the effect of GS on 
genetic diversity, with HO providing the most compel-
ling evidence. Together, our findings imply substantial 
heterogeneity between breeds in terms of the observ-
able patterns of genomic homozygosity and trends in 
inbreeding accumulation. These results should moti-
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vate further research to explore strategies that could 
be implemented to manage homozygosity within each 
breed and across the entire US dairy population.

ACKNOWLEDGMENTS

Christian Maltecca, Francesco Tiezzi, and Emmanuel 
A. Lozada-Soto acknowledge funding from Holstein 
Association USA (Brattleboro, VT), American Jersey 
Cattle Association (Reynoldsburg, OH), and Select 
Sires Inc. (Plain City, OH). Paul M. VanRaden was 
supported by the appropriated project 8042-31000-
002-00-D, “Improving Dairy Animals by Increasing 
Accuracy of Genomic Prediction, Evaluating New 
Traits, and Redefining Selection Goals” of the USDA 
Agricultural Research Service. Mention of trade names 
or commercial products in this article is solely for the 
purpose of providing specific information and does 
not imply recommendation or endorsement by the 
USDA. The USDA is an equal opportunity provider 
and employer. We thank the Council on Dairy Cattle 
Breeding (CDCB, Bowie, MD) for providing the data 
in this study. The authors have not stated any conflicts 
of interest.

REFERENCES

Ablondi, M., A. Sabbioni, G. Stocco, C. Cipolat-Gotet, C. Dadousis, 
J.-T. van Kaam, R. Finocchiaro, and A. Summer. 2022. Genetic 
diversity in the Italian Holstein dairy cattle based on pedigree 
and SNP data prior and after genomic selection. Front. Vet. Sci. 
8:773985. https:​/​/​doi​.org/​10​.3389/​fvets​.2021​.773985.

American Jersey Cattle Association. 2021. JPI Changes 2020. Ac-
cessed March 3, 2022. http:​/​/​greenbook​.usjersey​.com/​.

Bennett, G. L., and K. E. Gregory. 2001. Genetic (co)variances for 
calving difficulty score in composite and parental populations of 
beef cattle: II. Reproductive, skeletal, and carcass traits. J. Anim. 
Sci. 79:52–59. https:​/​/​doi​.org/​10​.2527/​2001​.79152x.

Berry, D. P., and R. D. Evans. 2014. Genetics of reproductive per-
formance in seasonal calving beef cows and its association with 
performance traits. J. Anim. Sci. 92:1412–1422. https:​/​/​doi​.org/​
10​.2527/​jas​.2013​-6723.

Boichard, D. 2002. PEDIG: A fortran package for pedigree analy-
sis suited for large populations. In Proc. 7th World Congress on 
Genetics Applied to Livestock Production, August 19–23, 2002, 
Montpellier, France. INRA.

Bosse, M., H. J. Megens, O. Madsen, Y. Paudel, L. A. F. Frantz, L. 
B. Schook, R. P. M. A. Crooijmans, and M. A. M. Groenen. 2012. 
Regions of homozygosity in the porcine genome: Consequence 
of demography and the recombination landscape. PLoS Genet. 
8:e1003100. https:​/​/​doi​.org/​10​.1371/​journal​.pgen​.1003100.

Boyko, A. R., P. Quignon, L. Li, J. J. Schoenebeck, J. D. Degenhardt, 
K. E. Lohmueller, K. Zhao, A. Brisbin, H. G. Parker, B. M. von-
Holdt, M. Cargill, A. Auton, A. Reynolds, A. G. Elkahloun, M. 
Castelhano, D. S. Mosher, N. B. Sutter, G. S. Johnson, J. Novem-
bre, M. J. Hubisz, A. Siepel, R. K. Wayne, C. D. Bustamante, 
and E. A. Ostrander. 2010. A simple genetic architecture underlies 
morphological variation in dogs. PLoS Biol. 8:e1000451. https:​/​/​
doi​.org/​10​.1371/​journal​.pbio​.1000451.

Brown Swiss Association. 2022a. Progressive performance ranking. 
Accessed Mar. 3, 2022. https:​/​/​www​.brownswissusa​.com/​Breed/​
Genetics/​tabid/​85/​Default​.aspx.

Brown Swiss Association. 2022b. The history of Brown Swiss. Ac-
cessed May 16, 2022. https:​/​/​www​.brownswissusa​.com/​Breed/​
History/​tabid/​89/​Default​.aspx.

Chang, C. C., C. C. Chow, L. C. Tellier, S. Vattikuti, S. M. Purcell, 
and J. J. Lee. 2015. Second-generation PLINK: Rising to the chal-
lenge of larger and richer datasets. Gigascience 4:7. https:​/​/​doi​
.org/​10​.1186/​s13742​-015​-0047​-8.

Cooper, T., G. Wiggans, S. Eaglen, J. Jenko, W. Luff, J. Woolliams, 
and B. Schnebly. 2016. April Changes—Genomic Evaluation of 
Guernseys. Accessed Aug. 24, 2022. https:​/​/​queries​.uscdcb​.com/​
reference/​changes/​eval1604​.htm.

Costa, A., H. Schwarzenbacher, G. Mészáros, B. Fuerst-Waltl, C. 
Fuerst, J. Sölkner, and M. Penasa. 2019. On the genomic regions 
associated with milk lactose in Fleckvieh cattle. J. Dairy Sci. 
102:10088–10099. https:​/​/​doi​.org/​10​.3168/​jds​.2019​-16663.

Daetwyler, H. D., B. Villanueva, P. Bijma, and J. A. Woolliams. 2007. 
Inbreeding in genome-wide selection. J. Anim. Breed. Genet. 
124:369–376. https:​/​/​doi​.org/​10​.1111/​j​.1439​-0388​.2007​.00693​.x.

de Roos, A. P. W., C. Schrooten, R. F. Veerkamp, and J. A. M. van 
Arendonk. 2011. Effects of genomic selection on genetic improve-
ment, inbreeding, and merit of young versus proven bulls. J. Dairy 
Sci. 94:1559–1567. https:​/​/​doi​.org/​10​.3168/​jds​.2010​-3354.

Doekes, H. P., R. F. Veerkamp, P. Bijma, S. J. Hiemstra, and J. J. 
Windig. 2018. Trends in genome-wide and region-specific genetic 
diversity in the Dutch-Flemish Holstein-Friesian breeding program 
from 1986 to 2015. Genet. Sel. Evol. 50:15. https:​/​/​doi​.org/​10​
.1186/​s12711​-018​-0385​-y.

Doublet, A. C., P. Croiseau, S. Fritz, A. Michenet, C. Hozé, C. 
Danchin-Burge, D. Laloë, and G. Restoux. 2019. The impact of 
genomic selection on genetic diversity and genetic gain in three 
French dairy cattle breeds. Genet. Sel. Evol. 51:52. https:​/​/​doi​
.org/​10​.1186/​s12711​-019​-0495​-1.

Durinck, S., P. T. Spellman, E. Birney, and W. Huber. 2009. Mapping 
identifiers for the integration of genomic datasets with the R/ 
Bioconductor package biomaRt. Nat. Protoc. 4:1184–1191. https:​/​
/​doi​.org/​10​.1038/​nprot​.2009​.97.

Ferenčaković, M., E. Hamzić, B. Gredler, I. Curik, and J. Sölkner. 
2011. Runs of homozygosity reveal genomewide autozygosity in the 
Austrian Fleckvieh cattle. ACS Agric. Conspec. Sci. 76:325–328.

Ferenčaković, M., E. Hamzić, B. Gredler, T. R. Solberg, G. Klemets-
dal, I. Curik, and J. Sölkner. 2013. Estimates of autozygosity de-
rived from runs of homozygosity: Empirical evidence from selected 
cattle populations. J. Anim. Breed. Genet. 130:286–293. https:​/​/​
doi​.org/​10​.1111/​jbg​.12012.

Fernández, M. E., J. P. Lirón, A. Prando, A. Rogberg-Muñoz, P. 
Peral-García, A. Baldo, and G. Giovambattista. 2014. Evidence 
of association of a BTA20 region peaked in ISL1 with puberty in 
Angus bulls. Livest. Sci. 167:9–18. https:​/​/​doi​.org/​10​.1016/​j​.livsci​
.2014​.05​.009.

Fonseca, P. A. S., A. Suárez-Vega, G. Marras, and Á. Cánovas. 2020. 
GALLO: An R package for genomic annotation and integration of 
multiple data sources in livestock for positional candidate loci. Gi-
gascience 9:giaa149. https:​/​/​doi​.org/​10​.1093/​gigascience/​giaa149.

Forutan, M., S. Ansari Mahyari, C. Baes, N. Melzer, F. S. Schenkel, 
and M. Sargolzaei. 2018. Inbreeding and runs of homozygosity 
before and after genomic selection in North American Holstein 
cattle. BMC Genomics 19:98. https:​/​/​doi​.org/​10​.1186/​s12864​-018​
-4453​-z.

Freebern, E., D. J. A. Santos, L. Fang, J. Jiang, K. L. Parker Gaddis, 
G. E. Liu, P. M. Vanraden, C. Maltecca, J. B. Cole, and L. Ma. 
2020. GWAS and fine-mapping of livability and six disease traits 
in Holstein cattle. BMC Genomics 21:41. https:​/​/​doi​.org/​10​.1186/​
s12864​-020​-6461​-z.

García-Ruiz, A., J. B. Cole, P. M. VanRaden, G. R. Wiggans, F. J. 
Ruiz-López, and C. P. Van Tassell. 2016. Changes in genetic se-
lection differentials and generation intervals in US Holstein dairy 
cattle as a result of genomic selection. Proc. Natl. Acad. Sci. USA 
113:E3995–E4004. https:​/​/​doi​.org/​10​.1073/​pnas​.1519061113.

Genex. 2022. ICC. Accessed Mar. 3, 2022. https:​/​/​genex​.coop/​dairy/​
icc/​.

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE

https://doi.org/10.3389/fvets.2021.773985
http://greenbook.usjersey.com/
https://doi.org/10.2527/2001.79152x
https://doi.org/10.2527/jas.2013-6723
https://doi.org/10.2527/jas.2013-6723
https://doi.org/10.1371/journal.pgen.1003100
https://doi.org/10.1371/journal.pbio.1000451
https://doi.org/10.1371/journal.pbio.1000451
https://www.brownswissusa.com/Breed/Genetics/tabid/85/Default.aspx
https://www.brownswissusa.com/Breed/Genetics/tabid/85/Default.aspx
https://www.brownswissusa.com/Breed/History/tabid/89/Default.aspx
https://www.brownswissusa.com/Breed/History/tabid/89/Default.aspx
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://queries.uscdcb.com/reference/changes/eval1604.htm
https://queries.uscdcb.com/reference/changes/eval1604.htm
https://doi.org/10.3168/jds.2019-16663
https://doi.org/10.1111/j.1439-0388.2007.00693.x
https://doi.org/10.3168/jds.2010-3354
https://doi.org/10.1186/s12711-018-0385-y
https://doi.org/10.1186/s12711-018-0385-y
https://doi.org/10.1186/s12711-019-0495-1
https://doi.org/10.1186/s12711-019-0495-1
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1111/jbg.12012
https://doi.org/10.1111/jbg.12012
https://doi.org/10.1016/j.livsci.2014.05.009
https://doi.org/10.1016/j.livsci.2014.05.009
https://doi.org/10.1093/gigascience/giaa149
https://doi.org/10.1186/s12864-018-4453-z
https://doi.org/10.1186/s12864-018-4453-z
https://doi.org/10.1186/s12864-020-6461-z
https://doi.org/10.1186/s12864-020-6461-z
https://doi.org/10.1073/pnas.1519061113
https://genex.coop/dairy/icc/
https://genex.coop/dairy/icc/


Journal of Dairy Science Vol. 105 No. 11, 2022

8970

Gibson, J., N. E. Morton, and A. Collins. 2006. Extended tracts of 
homozygosity in outbred human populations. Hum. Mol. Genet. 
15:789–795. https:​/​/​doi​.org/​10​.1093/​hmg/​ddi493.

Gutiérrez-Gil, B., J. J. Arranz, and P. Wiener. 2015. An interpretive 
review of selective sweep studies in Bos taurus cattle populations: 
Identification of unique and shared selection signals across breeds. 
Front. Genet. 6:167. https:​/​/​doi​.org/​10​.3389/​FGENE​.2015​.00167/​
ABSTRACT.

Hayes, B. J., L. T. Nguyen, M. Forutan, B. N. Engle, H. J. Lamb, J. 
P. Copley, I. A. S. Randhawa, and E. M. Ross. 2021. An epigenetic 
aging clock for cattle using portable sequencing technology. Front. 
Genet. 12:760450. https:​/​/​doi​.org/​10​.3389/​fgene​.2021​.760450.

Hillestad, B., J. A. Woolliams, T. H. E. Meuwissen, D. I. Våge, and 
G. Klemetsdal. 2014. Estimating rate of inbreeding and effective 
population size using genomic data in Norwegian Red Cattle. Page 
470 in 10th World Congress of Genetics Applied to Livestock Pro-
duction, Vancouver, British Columbia, Canada.

Holstein Association USA. 2022a. TPI formula – April 2021. Accessed 
Mar. 3, 2022. http:​/​/​www​.holsteinusa​.com/​genetic​_evaluations/​ss​
_tpi​_formula​.html.

Holstein Association USA. 2022b. Who we are. Accessed May 16, 
2022. https:​/​/​www​.holsteinusa​.com/​association/​about​_us​.html.

Howard, J. T., C. Maltecca, M. Haile-Mariam, B. J. Hayes, and J. E. 
Pryce. 2015. Characterizing homozygosity across United States, 
New Zealand and Australian Jersey cow and bull populations. 
BMC Genomics 16:187. https:​/​/​doi​.org/​10​.1186/​s12864​-015​-1352​
-4.

Howrigan, D. P., M. A. Simonson, and M. C. Keller. 2011. Detecting 
autozygosity through runs of homozygosity: A comparison of three 
autozygosity detection algorithms. BMC Genomics 12:460. https:​/​
/​doi​.org/​10​.1186/​1471​-2164​-12​-460.

Huson, H. J., T. S. Sonstegard, J. Godfrey, D. Hambrook, C. Wolfe, 
G. Wiggans, H. Blackburn, and C. P. VanTassell. 2020. A genetic 
investigation of Island Jersey cattle, the foundation of the Jersey 
breed: Comparing population structure and selection to Guernsey, 
Holstein, and United States Jersey cattle. Front. Genet. 11:366. 
https:​/​/​doi​.org/​10​.3389/​fgene​.2020​.00366.

Jiang, J., L. Ma, D. Prakapenka, P. M. VanRaden, J. B. Cole, and Y. 
Da. 2019. A large-scale genome-wide association study in U.S. Hol-
stein cattle. Front. Genet. 10:412. https:​/​/​doi​.org/​10​.3389/​fgene​
.2019​.00412.

Kim, E.-S., J. B. Cole, H. Huson, G. R. Wiggans, C. P. Van Tassell, 
B. A. Crooker, G. Liu, Y. Da, and T. S. Sonstegard. 2013. Effect 
of artificial selection on runs of homozygosity in U.S. Holstein 
cattle. PLoS One 8:e80813. https:​/​/​doi​.org/​10​.1371/​journal​.pone​
.0080813.

Kim, E. S., T. S. Sonstegard, and M. F. Rothschild. 2015. Recent arti-
ficial selection in U.S. Jersey cattle impacts autozygosity levels of 
specific genomic regions. BMC Genomics 16:302. https:​/​/​doi​.org/​
10​.1186/​s12864​-015​-1500​-x.

Lencz, T., C. Lambert, P. DeRosse, K. E. Burdick, T. V. Morgan, J. 
M. Kane, R. Kucherlapati, and A. K. Malhotra. 2007. Runs of ho-
mozygosity reveal highly penetrant recessive loci in schizophrenia. 
Proc. Natl. Acad. Sci. USA 104:19942–19947. https:​/​/​doi​.org/​10​
.1073/​pnas​.0710021104.

Leroy, G., T. Mary-Huard, E. Verrier, S. Danvy, E. Charvolin, and C. 
Danchin-Burge. 2013. Methods to estimate effective population 
size using pedigree data: Examples in dog, sheep, cattle and horse. 
Genet. Sel. Evol. 45:1. https:​/​/​doi​.org/​10​.1186/​1297​-9686​-45​-1.

Lozada-Soto, E. A., F. Tiezzi, J. Jiang, J. B. Cole, P. M. VanRaden, 
and C. Maltecca. 2022. Supplemental web files for “Genomic char-
acterization of autozygosity and recent inbreeding trends in all 
major breeds of US dairy cattle.” Figshare. https:​/​/​doi​.org/​10​
.6084/​m9​.figshare​.19232739​.v2.

MacCluer, J. W., A. J. Boyce, B. Dyke, L. R. Weitkamp, D. W. Pfen-
ning, and C. J. Parsons. 1983. Inbreeding and pedigree structure 
in Standardbred horses. J. Hered. 74:394–399. https:​/​/​doi​.org/​10​
.1093/​oxfordjournals​.jhered​.a109824.

Makanjuola, B. O., F. Miglior, E. A. Abdalla, C. Maltecca, F. S. 
Schenkel, and C. F. Baes. 2020. Effect of genomic selection on rate 
of inbreeding and coancestry and effective population size of Hol-

stein and Jersey cattle populations. J. Dairy Sci. 103:5183–5199. 
https:​/​/​doi​.org/​10​.3168/​jds​.2019​-18013.

Marras, G., G. Gaspa, S. Sorbolini, C. Dimauro, P. Ajmone-Marsan, 
A. Valentini, J. L. Williams, and N. P. P. MacCiotta. 2015. Analy-
sis of runs of homozygosity and their relationship with inbreeding 
in five cattle breeds farmed in Italy. Anim. Genet. 46:110–121. 
https:​/​/​doi​.org/​10​.1111/​age​.12259.

Mészáros, G., S. Eaglen, P. Waldmann, and J. Sölkner. 2014. A ge-
nome wide association study for longevity in cattle. Open J. Gen-
et. 4:46–55. https:​/​/​doi​.org/​10​.4236/​ojgen​.2014​.41007.

Meuwissen, T. 2009. Genetic management of small populations: A re-
view. Acta Agric. Scand. A Anim. Sci. 59:71–79. https:​/​/​doi​.org/​
10​.1080/​09064700903118148.

Meuwissen, T. H., B. J. Hayes, and M. E. Goddard. 2001. Predic-
tion of total genetic value using genome-wide dense marker maps. 
Genetics 157:1819–1829. https:​/​/​doi​.org/​10​.1093/​genetics/​157​.4​
.1819.

Meyermans, R., W. Gorssen, N. Buys, and S. Janssens. 2020. How to 
study runs of homozygosity using PLINK? A guide for analyzing 
medium density SNP data in livestock and pet species. BMC Ge-
nomics 21:94. https:​/​/​doi​.org/​10​.1186/​s12864​-020​-6463​-x.

Mitchell, M. 1998. An Introduction to Genetic Algorithms. The MIT 
Press.

Nejati-Javaremi, A., C. Smith, and J. P. Gibson. 1997. Effect of total 
allelic relationship on accuracy of evaluation and response to se-
lection. J. Anim. Sci. 75:1738–1745. https:​/​/​doi​.org/​10​.2527/​1997​
.7571738x.

Peripolli, E., N. B. Stafuzza, D. P. Munari, A. L. F. Lima, R. Irgang, 
M. A. Machado, J. C. C. Panetto, R. V. Ventura, F. Baldi, and 
M. V. G. B. da Silva. 2018. Assessment of runs of homozygos-
ity islands and estimates of genomic inbreeding in Gyr (Bos indi-
cus) dairy cattle. BMC Genomics 19:34. https:​/​/​doi​.org/​10​.1186/​
s12864​-017​-4365​-3.

Purfield, D. C., D. P. Berry, S. McParland, and D. G. Bradley. 2012. 
Runs of homozygosity and population history in cattle. BMC Gen-
et. 13:70. https:​/​/​doi​.org/​10​.1186/​1471​-2156​-13​-70.

Purfield, D. C., R. D. Evans, and D. P. Berry. 2020. Breed- and trait-
specific associations define the genetic architecture of calving per-
formance traits in cattle. J. Anim. Sci. 98:skaa151. https:​/​/​doi​
.org/​10​.1093/​jas/​skaa151.

Sahana, G., B. Guldbrandtsen, B. Thomsen, L. E. Holm, F. Panitz, 
R. F. Brøndum, C. Bendixen, and M. S. Lund. 2014. Genome-
wide association study using high-density single nucleotide poly-
morphism arrays and whole-genome sequences for clinical mastitis 
traits in dairy cattle. J. Dairy Sci. 97:7258–7275. https:​/​/​doi​.org/​
10​.3168/​jds​.2014​-8141.

Santiago, E., I. Novo, A. F. Pardiñas, M. Saura, J. Wang, and A. 
Caballero. 2020. Recent demographic history inferred by high-
resolution analysis of linkage disequilibrium. Mol. Biol. Evol. 
37:3642–3653. https:​/​/​doi​.org/​10​.1093/​molbev/​msaa169.

Schaeffer, L. R. 2006. Strategy for applying genome-wide selection in 
dairy cattle. J. Anim. Breed. Genet. 123:218–223. https:​/​/​doi​.org/​
10​.1111/​j​.1439​-0388​.2006​.00595​.x.

Scott, B. A., M. Haile-Mariam, B. G. Cocks, and J. E. Pryce. 2021. 
How genomic selection has increased rates of genetic gain and 
inbreeding in the Australian national herd, genomic information 
nucleus, and bulls. J. Dairy Sci. 104:11832–11849. https:​/​/​doi​.org/​
10​.3168/​jds​.2021​-20326.

Soares, R. A. N., G. Vargas, T. Duffield, F. Schenkel, and E. J. Squires. 
2021. Genome-wide association study and functional analyses for 
clinical and subclinical ketosis in Holstein cattle. J. Dairy Sci. 
104:10076–10089. https:​/​/​doi​.org/​10​.3168/​jds​.2020​-20101.

Stella, A., P. Ajmone-Marsan, B. Lazzari, and P. Boettcher. 2010. 
Identification of selection signatures in cattle breeds selected for 
dairy production. Genetics 185:1451–1461. https:​/​/​doi​.org/​10​
.1534/​genetics​.110​.116111.

Uemoto, Y., T. Abe, N. Tameoka, H. Hasebe, K. Inoue, H. Nakajima, 
N. Shoji, M. Kobayashi, and E. Kobayashi. 2011. Whole-genome 
association study for fatty acid composition of oleic acid in Japa-
nese Black cattle. Anim. Genet. 42:141–148. https:​/​/​doi​.org/​10​
.1111/​j​.1365​-2052​.2010​.02088​.x.

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE

https://doi.org/10.1093/hmg/ddi493
https://doi.org/10.3389/FGENE.2015.00167/ABSTRACT
https://doi.org/10.3389/FGENE.2015.00167/ABSTRACT
https://doi.org/10.3389/fgene.2021.760450
http://www.holsteinusa.com/genetic_evaluations/ss_tpi_formula.html
http://www.holsteinusa.com/genetic_evaluations/ss_tpi_formula.html
https://www.holsteinusa.com/association/about_us.html
https://doi.org/10.1186/s12864-015-1352-4
https://doi.org/10.1186/s12864-015-1352-4
https://doi.org/10.1186/1471-2164-12-460
https://doi.org/10.1186/1471-2164-12-460
https://doi.org/10.3389/fgene.2020.00366
https://doi.org/10.3389/fgene.2019.00412
https://doi.org/10.3389/fgene.2019.00412
https://doi.org/10.1371/journal.pone.0080813
https://doi.org/10.1371/journal.pone.0080813
https://doi.org/10.1186/s12864-015-1500-x
https://doi.org/10.1186/s12864-015-1500-x
https://doi.org/10.1073/pnas.0710021104
https://doi.org/10.1073/pnas.0710021104
https://doi.org/10.1186/1297-9686-45-1
https://doi.org/10.6084/m9.figshare.19232739.v2
https://doi.org/10.6084/m9.figshare.19232739.v2
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.3168/jds.2019-18013
https://doi.org/10.1111/age.12259
https://doi.org/10.4236/ojgen.2014.41007
https://doi.org/10.1080/09064700903118148
https://doi.org/10.1080/09064700903118148
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.1186/s12864-020-6463-x
https://doi.org/10.2527/1997.7571738x
https://doi.org/10.2527/1997.7571738x
https://doi.org/10.1186/s12864-017-4365-3
https://doi.org/10.1186/s12864-017-4365-3
https://doi.org/10.1186/1471-2156-13-70
https://doi.org/10.1093/jas/skaa151
https://doi.org/10.1093/jas/skaa151
https://doi.org/10.3168/jds.2014-8141
https://doi.org/10.3168/jds.2014-8141
https://doi.org/10.1093/molbev/msaa169
https://doi.org/10.1111/j.1439-0388.2006.00595.x
https://doi.org/10.1111/j.1439-0388.2006.00595.x
https://doi.org/10.3168/jds.2021-20326
https://doi.org/10.3168/jds.2021-20326
https://doi.org/10.3168/jds.2020-20101
https://doi.org/10.1534/genetics.110.116111
https://doi.org/10.1534/genetics.110.116111
https://doi.org/10.1111/j.1365-2052.2010.02088.x
https://doi.org/10.1111/j.1365-2052.2010.02088.x


8971

Journal of Dairy Science Vol. 105 No. 11, 2022

U.S. Ayrshire Breeders’ Association. 2022a. Genetics/breed leaders. 
Accessed Mar. 3, 2022. http:​/​/​www​.usayrshire​.com/​genetics​.html.

U.S. Ayrshire Breeders’ Association. 2022b. Why Ayrshires? Accessed 
May 16, 2022. http:​/​/​www​.usayrshire​.com/​whyayrshire​.html.

VanRaden, P. M. 1992. Accounting for inbreeding and crossbreeding in 
genetic evaluation of large populations. J. Dairy Sci. 75:3136–3144. 
https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(92)78077​-1.

VanRaden, P. M. 2008. Efficient methods to compute genomic pre-
dictions. J. Dairy Sci. 91:4414–4423. https:​/​/​doi​.org/​10​.3168/​jds​
.2007​-0980.

VanRaden, P. M., K. M. Olson, G. R. Wiggans, J. B. Cole, and M. 
E. Tooker. 2011. Genomic inbreeding and relationships among 
Holsteins, Jerseys, and Brown Swiss. J. Dairy Sci. 94:5673–5682. 
https:​/​/​doi​.org/​10​.3168/​jds​.2011​-4500.

VanRaden, P. M., M. E. Tooker, J. R. O’Connell, J. B. Cole, and D. 
M. Bickhart. 2017. Selecting sequence variants to improve genomic 
predictions for dairy cattle. Genet. Sel. Evol. 49:32. https:​/​/​doi​
.org/​10​.1186/​s12711​-017​-0307​-4.

Villanueva, B., A. Fernández, M. Saura, A. Caballero, J. Fernández, 
E. Morales-González, M. A. Toro, and R. Pong-Wong. 2021. The 
value of genomic relationship matrices to estimate levels of in-
breeding. Genet. Sel. Evol. 53:42. https:​/​/​doi​.org/​10​.1186/​s12711​
-021​-00635​-0.

Wiggans, G. R., and T. Cooper. 2013. Changes to Evaluation System 
(April 2013)—Ayrshire Genomic Evaluations. Accessed Aug. 24, 
2022. https:​/​/​aipl​.arsusda​.gov/​reference/​changes/​eval1304​.htm.

Wiggans, G. R., P. M. VanRaden, and T. A. Cooper. 2011. The ge-
nomic evaluation system in the United States: Past, present, fu-
ture. J. Dairy Sci. 94:3202–3211. https:​/​/​doi​.org/​10​.3168/​jds​.2010​
-3866.

Zhang, Q., B. Guldbrandtsen, M. Bosse, M. S. Lund, and G. Sahana. 
2015. Runs of homozygosity and distribution of functional variants 
in the cattle genome. BMC Genomics 16:542. https:​/​/​doi​.org/​10​
.1186/​s12864​-015​-1715​-x.

Zhang, Q., B. Guldbrandtsen, J. R. Thomasen, M. S. Lund, and G. 
Sahana. 2016. Genome-wide association study for longevity with 
whole-genome sequencing in 3 cattle breeds. J. Dairy Sci. 99:7289–
7298. https:​/​/​doi​.org/​10​.3168/​jds​.2015​-10697.

ORCIDS

Emmanuel A. Lozada-Soto  https:​/​/​orcid​.org/​0000​-0001​-8381​-7988
Francesco Tiezzi  https:​/​/​orcid​.org/​0000​-0002​-4358​-9236
Jicai Jiang  https:​/​/​orcid​.org/​0000​-0001​-6890​-7539
John B. Cole  https:​/​/​orcid​.org/​0000​-0003​-1242​-4401
Paul M. VanRaden  https:​/​/​orcid​.org/​0000​-0002​-9123​-7278
Christian Maltecca  https:​/​/​orcid​.org/​0000​-0002​-9996​-4680

Lozada-Soto et al.: INBREEDING TRENDS IN US DAIRY CATTLE

http://www.usayrshire.com/genetics.html
http://www.usayrshire.com/whyayrshire.html
https://doi.org/10.3168/jds.S0022-0302(92)78077-1
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/jds.2011-4500
https://doi.org/10.1186/s12711-017-0307-4
https://doi.org/10.1186/s12711-017-0307-4
https://doi.org/10.1186/s12711-021-00635-0
https://doi.org/10.1186/s12711-021-00635-0
https://aipl.arsusda.gov/reference/changes/eval1304.htm
https://doi.org/10.3168/jds.2010-3866
https://doi.org/10.3168/jds.2010-3866
https://doi.org/10.1186/s12864-015-1715-x
https://doi.org/10.1186/s12864-015-1715-x
https://doi.org/10.3168/jds.2015-10697
https://orcid.org/0000-0001-8381-7988
https://orcid.org/0000-0002-4358-9236
https://orcid.org/0000-0001-6890-7539
https://orcid.org/0000-0003-1242-4401
https://orcid.org/0000-0002-9123-7278
https://orcid.org/0000-0002-9996-4680

	ROHGenomic
characterization of autozygosity and recent inbreeding
trends in all major breeds of US dairy cattle
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Data
	Runs of Homozygosity
	Selection Signatures Based on Reduced Local Variability
	Measures of Inbreeding
	Estimates of Past Effective Population Size
	Genetic Diversity in the Era of Genomic Selection

	RESULTS
	Characterization of ROH
	Selection Signatures Uncovered in Regions of Reduced Local Variability
	Trends in Pedigree and Genomic Inbreeding
	Effective Population Size

	DISCUSSION
	Patterns of Homozygosity
	Genomic Signatures of Selection
	Current State of Genetic Diversity

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


