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Increased heterozygosity in low-pass sequencing data allows
identification of blood chimeras in cattle

Abstract

In about 90% of multiple pregnancies in cattle,
shared blood circulation between fetuses leads to
genetic chimerism in peripheral blood and can
reduce reproductive performance in heterosexual co-
twins. However, the early detection of heterosexual
chimeras requires specialized tests. Here, we used
low-pass sequencing data with a median coverage
of 0.64x generated from blood samples of 322 F1
crosses between beef and dairy cattle and identified
20 putative blood chimeras through increased levels
of genome-wide heterozygosity. In contrast, for 77
samples with routine SNP microarray data generated
from hair bulbs of the same Fls, we found no evidence
of chimerism, simultaneously observing high levels of
genotype discordance with sequencing data. Fifteen
out of 18 reported twins showed signs of blood
chimerism, in line with previous reports, whereas the
presence of five alleged singletons with strong signs
of chimerism suggests that the in-utero death rate
of co-twins is at the upper limit of former estimates.
Together, our results show that low-pass sequencing
data allow reliable screening for blood chimeras. They
further affirm that blood is not recommended as a
source of DNA for the detection of germline variants.

Blood chimeras are individuals that contain genetically
distinct blood cell lines. In cattle, this is commonly
caused by the development of placental vascular anas-
tomoses between dizygotic twins, enabling the exchange
of hematopoietic stem cells (Gurgul et al., 2014; Niku
et al., 2007; Owen, 1945). Through their establishment
in the bone marrow, a mixture of genetically distinct
blood cells is produced throughout the lifetime (Niku
et al., 2007; Ohno et al., 1962). In contrast, chimerism is
rare in other tissues like skin or germ cell lines (Dunn
et al., 1979; Ohno et al., 1962; Plante et al., 1992; Ron
et al., 1995). For dizygotic twins of both sexes, the trans-
mission of masculinization molecules, produced by the
testes of the male co-twin, through anastomoses early
in pregnancy can lead to abnormal development of

external genitalia of the female co-twin. The resulting
disorder, known as freemartinism, is the most common
type of disorder of sex development in cattle and diag-
nosed by physical examination, cytogenetic detection
of XX/XY leukocyte chimerism or molecular detection
of Y chromosome-specific DNA (Esteves et al., 2012;
Komisarek & Dorynek, 2002; Lillie, 1916; Padula, 2005).
In contrast, the effects on reproductive performance
for male co-twins are less clear, as some studies showed
reduced fertility parameters in chimeric bulls, whereas
others found no differences from control animals
(Kozubska-Sobocinska et al., 2016; Padula, 2005).

With the frequency of multiple births in cattle rang-
ing between | and >5% (Cady & Van Vleck, 1978;
Echternkamp & Gregory, 2002; Komisarek &
Dorynek, 2002; Rutledge, 1975; Silva del Rio et al., 2007;
Widmer et al., 2022), about 95% of twins being dizy-
gotic (Erb & Morrison, 1959; Fricke, 2001; Silva del Rio
etal.,2006) and 82-97% of dizygotic twins being found to
be blood chimeras (Buoen et al., 1992; Plante et al., 1992),
about 1.5-8.8% of calves can be expected to show blood
chimerism. In-utero death of one co-twin, occurring
at a frequency of 5-20% of diagnosed twin pregnan-
cies in cattle (Andreu-Vazquez et al., 2012; Cockcroft &
Sorrell, 2015; Echternkamp & Gregory, 2002; Lopez-
Gatius & Hunter, 2005; Silva del Rio et al., 2009), can re-
sult in additional single-born blood chimeras. Although
this makes blood an error-prone source of DNA for the
detection of germline variants, it allows the detection of
chimeric individuals with potentially reduced reproduc-
tive performance. Here, we used low-pass sequencing
data to (i) assess genotype calling accuracy when blood
is used as a source of DNA, (ii) investigate the utility
of low-pass sequencing data to detect blood chimeras
during routine genomic analysis, without requiring fur-
ther specialized tests and (iii) estimate the frequency of
blood chimeras in twins and single-born calves.

A total of 322 FI crosses between 13 Aberdeen
Angus (AAN), 28 Limousin (LIM) and 13 Simmental
(SIM) sires and 311 Brown Swiss (BSW) cows (Table 1)
were included in this study. Of those, 71 Fls (22%) were
the result of insemination with a balanced mixture of
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N SILIAN
Cross NFls inseminations N twins
AAN xBSW 96 (29) 24 (24) 74)
LIM x BSW 130 (10) 8(8) 5(1)
SIM x BSW 96 (38) 39 (37) 6(2)
Total 322 (77) 71 (69) 18 (7)

semen obtained from three different bulls, SIM, LIM
and AAN sires (called SILIAN inseminations hereaf-
ter). In SILIAN inseminations, bulls from different
breeds may have sired one of each co-twin, facilitat-
ing the detection of blood chimeras with sequencing
data owing to a larger number of paternally inherited
alleles that differ between cell lines. According to the
BrunaNet herdbook (https://brunanet.ch/BrunaNet/),
18 Fls (5.6%) were recorded as twins (including six
twin sets), nine had no information available and the
remaining Fls (91.6%) were recorded as singletons. One
female had a male co-twin and thus represents a poten-
tial freemartin, whereas the remaining twins were of
the same sex as their co-twin. Five twins, including the
potential freemartin, resulted from SILIAN insemina-
tions. For all 322 Fls, DNA was extracted from EDTA
blood using the Promega Maxwell RSC DNA system,
sequenced as 150bp paired-end reads on an Illumina
NovoSeq 6000 at Neogen, and imputed separately for
each sample to a cattle reference panel comprising 946
animals (Snelling et al., 2020) with Gencove's LOIMPUTE
pipeline v0.1.5 (Wasik et al., 2021; https://gitlab.com/
gencove/loimpute-public) and with the ARS-UCDI.2
reference genome (Rosen et al., 2020), resulting in a
median of 0.64x (0.24-3.51x) effective coverage (Li
etal., 2021). In addition, DNA from the semen of 34 bulls
and hair bulbs of 184 cows, being the sires and dams of
273 and 186 Fls, respectively, was sequenced and im-
puted as aforementioned to a median of 0.49x (0.31-
0.98x) effective coverage. The parental samples allowed
us to simulate genotypes of non-chimeric and chimeric
progeny based on the same parents as in the real data.
Single-sample VCF files of Fls, sires and dams, each
comprising 59204 166 SNPs and 13 indels across 29 au-
tosomes and the X and Y chromosome, were combined.
Only biallelic SNPs with less than 5% low-confidence

TABLE 1 Numbers of sequenced Fls,
Aberdeen Angus (AAN), Limousin (LIM)

Nsires dams or Simmental (SIM) sires, and Brown Swiss
8 (8) 61 (61) (BSW) dams for each cross type (number
18 (18) 58 (56) of samples with additional microarray
genotypes are in parentheses).
8(8) 65 (64)
34 (34) 184 (181)

genotypes (i.e. maximum genotype probability <0.9),
total depth per site below twice its mean over all sites
and minor allele frequency larger than or equal to 5%
were retained, leaving 8255351 autosomal variants for
further analysis unless noted otherwise.

To ascertain the population structure of Fls and
their parents, principal component analysis (PCA) was
computed with pLINK vI.90b6.26 (Chang et al., 2015;
www.cog-genomics.org/plink) --pca, using a subset of
192437 autosomal SNPs that were retained after link-
age disequilibrium-pruning of filtered data with pLINK
v2.00a3.7 --indep-pairwise 100 10 0.2 (i.e. using sliding
windows of 100 SNPs, steps of 10 SNPs and pruning vari-
ants within a window with squared correlation greater
than 0.2). The results showed a distinct separation among
parental breeds but also among crosses (Figure 1a). Some
subclustering occurred for AAN x BSW and SIM x BSW
crosses, which resulted from a high number of descen-
dants from two individual bulls with 69 and 73 offspring,
respectively. Despite the predominant grouping, four
Fls (tagged with red numbers in Figure la) were posi-
tioned outside their expected clusters. As these four Fls
were twins from SILIAN inseminations, we suspected
that they were blood chimeras of dizygotic twins with
sires of different breed origins.

As chimeras carry an unbalanced mix of distinct cell
lines, an increased number of heterozygous sites in com-
parison with non-chimeric samples is expected (Gurgul
et al., 2014). In addition, for a subset of apparent het-
erozygotes, allele counts will be imbalanced (i.e. deviate
from their expected 1:1 ratio) when homozygous and het-
erozygous cell lines are mixed (Conlin et al., 2010; Gurgul
et al., 2014). With low-pass sequencing data, accurately
inferring a heterozygous genotype is difficult because of
the reduced probability of sequencing both alleles, and
this difficulty should be more pronounced at a locus with

FIGURE 1

Characteristics of low-pass sequencing vs. microarray data. (a) Visualization of the first and second principal components

(PC1 and PC2) from linkage disequilibrium-pruned autosomal SNPs of sequencing data. Ellipses highlight clusters of F1s of the three
different crosses. Four Fls that are positioned outside their expected clusters are tagged with red numbers. (b) Heterozygosity to non-reference
homozygosity ratio (HR) of sequencing data shows little dependence on effective sequencing coverage but differs among breeds and crosses.
The majority of Fls recorded as twins and a few Fls recorded as singletons show unusually high HRs. (c) Samples with an unusually high HR
in sequencing data have high genotype discordances between sequencing and microarray data. (d) Genotype discordance between sequencing
and microarray data tends to decrease with effective sequencing coverage, but this cannot explain unusually high genotype discordances for

a subset of samples. (¢) The HRs of microarray and sequencing data are correlated except for a subset of samples with unusually high HRs in
sequencing data. (f) Intermediate relative Y chromosome coverage suggests a mixture of XX and XY cell lines in some samples with high HR
in sequencing data. Symbols are colored by breed or cross in (a)—(e), or by sex in (f). Sires, dams and Fls are indicated with squares, circles
and diamonds, respectively. For Fls, additional crosses highlight twins, dots show SILIAN inseminations and red numbers tag putative blood
chimeras between breeds. AAN, Aberdeen Angus; BSW, Brown Swiss; LIM, Limousin; SIM, Simmental.
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counts. We thus investigated whether

heterozygosity was increased in PCA outliers compared
with other samples, which would support a chimeric or-
igin. To identify unusually high levels of heterozygosity
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within samples, we used the heterozygosity to non-
reference homozygosity ratio (HR hereafter), which is
expected to be 2.0 for whole-genome sequencing variants
in Hardy-Weinberg equilibrium within an individual
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(Guo et al., 2013), but can be lower or higher depending
on ancestry and admixture (Samuels et al., 2016; Wang
et al., 2014). The measure has been shown to be consis-
tent across genome regions or functionalities and can be
used for quality control (Wang et al., 2014), for example,
to identify sample contamination (Zhao et al., 2022). We
found median HRs of 1.61 for parental samples and of
2.15 for Fls, where individual values ranged from 1.05
to 1.96 and from 1.90 to 4.29, respectively (Figure 1b;
Figure S1), with only a minor increase in HR with se-
quencing coverage (parentals: Pearson's r 0.03, p-value
0.613; Fls: Pearson's r 0.17, p-value 0.002).

Increased HRs are expected for Fls; however, we ob-
served a clear change in the distribution of values at about
2.38, separating 20 samples from the majority of Fls.
These samples were identical to those identified as high
outliers with ‘Tukey's fences’ (Tukey, 1977) and formed
a distinct group with model-based clustering using the
Mclust function in R (Scrucca et al., 2016). Fifteen out of
20 samples with HR above 2.38 were recorded as twins,
including the four suspected blood chimeras, which
showed the highest HR of all samples. One further twin
showed a slightly increased HR of 2.37, whereas the two
remaining twins had values of 2.09 and 2.22 in the same
range as the majority of Fls. HRs within twin sets were
highly correlated (Pearson's r 0.96, p-value 0.002), which
has been previously observed for blood chimeras (Basrur
& Kanagawa, 1969; Marcum et al., 1972) and thus made
sample contamination unlikely.

To determine whether an unusually high HR, in com-
parison with the majority of samples, can indeed indi-
cate chimerism, we performed numerical simulations
based on alternative allele dosages of parental samples
for 30 randomly selected trios per cross type. We sim-
ulated non-chimeric progeny and chimeras resulting
from a balanced mixture of genetic material between
siblings (Appendix S1). The simulations demonstrated
that for our dataset, HRs exceeding 2.38 can most likely
be explained by a mixture of genotypes in chimeras
(Figures S2 and S3).

Chimerism confined to a specific tissue will result in
increased genotype discordance when other tissues are
compared with the chimeric tissue. Although we could
not obtain different tissues for Fls, SNP microarray gen-
otypes from DNA obtained from semen or hair bulbs
were provided by Swiss breeding associations for 77
Fls, 34 sires and 181 dams (Table 1). These samples were
genotyped using seven different microarrays encom-
passing 26K—139K SNP markers (Table S1). Genotype
discordance between the two data sources, separately
for each microarray, were computed with pLINK v2.00a3.7
--sample-diff using default settings. Depending on the
microarray, 12333-70585 autosomal variants that could
be matched between the microarray and the filtered low-
pass sequencing data and with call rates higher than 0.5
in either and call rates higher than 0.2 in the combined
dataset were kept for discordance calculations. Our

results showed that all samples with unusually high HR
also had high genotype discordance (Figure 1c), which
was independent from sequencing coverage (Figure 1d),
whereas the HR computed from microarray data of
semen or hair bulbs was not increased (Figure le).
Therefore, these results further supported that the sam-
ples with high HR observed by low-pass sequencing were
most likely blood chimeras.

To identify potential chimeras between heterosexual
co-twins, we computed the relative Y chromosome cov-
erage as the ratio of the average read coverage of loci
on the Y to the average read coverage of loci on the X
chromosome. This ratio is expected to be zero for fe-
males and one for males, whereas intermediate values
will point to a mixture of XX and XY cell lines within
chimeras. To increase power, we computed coverages
for all 6141 and 2136885 SNPs on the Y and X chromo-
some, respectively, prior to filtering. Our results showed
that the single documented heterosexual co-twin in our
data, which had a high HR, exhibited an intermediate
relative Y chromosome coverage of 0.42, which con-
firmed freemartinism. Our results further revealed that
three out of five reported singletons with high HR had
intermediate relative Y chromosome coverages as well
(Figure 1f), which supported their chimeric origin.

In summary, low-pass sequencing data allowed us
to screen for blood chimeras, without requiring fur-
ther specialized tests like karyotyping, blood group-
ing or PCR-based detection of Y chromosome-specific
DNA (Kozubska-Sobocinska et al., 2016; Padula, 2005;
Qiu et al., 2018; Szczerbal et al., 2019; Young &
Kirkpatrick, 2016). However, control samples from the
same breed or cross are required to establish the ex-
pected HR for non-chimeric samples, which depends
not only on ancestry and admixture, but also on se-
quencing coverage. As our data were imputed, the effect
of sequencing coverage on HR was minor, in contrast
to the HR computed on genotypes called from raw (i.e.
unimputed) read counts (Figure S4a). Nevertheless, it
remains to be investigated how imputation of chime-
ric genotypes is affected across a range of different se-
quencing coverages. Other measures that may be used
to identify chimeric samples, like allelic imbalance
(Conlin et al., 2010; Gurgul et al., 2014), require high
sequencing coverage and were thus not applicable to our
low-pass data (Figure S4b). Our finding that 15 out of
18 reported twins (83%) showed unusually high HR sug-
gests that they were indeed blood chimeras, which is in
line with previously recorded frequencies. Interestingly,
five out of 304 F1s (1.6%) not reported as twins showed
similarly high HR, suggesting that a non-negligible
number of singletons might be unknown chimeras. In
conclusion, the in-utero death of co-twins may occur at
frequencies of >20%, which together with the high inci-
dence of blood chimerism in cattle, argues against the
use of blood as a source of DNA for the detection of ger-
mline variants. Instead, other tissues with a lower risk
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of chimerism, for example hair roots or skin cells, would
be recommended.

KEYWORDS
blood, bovine, chimerism, disorders of sex development,
freemartin, heterozygosity ratio
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