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Introduction

Intense genetic selection for yield and conformation traits facilitated by artificial insemination
resulted in a contraction of male lineages, with two dominant Y-chromosome lineages from the
1960s responsible for 99% of male lineages in both Holstein (Yue et al., 2015) and Jersey (Dechow
et al., 2018).

The loss of lineages corresponded to a 10.9% rise in inbreeding since 1960 for US Holsteins
(CDCB; 2025a) which threatens genetic diversity levels and, consequently, long term selection
response. Germplasm repositories, such as the USDA-ARS National Animal Germplasm Program,
provide a resource that could be used to reintroduce genetic diversity without compromising breed
status. Efforts to do so were successful for the Abondance breed of France (Jacques et al., 2023);
however, the extreme genetic progress in Holstein is likely to make breeders reluctant to use semen
from bulls that will be viewed as outdated unless adequate performance levels are demonstrated.
Dechow et al. (2020) reconstituted two Y-chromosome lineages that were lost from the Holstein
population since the 1960s with semen procured from the National Animal Germplasm Program.
Semen was collected from three Zimmerman Alstar Pilot (Pilot; born in 1954) sons and two U-of-
Minn W Caliban Cuthbert (Cuthbert, born 1989) sons. Cuthbert was born as part of a long-term
selection experiment (Boettcher et al., 1993) and his sire was born in 1953, so both bulls represent
pre-1960 era genetics. These reconstituted lines provide opportunities to determine where Holstein
autosomes have become more homozygous, and to evaluate if poor semen fertility could have
contributed to the loss of these lineages. Offspring from these bulls also offer an opportunity to
demonstrate performance of old genetic lineages when mated to modern animals.

The objectives of this project were to: (1) assess sire fertility differences among Y-chromosome
lineages, (2) evaluate their differences in gestation length and birth weight, and (3) examine how
reintroducing lost-Y lineages affected genomic inbreeding patterns.

Materials & Methods

Matings. Semen was collected at Select Sires Inc. (Plain City, OH, USA) from two Cuthbert and
three Pilot sons that were 50% modern Holstein and 50% pre-1960s era genetics that are
collectively referred to here as lost-Y sires. Insemination records (n=11,132) were available from
four herds, which include the Penn State University research herd, a herd that purchased semen
commercially, and two herds that were provided semen for the purposes of this study. First through
fifth inseminations to Holstein dams were retained and included modern Holstein (n=8,140
matings), lost-Y (n=557), and Angus (n=2,435) service sires.

The inseminations resulted in 2,589 calving records that provided gestation length and calving
ease records, with calves classified as modern Holstein, lost-Y (75% modern Holstein and 25%
lost-Y'), and Angus. Stillbirth records were available from for 2,242 calvings. Two herds recorded
birth weight for 672 modern Holstein, 94 lost-Y, and 201 Angus calves.
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Data were analysed with linear mixed models (gestation length and birth weight), or generalized
linear mixed models (conception rate, calving ease, and stillbirth). Fixed effects included genetic
lineage (modern Holstein, lost-Y, Angus), contemporary group, dam parity, insemination number
(conception rate only), and calf sex (not relevant for conception rate); random effects included
cow (conception rate only) and service sire. A second series of analyses was conducted where the
broad lost-Y lineage category was replaced with the specific Pilot and Cuthbert lineage.
Significance was declared at P<0.05 for all analyses.

Runs of homozygosity. There were 285 animals genotyped with the Illumina BovineSNP777k
BeadChip (Illumina Inc., San Diego, CA), including 113 lost-Y progeny and 172 modern Holstein
herd mates; 105 of the lost-Y progeny and all modern Holsteins were female. Runs of
homozygosity (ROH) were identified in PLINK (v 1.9; Chang et al., 2015) to assess genome-wide
and chromosomal ROH. The ROH were required to be a minimum of 1 Mb with 60 SNP, with 2
missing SNP and 1 heterozygous call allowed. Segments were summed for each individual to
determine total ROH length, and ROH length was divided by the length of the genotyping array
(2.7 Gb) to derive the genome-wide percentage of homozygosity; a chromosome’s percentage of
homozygosity was derived as the length of ROH divided by the total chromosome length.
Additionally, ROH were categorized as short (1 to <2 Mb) segments which represent the most
ancient inbreeding, 2 to <4 Mb for short-to-medium length, 4 to <8 Mb for medium length, 8 to
<16 Mb for medium to long segments, and >16 Mb which represent the most recent inbreeding
(Doekes et al., 2019). The number of homozygous segments, total ROH Mb, genome wide ROH
%, ROH % by chromosome, and ROH % by segment length were evaluated using an analysis of
variance to determine the effect of lineage.

Results & Discussion

Conception and calving traits. Estimated marginal means (EMM) for conception rate and calving
traits are reported in Table 1. The EMM on the natural log scale is presented for binomial
(conception rate and stillbirth) and multinomial (calving ease) traits along with back-transformed
values. For calving ease, the results are relative to a calving ease of 3 (difficult birth) on a 5-point
scale. There were no differences (P=0.43) in conception rates among the lineages and the back-
transformed conception rate was numerically higher for lost-Y matings (53.3%) than for modern
Holstein (48.8%) or Angus (43.1%). Saacke et al. (1968) reported that Pilot and selected sons were
subfertile and had acrosome cap defects; our results suggest that Y-chromosome variation was
unlikely the primary cause for Pilot’s reduced fertility or that modern semen processing techniques
offset sperm abnormalities as Pilot had the highest conception rate (61.7%) and there were no
significant differences when lost-Y lineages were evaluated separately. It is also possible that
lower conceptus inbreeding for lost-Y could have offset small losses due to Y-chromosome
variation.

Lost-Y calves weighed 42.69 kg at birth, which was significantly heavier than the 40.35 kg and
40.39 kg of modern Holstein and Angus, respectively, but is based on a relatively small number
of calves from two sire lineages. The lost-Y calves also had a 2.7 and 2.9 day longer gestation
length than modern Holstein and Angus, respectively. Genetic trends indicate a decline in calving
difficulty in Holsteins since the 1980s (CDCB; 2025b). Genetic improvement in calving ease may
have been accompanied by indirect selection for lower birth weights and shorter gestations. Our
results for calving ease were not significantly different (P=0.126), but 4.23% of lost-Y calves were
born with difficulty on the back transformed scale, which was numerically higher than rates



observed for modern Holstein or Angus. Stillbirth rates, on the other hand, were significantly
elevated in modern Holstein compared to Angus or lost-Y lineages.

Table 1. Estimated marginal means () and standard error (s.e.) for conception rate and calving
traits for modern Holsteins, lost-Y lineage Holsteins, and Angus.

Modern Lost-Y Angus
Trait u s.e. u s.e. u s.e. P-value
Conception rate (log) -0.72 0.29 -0.63 0.33 -0.84 -0.30 0.430
Conception rate' (%) 48.8 53.3 43.1

Gestation length (d) 275.7 0.22 2784 0091 275.5 0.73 0.003
Birth weight (kg) 40.35 0.40 42.69 0.85 40.39 0.86 0.006
Calving ease? (log) -3.63 0.14 -3.16 0.28 -3.82  0.26 0.126

Difficult births! (%)  2.65 4.23 2.20
Stillbirth (log) 331 025 -6.11 109 -563 096  0.003
Stillbirth! (%) 3.63 0.22 0.36

Back transformed value of the estimated marginal mean for the corresponding trait; “the estimated marginal mean is
scaled for a calving difficulty score of 3 (difficult calving) on a 1 (easy) to 5 (extremely difficult) scale.

Runs of homozygosity. Modern Holsteins had 121.1 ROH segments totalling 506.1 Mb across
the genome, corresponding to a genome wide rate 18.75% (Fig 1). This was significantly higher
than the 85.5 segments totalling 320.5 Mb (11.87%) for lost-Y animals. Across segments, modern
Holstein had significantly higher ROH %, particularly for longer segments which are assumed to
represent more recent inbreeding (Doekes et al., 2019).
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Figure 1. The proportion of the genome with runs of homozygosity of different segment lengths
(primary y-axis) and genome wide (secondary y-axis) for modern Holstein and lost-Y offspring.
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Homozygosity by chromosome is shown in Figure 2. Modern Holstein had significantly higher
ROH on all autosomes except 25, 27, and 29. The X chromosome (not shown) was also not
different due to the study design as the lost-Y sires used here had modern Holstein dams.

Conclusions

Intense genetic selection in dairy cattle over the last half century has increased inbreeding and led
to the loss of genetic lineages. Fortunately, a substantial proportion of lost genetic diversity has
been captured by gene banks which can be used to reconstitute lost lineages. The results here
demonstrate that the use of gene bank materials can decrease inbreeding and increase genetic



diversity. Selection for calving ease may have contributed to a reduction in birth weight and
gestation lengths in modern Holsteins, which should be considered when planning mating to older
lineages. This population will provide further opportunities to characterize performance
differences between modern and old genetic lineages.
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Figure 2. The percentage of each chromosome that had a run of homozygosity (ROH) for modern
and lost-Y offspring. *P<0.05 for the difference between modern and lost-Y.
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