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Assessment of genome complementarity e
in three beef-on-dairy crossbreds reveals
sire-specific effects on production traits

with comparable rates of genomic inbreeding
reduction

Dorothea Lindtke'", Sylvain Lerch?, Isabelle Morel? and Markus Neuditschko'

Abstract

Background Crossbreeding beef bulls with dairy cows can improve the economic value and fitness of calves

not entering dairy production owing to increased meat yield and heterosis. However, outcrossing might reduce

the dosage of alleles that confer local adaptation or result in a higher risk of dystocia due to increased calf size. Given
the clear phenotypic differences between beef breeds, the varying phylogenetic distances between beef and dairy
breeds, and the genomic variations within breeds, the attainable economic and fitness gains of calves will strongly
depend on the selection of sires for crossing. Thus, the aim of this study was to assess genome complementarity
between Angus (AAN), Limousin (LIM), or Simmental (SIM) beef bulls and Brown Swiss (BSW) dairy cows by quan-
tifying genomic inbreeding reduction in F1 crosses and identifying genes potentially under BSW-specific selection
that might be affected by outcrossing.

Results Low-pass sequencing data from 181 cows, 34 bulls, and 301 of their F1 progeny, and body weight and car-
cass composition measurements of 248 F1s were obtained. The high genomic inbreeding levels detected in the BSW
cows were substantially reduced in the crossbreds, with only minor differences between the sire breeds. In the BSW
cows, 585 candidate genes under selection were identified, overrepresenting genes associated with milk, meat

and carcass, and production traits. Only a few genes were strongly differentiated at nonsynonymous variants
between the BSW and beef breeds, including four tightly clustered genes (FAM184B, NCAPG, DCAF 16, and LCORL)
nearly fixed for alternate alleles in the BSW cows but mostly heterozygous or homozygous for the reference alleles

in the AAN and LIM bulls. The alternate allele dosage at these genes significantly correlated with reduced carcass
weight and protein mass in F1s.

Conclusion Some of the few genes that were highly divergent between the BSW and beef breeds at nonsyn-
onymous variants were likely under strong selection for reduced carcass weight in the BSW breed, potentially due
to trade-offs between beef and dairy productions. As alleles with opposing effects still segregate in beef cattle,
marker-assisted selection of mating pairs may be used to modulate the desired phenotypes and simultaneously
decrease genomic inbreeding.
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Background

The use of sexed semen in dairy herds to breed replace-
ment cows enables the application of beef semen on the
remaining dams that are solely intended for milk produc-
tion, resulting in increased income from calves, a shared
allocation of greenhouse gas emissions from dairy and
beef production systems, and heterosis-related fitness
gains in crossbred calves [1-3]. However, given the clear
phenotypic differences between beef breeds, genetic vari-
ations within dairy females, and distinct requirements
of diverse production systems, no single beef-on-dairy
cross will provide the best value for all situations [4, 5].
In identifying appropriate beef bulls for mating to dairy
females, the characteristics important to dairy produc-
tion, such as easy calving and short gestation length, and
beef production, such as carcass quality and growth effi-
ciency, must be considered [6]. For example, using Angus
(AAN) as beef sire on a dairy dam leads to fewer calving
difficulties and reduced gestation length compared with
using Limousin (LIM) or Simmental (SIM) beef sires [4,
6]. However, calves from AAN inseminations have lower
birth weight, lower carcass weight, lower average daily
carcass gain, and higher fat levels than calves from LIM
or SIM inseminations, either in purebreds or beef-on-
dairy crosses [4, 7-9].

High selection pressures on production traits have
caused a reduction in effective population size and
increased inbreeding in modern cattle breeds, which lead
to increased homozygosity [10, 11]. Thus, recessive delete-
rious mutations are more likely to be expressed in inbred
populations, which lower fitness-related traits in many
species [12]. For example, increased homozygosity is asso-
ciated with a significant reduction in human height [13]
and negatively affects milk production and fertility traits
in cattle [14, 15]. These associations were particularly pro-
nounced for long continuous stretches of autozygous seg-
ments (i.e., long runs of homozygosity [ROH]) and suggest
that fitness reduction is likely caused by recent inbreeding
[16]. Crossbreeding between genetically distinct breeds
or species can counter these negative effects by introduc-
ing alternative alleles at loci with recessive deleterious
mutations, often resulting in the heterosis of F1 hybrids
[12]. However, the extent of heterosis is affected by the
combination of breeds used for crossing [8, 9]. While het-
erosis gains for production traits are expected to be small,
lowly heritable traits such as fertility, survival, robustness,
or vitality can substantially be improved through cross-
breeding [1, 11, 17, 18]. However, crossbreeding can also

undermine previous breed-specific selection by reducing
the dosage of adaptive alleles. While this is not relevant for
previously selected milk production traits for beef-on-dairy
crosses that are intended only for nonreproductive grow-
ing and fattening beef production systems, crossing might
nevertheless affect direct calving ease [19] or tolerance to
extreme environments, poor-quality diets, or diseases [20,
21].

In this study, we used F1 crosses between Brown Swiss
(BSW) dairy females from Switzerland and AAN, LIM,
or SIM beef bulls to assess the degree of genome com-
plementarity that can be achieved with the three types of
crossbreds. The BSW breed originated from approximately
170 Original Braunvieh ancestors that were imported from
Switzerland to the United States for around 40 years at the
end of the nineteenth century [22, 23]. The small number of
founders, together with intense artificial selection for milk
production on the original dual-purpose breed, resulted in
relatively high levels of genomic inbreeding, low genetic
diversity, and a large number of ROH [10, 22, 24]. AAN
is a British beef breed phylogenetically most distant to
BSW, while LIM and SIM are French beef and Swiss dual-
purpose breeds, respectively, at a phylogenetically similar
distance to BSW [25, 26]. Thus, we expected a substantial
reduction of genomic inbreeding by crossing AAN, LIM, or
SIM to BSW, and varying levels of genome complementa-
rity between the three crossbreds.

To investigate which beef breed is most suitable to
complement the genome of BSW females, we (i) quanti-
fied genomic inbreeding across the BSW genome and the
reduction that can be realized by crossing with AAN, LIM,
or SIM; (ii) detected candidate genomic regions and genes
putatively under selection in BSW, which will be affected
by crossbreeding; (iii) assessed genomic divergences
between BSW and the aforementioned beef breeds, specifi-
cally at candidate genes under selection; and (iv) evaluated
the potential phenotypic consequences on carcass traits in
the three types of crossbreds and implications for marker-
assisted selection. Thus, our study advances the identifi-
cation of appropriate beef bulls mated to BSW females to
improve the fitness and economic value of calves.

Methods

Animals

F1 crosses between AAN, LIM, or SIM sires and
BSW dams (96 BSWxAAN, 130 BSW XLIM, and 96
BSW x SIM) were reared in the course of three succes-
sive fattening trials (T1, T2, and T3) conducted at the
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experimental farm of Agroscope (Posieux, 620-m altitude
a.s.l., Switzerland) from November 7, 2018, to March 10,
2022. Calves were purchased from Swiss commercial
dairy farms or commercial traders at 4 to 6 weeks of age
with a body weight (BW) of 65 to 75 kg. The number of
sires for each cross type were representative of the bulls
available for insemination in Switzerland at that time (i.e.,
4 to 7 AAN, 12 to 17 LIM, and 4 to 6 SIM per trial). The
animals included 90 bulls in T1, 96 bulls in T2, and 104
heifers in T3 (each with approximately equal proportions
of cross types), and 32 BSW X LIM steers in T3. After a
common weaning and rearing period, the animals were
allocated to different experimental treatments and sub-
sequently slaughtered at predetermined intermediate or
final BW, according to the experimental design. Blood for
DNA extraction was collected from the jugular vein with
an EDTA vacutainer tube during the experiment. Only
animals from the final slaughters (n=248) were consid-
ered for the phenotypic evaluations described below,
while sequencing data were obtained for all animals
(n=322).

Rearing and diets

During the common weaning and rearing periods, the
animals were kept in free-stall barns on deep straw, with
30 to 35 calves each. The calves received reconstituted
milk for 7 weeks, a commercial concentrated rearing
feed, first-cut hay and maize silage (trials T1 and T2),
or grass silage (T3). This period lasted for 96, 76, and
113 days until an average BW of 169, 154, and 174 kg
with an average daily gain of 1.00, 1.07, and 0.90 kg/d for
T1, T2, and T3, respectively. Allocation to different treat-
ments within each trial was then made in a balanced way
according to F1 cross, sex (T3), BW, and average daily
gain during the weaning and rearing periods.

For the experimental period, the animals were kept
in free-stall barns with multiple areas: a feeding area
equipped with a trough for two animals and automatic
drinkers, a straw-bedded resting area, and a concrete
outdoor exercise yard. In trial T3, half of the animals
spent 111 days during the summer on a mountain pasture
in the Swiss Jura at an altitude of 1,200 m a.s.l., with inte-
gral grazing on a system of rotational grazing on natural
grasslands (PA treatment), while the other half remained
in the barn (SP treatment). Outside this period, all T3
animals received identical diets. All diets fed in the barn
were formulated on the basis of feed recommendations
for fattening cattle [27] and distributed ad libitum as total
mixed rations (TMRs; Additional file 1: Table S1). Within
each trial, the TMRs were iso-energetic and calculated to
cover the recommended intakes for protein digestible in
intestines, with a minimum ratio of 19 g of crude protein
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(CP) per MJ of net energy for meat production (NEV;
Additional file 1: Table S2).

Slaughtering took place either at Agroscope’s experi-
mental slaughterhouse in Posieux (SLP; n=52) or at a
commercial slaughterhouse (COS) 27 km away from
Agroscope (n=196), and was conducted by stunning
with captive bolt followed by exsanguination, in accord-
ance with legally defined procedures (Order 455.1 of
Swiss federal laws, 2008). In T1, 29 bulls were slaugh-
tered at a weight corresponding to the Swiss Quality Beef
(SQB) quality label, lighter than the standard (ST) weight
for Switzerland, including 6 at the SLP at 474+7 kg BW
and 23 at the COS at 478 + 8 kg BW. The remaining cattle
were slaughtered at ST weight, including 12 at SLP at an
average of 525+ 7 kg BW and 48 at the COS at an average
of 530+ 12 kg BW. In T2, the average BW of the 18 bulls
slaughtered at the SLP was 508 + 10 kg, and that of the 53
bulls slaughtered at the COS was 520+ 8 kg. In T3, the
average BWs of the 12 heifers and 4 steers slaughtered at
the SLP were 525+5 and 527 +3 kg for the heifers and
steers, respectively, and those of the 54 heifers and 18
steers slaughtered at the COS were 528 £ 8 and 527 +5 kg,
respectively.

Body weight, carcass weight, chemical composition,

and intramuscular fat measurements

Upon arrival in the experimental facilities and at slaugh-
ter, the cattle were weighed from 0700 to 1100 h after
feed deprivation from 0000 h. Hot carcass weight was
recorded less than 1 h after the slaughter, before half-car-
casses were chilled at 4 °C for 24 h. The carcass chemi-
cal composition was determined by chemical analyses
after the left half-carcass was ground and homogenized,
as described by Lerch et al. [28], for the 52 cattle slaugh-
tered at the SLP. For the remaining 196 cattle slaughtered
at COS, the carcass composition was estimated using a
dual X-ray absorptiometry (DXA) scan of the 11th left
rib, using the equations reported by Xavier et al. [29],
where the DXA variables (lean, fat and bone mineral
content) were combined with the left half-carcass weight
to estimate the hot carcass protein and lipid masses
and proportions. Immediately after the DXA scan, the
11th rib was dissected [28], and the Longissimus tho-
racis muscle was sampled and stored at—20 °C pend-
ing lyophilization (DM determination), grinding, and
laboratory DM (105 °C, 3 h) and intramuscular fat (ISO
6492:1999, petroleum ether extraction after acid hydroly-
sis) determinations.

Genomic analyses

Low-pass sequencing data were obtained for 322 F1
crosses, 34 of their sires, and 184 of their dams, as previ-
ously described [30]. Briefly, genomic DNA was extracted
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from blood (Fl1s), semen (sires), or hair bulbs (dams)
and sequenced as 150-bp paired-end reads at Neogen
Europe (Auchincruive, UK) and imputed to a cattle ref-
erence panel consisting of 946 animals of diverse beef
and dairy breeds [31] using Gencove’s loimpute pipeline
v0.1.5 [32, 33]. The ARS-UCD1.2 genome [34], includ-
ing the Btau5.0.1 Y chromosome [35], was used as a ref-
erence. After removing 21 Fls and three dams that were
identified as potential blood chimeras [30], 516 samples
remained for genomic data analysis (8 AAN, 18 LIM, 8
SIM, 181 BSW, 89 BSW X AAN, 121 BSW X LIM, and 91
BSW x SIM).

Variants were filtered using GATK v4.2.6.1 [36] to
remove variants with depths>700 (i.e., twice the mean
depth), >25 low-confidence calls (i.e., 5% of samples),
and minor allele frequencies<5%. Only bi-allelic SNPs
on autosomes were kept for further analysis (8,296,799
SNPs). Chromosomes were phased with Beagle v4.0 [37,
38] using 10 burn-in and 10 phase iterations and by pro-
viding a pedigree with parent—offspring duos and trios.
As the availability of parent sequences differed between
the samples, potentially affecting phasing accuracy,
phased data were used only when noted.

Detection of homozygosity-by-descent segments
Inbreeding was estimated by modeling homozygosity-by-
descent (HBD) or autozygous segments, that is, pairs of
identical haplotypes within an individual inherited from
a common ancestor [39]. HBD segments are conceptu-
ally similar to ROH, which are consecutive stretches of
homozygous genotypes, interpreted as autozygous seg-
ments resulting from the mating of related individu-
als [40, 41]. HBD segments were detected separately for
BSW, BSW xAAN, BSW xLIM, and BSW xSIM using
the R package RZooRoH [39, 42]. Genotype probabili-
ties from the unphased data were used as input to take
genotype uncertainty into account and to avoid varying
genotyping error rates among samples due to differences
in pedigree completeness that was available for phasing.
RZooRoH implements a hidden Markov model to par-
tition the genome of an individual into HBD and non-
HBD segments, taking allele frequencies and genotyping
error rates into account. Multiple HBD classes can be
modeled that relate to different numbers of generations
back to the common ancestor, where longer HBD seg-
ments are expected to result from more recent inbreed-
ing. Different HBD classes k were specified by setting the
rate Ry of each class, which corresponds to approximately
twice the number of generations back to the common
ancestor. The expected lengths of the HBD segments
of class k then follow an exponential distribution with
mean 1/R, Morgans. Estimates of autozygosity associ-
ated with each HBD class are obtained by averaging the
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probability of a marker belonging to this class over the
whole genome. The sum of the autozygosity estimates
over all HBD classes provides a measure of the genomic
inbreeding coefficient F.

RZooRoH was run with 16 predefined HBD classes
with rates R taken from an exponential distribution with
a power of 2 (2! to 216), one non-HBD class with rate 2,
and an assumed genotyping error rate of 0.5%. Genomic
inbreeding coefficients were computed cumulatively with
the increasing age of inbreeding events, that is, by sum-
ming autozygosity estimates of HBD classes with increas-
ing rates. Considering all HBD classes, HBD segments
were summarized for each SNP position by computing
the average segment length and the proportion of sam-
ples with a segment>1 Mb in length at this position. For
the F1 crossbreds, summaries across offspring per sire
were computed first and subsequently averaged within
each breed to reduce bias resulting from the variable
number of progenies per bull.

Detection of selection signatures

Three complementary methods were used to identify
candidate genomic regions under selection in BSW: (i)
the integrated haplotype score (iHS) to detect recent
incomplete hard sweeps [43]; (ii) the haplotype homozy-
gosity score H12 [44] to detect recent incomplete or
complete hard and soft sweeps; and (iii) a composite
likelihood ratio (CLR) test [45] to detect recent complete
hard sweeps.

The R package rehh v3.2.2 [46, 47] was used to com-
pute the iHS [43] on phased data. Alleles were not polar-
ized, which means that major and minor alleles were
contrasted instead of ancestral and derived alleles [48].
First, for each autosome, the function scan_hh() was used
to compute the integrated extended haplotype homozy-
gosity (iHH) for the major and minor alleles at all SNPs.
Gaps between SNPs>20 kb were rescaled to 20 kb, and
computation of iHH was stopped at gaps>200 kb [43].
Second, the function ihh2ihs() was used to compute
iHS from iHH jointly for all autosomes, discarding SNPs
with a minor allele frequency<0.05, and standardizing
logratios of major compared with minor alleles without
binning by allele frequency, as it is recommended for
unpolarized data. To identify candidate windows, the
genome was divided into non-overlapping 50 SNP win-
dows, and the number of outlier SNPs with |iHS| val-
ues larger than the genome-wide 0.99 percentile (i.e.,
[iHS|>2.537640) was computed. Candidate windows
were defined as those with the number of outlier SNPs
larger than the 0.995 percentile across all windows
(i.e.,>27), and adjacent candidate windows were merged.

The VCFtools v0.1.17 [49] --hapcount was used to
compute haplotype frequencies in overlapping windows



Lindtke et al. BMC Genomics (2024) 25:1118

of 500 SNPs, with increments of 50 SNPs on phased data.
A custom R script was applied to compute the haplotype
homozygosity score H12=H1+2p,p,, where haplotype
homozygosity H1 =sum(p;®), with p, being the frequen-
cies of all observed haplotypes in a window and p; and
P, being the frequencies of the two most frequent haplo-
types in a window [44]. Candidate windows were defined
as those with H12 larger than the 0.995 percentile across
all windows, and overlapping or adjacent candidate win-
dows were merged.

For the CLR test, which is based on the shape of the
allele frequency spectrum, we refiltered our raw data set
to additionally include all low-frequency variants unless
they were fully fixed. First, we selected only BSW sam-
ples. Then, we used GATK v4.2.6.1 [36] to remove vari-
ants with a sequencing depth>179 (i.e., twice the mean
depth) or>9 low-confidence calls (i.e., 5% of samples).
Only bi-allelic polymorphic SNPs on autosomes were
kept for further analysis (13,947,934 SNPs). A scan for
selective sweeps was performed with SweepFinder2 v1.0
[45, 50] separately for each autosome on a grid space of
10 kb, using a precomputed folded empirical allele fre-
quency spectrum from all autosomal SNPs. Candidate
windows were defined as those with CLR values larger
than the 0.995 percentile across all windows, and adja-
cent candidate windows were merged.

Candidate genes under selection were defined as genes
retrieved using the R package biomaRt [51, 52] from the
Bos taurus Ensembl version 110 [53] that overlapped
with the candidate windows from the selection scans.

Overrepresentation analysis

An overrepresentation analysis of candidate genes under
selection was performed with traits from the Animal
QTLdb [54, 55] release 51. Gene sets were created for all
501 unique trait IDs in the database. For each gene in the
Bos taurus Ensembl version 110, the gene was assigned
as a member of a gene set if the start and end positions
of the gene, + 3 bp, contained the start and end positions
of a QTL, respectively. As the length of each QTL was
exactly 5 bp in the database, this corresponds to the QTL
midpoint being at most 1 bp outside the gene bounda-
ries. Four hundred sixty-five gene sets with at least one
member were retrieved.

An overrepresentation analysis was performed for
candidate genes identified in each selection scan using
the R package clusterProfiler [56]. For each scan, back-
ground gene lists were created by only including genes
that had the possibility of being detected (i.e., being
located on autosomes and overlapping with genome win-
dows that were created to perform the scan). The func-
tion enricher() was run using default settings, that is,
excluding gene sets with <10 or>500 genes. Significantly
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overrepresented gene sets were defined as those with
Benjamini and Hochberg [57]-adjusted p-values <0.05.

Analysis of genomic divergence

Genomic variants were functionally annotated using
ANNOVAR [58] with the gff3 file from the Bos tau-
rus Ensembl version 110. Furthermore, variants were
assigned as cis-regulatory based on cis-eQTL and cis-
sQTL associations retrieved from the cattle Genotype-
Tissue Expression atlas (cGTEx) [59]. Variants with
Benjamini and Hochberg [57]-adjusted nominal p-val-
ues <0.05 across tissues were classified as cis-e or cis-s
regulatory.

Highly divergent SNPs between BSW and beef breeds
(hereinafter termed outlier SNPs) were defined as those
with at most three non-homozygous BSW samples and
at most three bulls across two beef breeds homozygous
for the major BSW allele. This genotype-based metric
was chosen to specifically detect variants nearly fixed
in the BSW breed while allowing bulls to be heterozy-
gous and permitting one of the beef breeds to not devi-
ate from BSW. To achieve a balanced comparison among
the breeds, LIM bulls were down-sampled prior to these
computations to eight individuals (five with the largest
number of progenies plus three randomly selected bulls)
to match the available number of eight samples for AAN
and SIM. In addition, separately across the eight bulls
from each beef breed, breed-specific outlier SNPs were
identified. Analogous to the definition above, they were
defined as variants with at most three BSW samples not
homozygous and at most one bull within the focal breed
homozygous for the major BSW allele.

Pearson chi-squared tests were performed using the
chisq.test() function in R to test for an enrichment of
functional classes within outlier SNPs and an enrich-
ment of outlier SNPs within candidate windows under
selection combined across all selection scans. Cells in the
contingency table with expected counts <5 were removed
prior to the chi-square tests. Deviations between the
observed and expected counts per cell were defined
as significant when adjusted standardized residuals
exceeded Bonferroni-corrected z criticals of + 1.96 [60].

In-depth analysis of candidate genes under divergent
selection

For each candidate gene under selection in the BSW cows
that were identified in any of the three selection scans,
SNPs were assigned to five functional classes: UTR3 or
UTRS5; splicing or ncRNA splicing; intronic or ncRNA
intronic; synonymous SNP; or nonsynonymous, stopgain,
or stoploss variants. The genotype probabilities of all 181
cows and 34 bulls in the data set were extracted for each
candidate gene and functional class, and input files for
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the software ngsDist [61] were created using BCFtools
v1.17 [62] and PLINK v1.9b [63, 64]. Raw p-distances
between all pairs of samples were computed from the
extracted genotype probabilities with ngsDist.

The R package ape [65] was used to compute neigh-
bor-joining trees from p-distances for each gene and
functional class, employing the nj() function. The pam()
function from the R package cluster [66] was used to
perform the partitioning of the p-distances into k clus-
ters around the medoids, setting k=2. For each gene and
functional class, the cluster containing most BSW sam-
ples was determined, and the samples from each breed
assigned to this main BSW cluster were counted. Genes
with strong differentiation between BSW and beef bulls
were defined as those with at most three BSW samples
outside the main BSW cluster and at most three bulls
across two beef breeds inside the main BSW cluster.
For genes with strong differentiation between BSW and
beef bulls, haplotypes for all samples at variants assigned
as exonic or UTR were pulled from phased data using
VCFtools [49] and unique haplotypes were plotted in R.

Phenotype associations

For candidate genes with strong differentiation between
BSW and beef bulls, genotypes were extracted at nonsyn-
onymous outlier SNPs from phased data, keeping only
one SNP in case of complete linkage disequilibrium (LD)
with other variants. These genotypes were then used to
perform linear mixed-model based association tests with
BW, hot carcass weight, chemical composition, and Lon-
gissimus thoracis intramuscular fat in Fls. To prevent
false positive associations due to relatedness structure, a
genomic relationship matrix (GRM) was included in all
models [67, 68]. GRMs were built from autosomal SNPs
in F1s with a minor frequency>5% and which were then
LD-pruned with PLINK v2.00a [69, 70] --indep-pairwise
200 10 0.4 (i.e., using sliding windows of 200 SNPs, steps
of 10 SNPs, and pruning variants within a window with
squared correlation>0.4). GRMs were computed from
the 230,568 retained SNPs with GCTA v1.94.1 [71, 72]
--make-grm-gz, either including all variants or exclud-
ing the chromosome of the focal locus. Further covariates
included sire breed, sex, BW at slaughter (scaled to tons),
and the age of the calf at the time of measurement (scaled
to years) as fixed effects, and trial or ration as random
effects (Additional file 1: Table S3). Different subsets of
covariates were chosen as appropriate for each trait, and
null models including the full GRM but excluding any
single marker regressions were fitted using the fitNullM-
odel() function from the GENESIS [73] package in R. The
variance components of the random effects were then
estimated using the average information REML proce-
dure. The null model with the lowest AICc, or a simpler
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model with a difference in AICc<2 from the model with
the lowest AICc, was chosen for each trait. The null
model was then refitted with the GRM that excluded
the chromosome of the focal locus, and supplied to the
assocTestSingle() function from the GENESIS package,
together with the focal SNP, to test for an association
between the trait and each SNP genotype. Separately for
each SNP, the association between genotype and trait was
defined as significant when the Benjamini and Hochberg
[57]-adjusted p-value was <0.05.

Results

Detection of HBD segments

The computation of genomic inbreeding coefficients F
from 16 HBD classes with rates R, ranging from 2 to
65,536 (where R, approximately corresponds to twice
the number of generations back to the common ances-
tor) revealed that the distribution of ancient inbreeding
equal to or higher than rates R =512 is very similarly
shaped for BSW and F1 crossbreds, with two peaks at
approximately R, =1024 and R, =8192 (Fig. 1, Addi-
tional file 2: Fig. S1). Equal or below R, =128, relevant
amounts of inbreeding were detected only for BSW, with
a marked peak at R =64, which led to an increase in
total genomic inbreeding in BSW compared with cross-
breds (BSW mean F;=0.461). No noticeable inbreeding
occurred prior to R, =16. Only minor differences in tim-
ing and total levels of inbreeding were observed among
crossbreds, with BSW x SIM having slightly more recent
inbreeding and BSW X AAN having slightly lower lev-
els of total genomic inbreeding than the other crosses
(BSWxAAN, mean F;=0.381; BSWXLIM, mean
F;=0.392; BSW XSIM, mean F;=0.390; Additional
file 2: Fig. S1).

Likewise, the genomic distributions of the lengths
of HBD segments (Fig. 2), and the proportion of sam-
ples with a SNP part of an HBD segment>1 Mb (Addi-
tional file 2: Fig. S2), were much higher in BSW than in
crossbreds. In particular, long HBD segments and high
proportions of samples carrying long segments were
observed in BSW on BTA5 and BTA6, while these two
chromosomes were not particularly conspicuous in
crossbreds. Nevertheless, crosses showed some peaks
of long or common HBD segments at some genomic
regions, which were sometimes shared among breeds
(e.g., on BTA7; Fig. 2 and Additional file 2: Fig. S2).

Detection of selection signatures

Three complementary approaches were used to identify
the candidate genomic windows under selection in BSW.
As these methods rely on different assumptions regard-
ing the completeness and softness of selective sweeps, the
detected genomic windows differed among the methods
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but also showed overlaps (Fig. 3). For example, H12
identified a large genomic region on BTA6 with unusu-
ally high levels of haplotype homozygosity. Owing to the
complete lack of genetic variation in large parts of this
region, no iHS could be computed, as the score requires
at least low frequencies of the minor variant. In addition,
candidate windows were identified on all autosomes by
any of the three scans except on BTA23, where only the
CLR test showed a strong signal (Additional file 1: Tables
S4-S6). With the iHS, H12, and CLR tests, the candidate
windows contained 163, 232, and 255 candidate genes,
respectively, with 585 genes across all scans, where only
three genes were common to all scans (UGGT?2, PPFIBP2,
and MTARC2).

Overrepresentation analysis

Genes within candidate windows under selection were
overrepresented in several gene sets obtained from
trait associations listed in the Animal QTLdb [54]. For
iHS candidate genes, significant gene sets were mainly

related to milk traits (including milk S-lactoglobulin
content, milk phosphorylated ag,-casein percentage,
milk unglycosylated x-casein percentage, milk rennet
coagulation time, and cheese protein recovery), one
meat and carcass trait (shear force), one production
trait (BW gain), and one health trait (ketosis; Addi-
tional file 2: Fig. S3). For the H12 and CLR candidate
genes, significant gene sets were predominantly related
to meat and carcass or production traits (including
metabolic body weight, bone weight, longissimus mus-
cle area, carcass weight, subcutaneous fat thickness,
and average daily gain), which were all strongly affected
by genes located on BTA6 (Additional file 2: Figs. S4
and S5). One significant gene set of each scan was fur-
ther related to reproduction (first service conception
for H12, calving index for CLR). For H12 candidate
genes, additional gene sets were related to milk traits
(including milk lactose content and x-casein percent-
age; Additional file 2: Fig. S4).
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In each panel, yellow dots indicate SNPs, windows, or grid midpoints that fell within the candidate genomic windows under selection for each
selection scan. These regions are highlighted in yellow on the x-axis. The blue and green triangles highlight the top scores of the regions
overlapping the coordinates of the candidate genes under selection within or outside the candidate windows combined across all scans

Analysis of genomic divergence and beef breeds (i.e., divergence outliers). Compared
When investigating all autosomal SNPs, 3,758 of with non-outliers, outliers were underrepresented in
8,296,799 variants (0.05%) were identified as outliers, intergenic regions and overrepresented in intronic,
with high levels of genomic divergence between BSW  upstream, exonic, ncRNA intronic, and UTR3 regions
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(Additional file 1: Table S7; Pearson y*=646.44, df=6,
N =8,347,169, p<2.2e-16). Outliers were also overrepre-
sented in variants assigned as cis-regulatory (Additional
file 1: Table S8; cis-eQTL, Pearson y*=437.32, df=1,
N=8,296,799, p < 2.2e-16; cis-sQTL, Pearson x*=291.92,
df=1, N=8,296,799, p<2.2e-16). Furthermore, outli-
ers were strongly enriched in candidate windows under
selection (Additional file 1: Table S9; Pearson y*=18,292,
df=1,N=8,296,799, p<2.2e-16).

Of 19 nonsynonymous outlier SNPs, 15 were within
the candidate windows. These SNPs were part of four
tightly clustered genes FAM184B, NCAPG, DCAF16, and
LCORL on BTA6, and PPFIBP2 on BTA15 (Additional
file 1: Tables S10 and S11). The remaining four nonsynon-
ymous outlier SNPs were outside the candidate windows
within the genes URBI on BTA1, NEIL2 on BTAS, and
IBTK on BTA9 (Additional file 1: Tables S10 and S11).
Of 897 cis-eQTL and 974 cis-sQTL assigned as outlier
SNPs, 79 cis-eQTL and 180 cis-sQTL SNPs were within
candidate windows and clustered in three narrow regions
on BTA6, BTA13, and BTA15, and one larger genomic
region on BTA6 (Additional file 1: Table S12). These
regions largely overlapped with the gene boundaries of
FAMI184B, NCAPG, DCAFI16, LCORL, and PPFIBP2. A
large proportion of cis-regulatory outlier SNPs within
FAM184B and NCAPG were annotated as being involved
in the regulation of the upstream genes HERC6 (19 SNPs)
and ABCG2 (56 SNPs), respectively, and were mainly
assigned as cis-sQTL (Additional file 1: Table S12).

When investigating breed-specific outlier SNPs sepa-
rately, AAN showed the highest level of differentiation
from BSW, with 20,164 breed-specific outlier SNPs, while
LIM and SIM showed much fewer differences, with 6,738,
and 8,026 breed-specific outlier SNPs, respectively (Addi-
tional file 1: Table S13a). Most of these variants were
annotated as intergenic or intronic (Additional file 1:
Table S13b), followed by variants assigned as cis-regula-
tory, of which 2,071, 1,023, and 353 were assigned as cis-
eQTL; and 2,511, 1,076, and 545, as cis-sQTL for AAN,
LIM, and SIM, respectively (Additional file 1: Table S14).
Furthermore, 71, 31, and 22 variants were assigned as
nonsynonymous (Additional file 1: Table S13c), which
were located in 50, 15, and 19 genes for AAN, LIM, and
SIM, respectively (Additional file 1: Tables S10 and S15).
Four of the genes intersected between AAN and LIM
(FAM184B, DCAF16, NCAPG, and LCORL), two genes
intersected between AAN and SIM (URBI and NEIL2),
and none intersected between LIM and SIM.

In-depth analysis of the candidate genes under divergent
selection

K-medoids clustering applied to 585 candidate genes
putatively under selection in BSW identified five genes
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that exhibited strong differentiation between BSW and
beef bulls for nonsynonymous, stopgain, or stoploss vari-
ants (Fig. 4). These genes are exactly the same as identi-
fied above (FAM184B, NCAPG, DCAFI16, and LCORL
on BTAG6, and PPFIBP2 on BTA15). For any of the other
functional classes, only subsets of these genes and no
additional ones were identified. For the genes on BTA6,
most SIM bulls shared the main cluster with the BSW
cows, while for PPFIBP2, mainly LIM and some SIM bulls
were assigned to the same cluster as most BSW samples.
For all five genes, the BSW samples showed markedly
reduced genetic variation (Fig. 4).

The frequencies of unique haplotypes composed of
exonic and UTR variants from the five strongly differenti-
ated genes between the BSW and beef breeds are given in
Additional file 1: Tables S16 and S17 and Additional file 2:
Figs. S6 and S7. Genes FAM184B, NCAPG, DCAF16, and
LCORL are tightly clustered on BTA6, where NCAPG
partially overlaps with FAM184B and DCAFI16 owing to
their location on opposite strands (Additional file 2: Fig.
$6). The BSW and SIM samples were nearly fixed for one
single haplotype, which was largely composed of alter-
native alleles, while haplotypes mainly found in AAN
and LIM carried almost only reference alleles. Directly
upstream of FAM184B, the peaks from the H12 and CLR
tests covered two additional genes, LAP3 and MED28,
which were located on a haplotype that was nearly fixed
in BSW (Additional file 2: Figs. S8, S9). However, these
two genes did not include nonsynonymous SNPs, and
variants of other functional classes within these genes
were not particularly differentiated between the BSW
and beef breeds. For PPFIBP2 on BTA15, the two main
haplotypes, differing by one UTR5 substitution, were
most common in BSW (Additional file 2: Fig. S7). These
haplotypes were composed of a mix of reference and
alterative alleles.

Phenotype associations

As a large number of bulls were heterozygous for non-
synonymous outlier SNPs at candidate genes with strong
differentiation between BSW and beef bulls (Additional
file 2: Fig. S10), genotypes likewise differed among F1s,
which allowed testing for associations with the measured
phenotypes. Owing to the complete LD among variants,
7 of 15 divergence outliers within candidate genes were
chosen as representative for association analysis. Based
on AICc, null models that included BW at slaughter pro-
vided a substantially better fit to hot carcass weight, hot
carcass protein mass, and hot carcass lipid mass than
models excluding BW, and age at slaughter improved the
fit of null models for hot carcass lipid mass, hot carcass
lipid proportion, and Longissimus thoracis intramuscular
fat (Additional file 1: Tables S3 and S18). Age at slaughter
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Fig. 4 Neighbor-joining trees from p-distances. The p-distances were computed using nonsynonymous variants for five candidate genes
with strong differentiation between the BSW and beef breeds. The tip symbols are colored by breed and slightly offset for better visibility. In each
tree, the large majority of BSW samples cluster at the bottom right node, as indicated with an enlarged symbol

and BW at slaughter showed a moderately positive cor-
relation (Pearson’s r=0.46, p=4.8 X 107'3). After cor-
recting for multiple testing, significant associations were
detected for SNPs within FAM184B, DCAF16, NCAPG,
and LCORL on hot carcass weight and for SNPs within
NCAPG and LCORL on hot carcass protein mass, with
negative correlations between the dosage of the BSW-like
allele and the two phenotypes (Table 1; Additional file 1:
Tables S3, S18, and S19; Additional file 2: Figure S11). In
addition, some associations (unadjusted p-value <0.05)
were found for SNPs within FAM184B and DCAFI6 on
hot carcass protein mass, a SNP within FAMI184B on
hot carcass lipid mass, hot carcass lipid proportion, and
Longissimus thoracis intramuscular fat (again with the
dosage of the BSW-like allele being negatively correlated
with the phenotypes), and SNPs within PPFIBP2 on hot
carcass protein proportion (with the dosage of the BSW-
like allele being positively correlated with the phenotype;
Table 1). No significant associations were detected for the
remaining traits (BW at arrival and age at slaughter).

Discussion

We used low-pass sequencing data from BSW dairy
cows, three breeds of beef bulls, and their progeny to
assess the effect of sire on genome complementarity in
beef-on-dairy crosses. Our results show a substantial
reduction in recent genomic inbreeding in Fls, while

few genes putatively under selection in the BSW breed
feature new genotypes in crosses that are not already
segregating within the BSW breed. The absence of com-
pletely fixed nonsynonymous genetic variation between
the BSW and all three beef breeds, and the presence of
genetic variation among and within beef breeds at loci
putatively under selection in the BSW breed suggest that
the desired phenotypes of BSW calves intended for beef
production can be modulated through marker-assisted
selection of mating pairs.

HBD segments

The estimation of HBD segments revealed higher levels
of genomic inbreeding in the BSW breed than in the Fls,
as expected for crosses between divergent breeds. Never-
theless, the total genomic inbreeding resulting from very
short segments was considerable, even in crossbreds, and
likely reflects shared ancient inbreeding predating breed
formation. A similar increase in the number of very
short HBD segments at R, =1024 to R, =2048 has been
observed previously with>500,000 SNPs in 11 cattle
breeds [74]. Owing to the lower SNP density, the previ-
ous study likely lacked the resolution to detect the sec-
ond peak of extremely short HBD segments at R, =8192,
which was evident in our results. In contrast to the cross-
breds, the BSW breed showed a peak of longer HBD
segments from more recent inbreeding at R, =64 (Fig. 1
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Table 1 Results from association tests between phenotypic measurements in F1 crosses and seven nonsynonymous outlier SNPs

SNP ID Trait Est Est SE Score Score SE P-value P adj
Position
Gene name
rs110867784 BW at arrival 0.23 0.98 0.24 1.02 0.8122 0.8122
6:37,234,954 Age at slaughter 001 002 62.86 65.60 03380 03863
FAM184B
HC weight 2.19 141 1.1 0.71 0.1187 0.2281
HC protein mass 048 033 440 3.01 0.1444 0.2281
HC lipid mass -1.83 0.87 —242 1.15 0.0355 0.1180
HC protein proportion 0.10 0.07 19.40 14.18 01711 0.2281
HC lipid proportion —0.65 0.30 —7.30 3.34 0.0291 0.1180
LT intramuscular fat -0.23 0.1 —17.86 8.88 0.0442 0.1180
rs110281825 BW at arrival 0.62 1.02 0.60 0.98 0.5426 0.8755
?Aﬂ'fﬁfﬁ“ 0 Age at slaughter ~0.01 001 ~90.11 91.98 03273 08727
HC weight -3.35 1.05 —-3.05 0.95 0.0014 0.0111
HC protein mass —0.55 0.28 -7.19 3.61 0.0467 0.1867
HC lipid mass -0.15 0.72 -0.29 139 0.8337 0.8755
HC protein proportion 0.01 0.06 290 16.99 0.8646 0.8755
HC lipid proportion 0.11 0.25 1.86 4.03 0.6447 0.8755
LT intramuscular fat 0.01 0.08 1.85 11.79 0.8755 0.8755
rs109126348 BW at arrival 1.30 1.03 1.22 097 0.2085 0.5561
?;\3/\;/]3;%872 Age at slaughter ~001 001 -87.51 83.08 02922 0.5844
HC weight —3.58 1.16 —2.67 0.86 0.0020 0.0159
HC protein mass -0.62 0.31 —6.56 3.26 0.0441 0.1764
HC lipid mass -037 0.79 -0.58 1.26 0.6445 0.9866
HC protein proportion 0.01 0.07 242 15.31 0.8743 0.9866
HC lipid proportion 0.09 0.27 113 3.64 0.7568 0.9866
LT intramuscular fat 0.00 0.09 -0.18 10.68 0.9866 0.9866
rs210190561 BW at arrival 0.59 1.03 0.55 0.97 0.5673 0.9076
g?;;ff 2480 Age at slaughter ~001 001 ~5207 90.28 0.5641 09076
LCORL HC weight -330 107 -2.88 093 0.0021 0.0165
HC protein mass -0.55 0.28 —-6.91 3.54 0.0507 0.2026
HC lipid mass 0.00 0.73 0.00 137 0.9993 0.9993
HC protein proportion 0.00 0.06 0.72 16.63 0.9657 0.9993
HC lipid proportion 0.16 0.25 249 3.95 0.5286 0.9076
LT intramuscular fat 0.01 0.09 1.79 11.57 0.8770 0.9993
rs109570900 BW at arrival 0.85 1.02 0.81 0.98 0.4062 0.8965
22\%3379 Age at slaughter 000 001 937 8503 09122 09226
LCORL HC weight -3.69 113 -2.90 089 0.0011 0.0085
HC protein mass —0.75 0.29 —8.68 340 0.0107 0.0427
HC lipid mass -0.21 0.76 -0.37 132 0.7816 0.9226
HC protein proportion -0.01 0.06 -1.55 15.96 0.9226 0.9226
HC lipid proportion 0.15 0.26 221 3.80 0.5603 0.8965
LT intramuscular fat 0.06 0.09 6.83 10.99 0.5345 0.8965
rs109696064 BW at arrival 0.79 1.09 0.66 091 04703 0.7525
fggé‘203'795 Age at slaughter ~001 003 —748 31.85 08143 08143
HC weight -0.96 3.03 -0.10 0.33 0.7517 0.8143
HC protein mass 037 0.82 0.56 122 0.6477 0.8143
HC lipid mass -1.79 2.11 -040 047 0.3944 0.7525
HC protein proportion 0.15 0.17 5.09 5.76 0.3769 0.7525
HC lipid proportion -0.55 0.73 —-1.02 1.37 04552 0.7525

LT intramuscular fat 0.30 0.25 5.04 4.08 02163 0.7525
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Table 1 (continued)

SNP ID Trait Est Est SE Score Score SE P-value P adj

Position

Gene name

rs133933788 BW at arrival -0.71 0.92 -0.83 1.08 04412 0.6240

15:45,066,565

PPFIBP? Age at slaughter 0.00 001 2683 98.67 07857 0.8979
HC weight 1.02 0.98 1.07 1.02 0.2962 0.5924
HC protein mass 0.45 0.26 6.81 3.90 0.0808 03234
HC lipid mass -048 0.66 -1.10 1.51 0.4680 0.6240
HC protein proportion 0.1 0.05 35.98 18.33 0.0497 03234
HC lipid proportion -0.24 0.23 —4.58 436 0.2935 0.5924
LT intramuscular fat 0.00 0.08 0.76 12.62 0.9521 0.9521

Position indicates BTA:position in bp of the test SNP, and gene name gives candidate genes containing nonsynonymous SNPs for which the test SNP was in full linkage
disequilibrium with. Est and Est SE provide an approximation of the effect size estimate for each additional copy of the BSW-like allele and an approximation of the
standard error of the effect size estimate, Score and Score SE give the value and estimated standard error of the score function, P-value gives the score p-value, P adj.

reports the Benjamini and Hochberg-adjusted p-value. Bold text indicates p-values < 0.05.

The following abbreviations were used: BW Body weight, HC Hot carcass, LT Longissimus thoracis

and Additional file 2: Fig. S1). This rate is larger than that
detected in a previous work at R, =16 [74], possibly due
to the merging of adjacent segments in panels with lower
SNP densities or the breaking up of longer segments with
higher genotyping error rates in low-pass sequencing
data. Assuming a generation time of 5 years [75], R, =64
corresponds to inbreeding occurring at around 160 years
ago and is thus coincident with the time of BSW breed
formation at the end of the nineteenth century [23]. By
comparing the genome-wide distribution of HBD seg-
ments among crossbreds (Fig. 2 and Additional file 2: Fig.
S2), we observed multiple peaks of the remaining long
homozygous stretches at some genomic regions, which
might result from shared selection pressures between the
BSW and beef breeds or shared genome properties such
as reduced recombination or mutation rates. Overall, we
observed no marked differences in the number, length,
and location of HBD segments among the three cross-
breds, indicating that all three sire breeds should be simi-
larly suitable to complement the genetic variation in the
BSW breed that was reduced by inbreeding.

Selection scans and genomic divergence

between the breeds

By using three distinct methods to detect genomic
regions potentially under selection in BSW (i.e., can-
didate windows), 585 candidate genes were identified.
Genes detected with the iHS scan were particularly over-
represented for QTL associated with milk traits (Addi-
tional file 2: Fig. S3). By contrast, the genes detected
using the H12 or CLR tests were mainly associated with
meat and carcass or production traits (Additional file 2:

Figs. S4 and S5). As the iHS scan requires lower frequen-
cies of the beneficial allele than the H12 and CLR tests,
where the beneficial allele can even be fixed [76], these
results suggest more recent or weaker selection pressures
for milk than for meat and carcass or production traits.

Outlier SNPs with high levels of genomic divergence
between the BSW and beef breeds showed enrichment
in candidate windows (Additional file 1: Table S9). This
means that at least some of the detected sweep signa-
tures contain alleles that are nearly fixed in the BSW
breed but are segregating in the beef breeds, suggesting
BSW-specific selection. Furthermore, outlier SNPs were
enriched for variants within or near genes, particularly
for SNPs located in introns (Additional file 1: Table S7),
and were enriched for variants assigned as cis-regulatory
(Additional file 1: Table S8). This indicates that the over-
all genomic divergence between BSW and beef breeds
involves both coding and regulatory mutations, where
regulatory variants clearly outnumber amino acid-chang-
ing mutations.

In-depth analysis of candidate genes under BSW-specific
selection

From 585 genes within the candidate windows under
selection in BSW, only five genes showed strong genetic
differentiation at 15 nonsynonymous variants between
the BSW breed and the investigated beef breeds. The
FAMI184B—LCORL complex on BTA6, containing
FAMI184B, NCAPG, DCAFI16, and LCORL, is already
known as a pleiotropic QTL that has been associated
with several production (e.g., dry matter intake, aver-
age daily gain, and BW), morphological (e.g., stature and
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body conformation), and meat and carcass traits (e.g.,
backfat thickness, ribeye area, lean meat yield, and hot
carcass weight) in various studies and across diverse cat-
tle breeds [77-81]. In addition, associations with direct
calving ease [82, 83] or increased calving difficulties [79]
have been reported. Some associations were also found
for milk protein and fat percentages [84]. In humans,
LCORL has been associated with birth weight [85] and
height [86—89], sometimes together with NCAPG [86,
89].

Strong LD between variants within and adjacent to
NCAPG and LCORL resulted in discordance in the
determination of the causal gene [78, 90-92]. A muta-
tion in NCAPG has been suggested to affect fetal growth,
although additional loci in the region could not be
excluded [93]. A missense variant in NCAPG has been
associated with carcass weight, live weight, and net meat
weight [94]. Likewise, the most significant associations
with growth have been found for NCAPG [95]. By con-
trast, increased calving difficulties and increased calf
size have been found to be associated with a haplotype
encompassing the LCORL gene [79], and LCORL has
been suggested as a causal gene for stature [78]. Other
studies have found associations between feed efficiency
and carcass traits with both NCAPG and LCORL [80, 81].
Finally, QTL and lead SNPs on BTA6 were not found to
be unique across breeds or traits [83]. Here, we found
that nonsynonymous SNPs within the FAM1848—-LCORL
complex, including those with significant associations to
hot carcass weight and protein mass, are in complete LD
between DCAF16 and LCORL, or between NCAPG and
LCORL (Additional file 1: Table S19; Additional file 2: Fig.
S6), rendering the identification of causal variants impos-
sible. In contrast to previous studies, we could not con-
firm an association of the FAM184B—LCORL complex to
the BW of young calves, although this might be caused by
the unstandardized rearing conditions prior to arrival or
their advanced age.

We detected very low levels of haplotype diversity and
strong signatures of selection in the FAM184B—LCORL
complex in the BSW breed in the H12 and CLR tests,
while iHS was not applicable because of the below-
threshold minor allele frequencies in this region. With
the ARS-UCD1.2 assembly as a reference, many non-
synonymous SNPs were fixed for the alternate allele and
corresponded mostly to the putative ancestral alleles for
FAMI184B, DCAFI6, and the first part of NCAPG, but
derived alleles for the second part of NCAPG and LCORL
(Ensembl version 110) [53]. Signatures of selection addi-
tionally covered the genes LAP3 and MED28 directly
upstream of FAM184B (Additional file 2: Figs. S8 and S9),
which have likewise been associated with production [81]
or meat and carcass traits [80]. However, these two genes
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were not particularly differentiated between the BSW
and investigated beef breeds.

Low levels of haplotype diversity and signatures of
selection in the FAMI184B—LCORL region have previ-
ously been reported for Original Braunvieh [96, 97]. As in
our study on the BSW breed, in Original Braunvieh, most
SNPs were found to be fixed for the alternate allele, and
the CLR test revealed the highest peak at the NCAPG
gene [96]. The reduced haplotype diversity in this region
is restricted to a subset of breeds, while others do not
show such reduced variation [78, 97]. This suggests very
strong and shared selection pressure in some breeds but
not others. Our results that show that almost all SIM and
BSW animals share the same haplotype in this region are
in line with the previous findings. However, owing to the
strong LD and pleiotropy at the locus, the selected phe-
notype remains uncertain. Given our detected effects of
BSW-like alleles on diminishing hot carcass weight and
protein mass, direct selection might have occurred on
these or other traits correlated with them. Alternatively,
trade-offs between nutrient allocation for milk produc-
tion and muscle and adipose tissue growth might have
resulted in indirect selection at this locus. A large num-
ber of SNPs within FAM184B and NCAPG were reported
as cis-sQTL, affecting the upstream genes HERC6 and
ABCG2, respectively [59] (Additional file 1: Table S12).
These two genes have been associated with milk fat
and protein percentages in dairy cattle [98] and cheese-
making properties in Italian BSW cows [99]. Thus, the
FAMI184B—LCORL complex is a strong candidate for
further studies that elucidate the genetic pathways and
trade-offs involved between dairy and beef productions
in cattle.

To date, very little is known about the role of the fifth
highly differentiated gene, PPFIBP2 on BTA15, a protein-
binding gene found in the presynaptic active zone and
involved in neuromuscular junction development [100,
101]. In mice, it has been associated with morphine-
induced locomotor activity and rearing [102]. In rats, it
has been identified as a potential target of miRNA regu-
lation after muscle reinnervation, resulting in recovery
from muscle atrophy [103]. The gene was also found
within a QTL for milk yield, fat percentage, and protein
percentage in North American Holstein cattle [104]. It
was detected with all three selection scans and includes
several cis-regulatory variants and two nonsynony-
mous mutations that were highly differentiated between
BSW and most beef bulls. Similar to the genes in the
FAM184B—LCORL complex, BSW-like variants still seg-
regate in the beef breeds, which could, together with the
reported association to both neuromuscular and milk
production traits, likewise point to an involvement in a
trade-off between dairy and beef productions.
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Only three genes located outside the candidate win-
dows contained nonsynonymous outlier SNPs. URBI
on BTA1 was reported to show a minor association with
direct herd life in Holstein [105], is located within a QTL
for the polled phenotype in Nellore beef cattle [106],
and was found to be under selection in Swedish cat-
tle breeds [107]. NEIL2 on BTAS is expressed in bovine
ovaries during gestation [108] and is critical for DNA
repair processes and immune responses in mammals
[109, 110]. IBTK on BTA9 has been suggested to regulate
B-cell function and cell survival [111, 112]. Of those three
genes, only NEIL2 showed a relatively high signal in the
H12 and CLR tests (Fig. 3) and exhibited clustering for
UTR3 and UTR5 variants with differentiation between
BSW and AAN or SIM, while clustering for nonsynony-
mous variants was just below the threshold. By contrast,
for URBI and IBTK, neighbor-joining trees revealed high
diversity within BSW, with the genotypes of beef bulls
being only incompletely separated, suggesting that differ-
entiation at these two genes is not due to strong or recent
selection. Nevertheless, all three genes, especially NEIL2,
possibly have BSW-specific properties associated with
local adaptation and immune function that might like-
wise be beneficial for crossbred calves.

Implications for genome complementarity in beef-on-dairy
crossbreds
The number of breed-specific outlier SNPs was more than
twice as high for AAN as for LIM and SIM. This reflects
the phylogenetic positioning of AAN furthest away
from BSW and the closer positioning of LIM and SIM
at approximately similar distances from BSW [25, 26].
However, this increased genetic distance did not result
in a notable additional reduction of genomic inbreed-
ing in BSWXAAN compared with the other crosses,
indicating that all the investigated beef breeds are simi-
larly suitable to reduce the potentially negative effects of
recent inbreeding across the BSW genome. Neverthe-
less, the number of potentially functionally important
breed-specific outlier SNPs (i.e., nonsynonymous or cis-
regulatory SNPs) was highest for AAN, intermediate for
LIM, and lowest for SIM. The higher number of breed-
specific outlier SNPs for LIM than for SIM disappeared
when BTA6 was excluded, indicating a strong role of this
chromosome in differentiation among beef breeds. The
reason for the associated similarity between BSW and
SIM on BTAG6, including almost perfect haplotype shar-
ing along the FAM184B—LCORL complex, might go back
to the descent of BSW from Original Braunvieh, which,
alike SIM, is used as a dual-purpose breed and origins in
Switzerland.

From the candidate genes detected as potentially under
selection in BSW, very few nonsynonymous SNPs were
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nearly fixed in BSW and simultaneously divergent from
the beef breeds, indicating that most selective sweeps
on amino acid changing variation were likely not BSW-
specific or not strong enough for fixation of the beneficial
variant. Furthermore, differentiated genes showed very
little overlap among the beef breeds; no gene was found
to be divergent between the BSW and all three beef
breeds, and genetic variation still segregates within beef
breeds. Thus, for each of the candidate genes under selec-
tion, the desired genotype of the calf can be arranged by
choosing the most suitable individual beef bull for mating
a specific BSW female.

Given the large phenotypic differences between the
investigated breeds and the very limited number of diver-
gent nonsynonymous variants that we detected, most
phenotypic divergence is most likely attributable to a high
number of coding or regulatory mutations that are only
incompletely differentiated among the breeds. As this
variation still segregates within breeds, genomic selection
of mating pairs based on crossbred performance should
enable the improvement of production and fitness traits
in beef-on-dairy crosses.

A caveat to the results is that only a limited number
of sires was available for crossing and sequencing at the
time of the experiment. Inclusion of additional, unrelated
bulls would have likely resulted in more genetic variation
within breeds and thus fewer outlier SNPs, which would
further increase the options for genomic selection of mat-
ing pairs. Inclusion of additional sires in the assessment
of genomic inbreeding reduction in crossbreds should
have led to more power to detect differences among sire
breeds. However, these differences are expected to be
small given that we already found very similar patterns
of genomic inbreeding reduction despite the varying
phylogenetic distances between sires and BSW. Another
caveat is that our results relate to animals bred in Swit-
zerland, which might differ in allele frequencies and
selective pressures from cattle of other geographic areas.
This needs to be taken into account before applying our
results to animals that differ genetically from the ones
investigated here.

Conclusions

Using AAN, LIM, or SIM beef bulls for mating to BSW
dams is expected to improve the economic gain and
fitness of calves owing to increased carcass yield and
diminished genomic inbreeding. We assessed genome
complementarity and its effects on economically relevant
phenotypes in beef-on-dairy crosses at high resolution
with cost-efficient low-pass sequencing data. Our results
show that divergent haplotypes within the FAMI184B—
LCORL complex, which mainly segregate within AAN
and LIM, significantly increased hot carcass weight and
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protein mass in the F1 crosses, while all three beef breeds
were similarly suitable to reduce recent genomic inbreed-
ing in the BSW breed. Given the available genetic vari-
ation between and within the investigated beef breeds,
selecting or specifically breeding beef bulls most suitable
to complement the available haplotypes of BSW females
should be possible. However, the trade-offs between the
carcass merit and direct calving ease, and the detected
BSW-specific alleles potentially involved in local adap-
tation and immune function must be considered. Our
study shows that the evaluation of genome complemen-
tarity from sequencing data can facilitate the selection
of suitable breeds used for crossing prior to performing
costly experiments.
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