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Introduction

The cytogenetic detection of chromosomal translocations in cattle has been largely limited to
Robertsonian translocations (ROB), which involve the centromeric fusion of two
non-homologous chromosomes. Because all bovine autosomes are acrocentric, ROB result in
bi-armed derivative chromosomes (der) that are larger than and morphologically distinct
from normal autosomes (HoleCkova et al., 2021). In contrast, balanced reciprocal
chromosomal translocations (rcp), formed by the exchange of segments between
non-homologous chromosomes without alteration of net genomic content, are far more
difficult to detect because their der often resemble normal chromosomes in size. This
challenge has limited estimates of rcp prevalence and evaluation of their impact on bull
fertility, despite evidence that rcp may be at least twice as common as ROB (Lewis et al.,
2022). Moreover, their transmission to viable offspring remains poorly understood,
highlighting the need for alternative detection approaches.

Genomic approaches have been recently explored as alternatives to cytogenetic analyses for
rcp detection in domestic animals and humans. Interchromosomal linkage disequilibrium
analysis has been proposed but requires at least 30 offspring per sire for evaluation (Jourdain
et al., 2023). Detection using short-read whole-genome sequencing has also been explored,
but it requires a minimum of 20X coverage and still tens of thousands of candidate
breakpoints can be found even in animals without translocations (Bouwman et al., 2020).
While long-read sequencing could reduce the high false-positive rates seen with short read
data, 10X coverage or more may be required for dependable rcp detection (Hu et al., 2020),
which remains cost-prohibitive for routine population screening.

Flow cytometry has been evaluated in rams and boars as a method for detecting chromosomal
abnormalities (CA) in sperm (Lewalski et al., 1993; Larsen et al., 2004). With the recent
widespread adoption of sex-sorted semen in the dairy cattle industry (Reese et al., 2021),
flow cytometry has now the potential to be a routine screening tool to detect rcp in young
bulls. As rcp-carriers are expected to perform poorly in sperm sorting, suspected cases could
be pre-filtered for confirmation with sequencing. Furthermore, cells carrying different der
could be isolated and sequenced separately to improve breakpoint detection. Here we report a
case of rcp in a Holstein parent-offspring pair that was uncovered by using the proprietary
flow cytometric sperm sorting technology from STgenetics®.

Materials & Methods

Sperm-sorting. Ejaculates from Bull-1 (sire) and Bull-2 (offspring) were analysed using
Karyoflow™, a proprietary flow-cytometric sex-sorting platform further optimized for CA
detection. Sperm cells were stained with the DNA-selective fluorescent dye Hoechst 33342
and then individualized by a piezoelectric crystal oscillator into a stream of droplets that
passed through a nozzle intersected by a pulsed UV laser beam. Forward fluorescence,
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measured by a primary photodetector positioned at 0° relative to the laser, was used as an
index of relative DNA content. A secondary photodetector positioned at 90° captured side
fluorescence, enabling the discrimination of properly oriented sperm cells from non-oriented
and dead sperm cells. DNA content was estimated only for oriented sperm cells through the
univariate analysis of the 0° fluorescence channel in a density plot. Bovine X-bearing sperm
cells have typically 3.8% more fluorescence signal than Y-bearing sperm cells in
Karyoflow™, which is remarkably close to the base pair content differential of
approximately 3.6% between X and Y haploid genomes estimated with the ARS-UCDv1.2
Bos taurus reference sequence (Rosen ef al., 2020) augmented with the Btau 5.1 Y
chromosome assembly (The Bovine Genome Database, 2026). Therefore, we assumed
interchangeability of fluorescence estimates with base pair content, and the 0° fluorescence
density plot was used to reveal the presence of CA through deviations from a typical bimodal
distribution expected for normal X- and Y-bearing sperm cell populations.

Tail-sequencing. In animals with CA, the tails of the density plot of DNA fluorescence
should be enriched for sperm cells carrying der, with the lower and upper tails having a large
percentage of cells with the small and large der, respectively. Therefore, we developed the
strategy of “tail-sequencing”, in which sperm cells from the tails of the fluorescence
distribution were isolated for short-read sequencing. Paired-end libraries were sequenced at
30X coverage using S2 flow cells in the Illumina® NovaSeq platform. Read mapping was
performed with the Burrows-Wheeler Alignment (BWA) software v0.7.17-r1198-dirty (L1 &
Durbin, 2009). Sequencing depths of non-overlapping windows of 50 kbp were calculated for
each aligned bam file using mosdepth 0.3.8 (Pedersen & Quinlan, 2018). For each bull, the
sequencing depth difference between upper and lower tail samples was calculated. By
producing scatterplots of the scaled depth differences per chromosome, non-translocated
chromosomes appeared as whole chromosome-sized neutral segments. Chromosomes
implied in translocations appeared as two segments each, one with depth gain and another
with depth loss, with the transition position between gain and loss corresponding to
breakpoint regions. Candidate breakpoint regions were further refined by visually inspecting
read alignments with the Integrative Genomics Viewer (IGV) v2.13.2 (Robinson et al.,
2011). Visualization of reads was set to “view as pairs” and then reads were grouped either
by “reference concordance” or by “chromosome of mate”. Candidate regions were screened
for enrichment of reads with paired ends mapping to a different chromosome. The exact
breakpoint positions were determined by running the BLAT tool with soft-clipped bases in
split reads.

Cytogenetics analyses. GTG-banding karyotyping was performed at the Molecular
Cytogenetics Laboratory of Texas A&M University. Chromosome analysis was performed
with an Axio Imager M2 microscope (Carl Zeiss, Germany) equipped with a high-resolution
CCD camera and Ikaros v5.3.18 software (MetaSystems GmbH). At least 40 metaphase
spreads were examined, and 10 karyotypes were analysed per sample. Fluorescence in situ
hybridization (FISH) was further performed using biotin- and digoxigenin-labeled DNA
probes targeting chromosomes implied by the tail-sequencing analysis. Chromosomes were
counterstained with DAPI using ProLong™ Gold Antifade Mountant. Hybridization results
were analysed with the M2 microscope equipped with appropriate filter sets and Isis v5.2
(MetaSystems GmbH, Germany) software.

Fertility data. Conception data were available for Bull-1 including inseminations using both
conventional (n = 13) and sexed (n = 93) semen. Similarly, conception data from 1,028 other
contemporary bulls born in the same year as Bull-1 and with at least 10 services were



available (median of 375 services per bull), comprising 722,616 inseminations with
conventional semen and 674,865 with sexed semen. Direct conception rates by semen type
were computed for each bull as the percentage of inseminations that resulted in pregnancies.

Results

Despite Bull-1 presenting an apparently normal karyotype in the cytogenetics analysis (Fig.
l1a), Karyoflow™ showed two additional peaks at the opposite ends of the DNA fluorescence
distribution (Fig. 1b) evidencing the presence of Y-bearing cells carrying the smallest der
(lower tail) and X-bearing cells carrying the largest der (upper tail). By analysing genome-
wide scaled sequencing depth differences between the two tail populations, the chromosomes
involved in the rcp event became readily apparent, revealing a rcp(1;25) translocation (Fig.
Ic). Inspection of the edges of sequencing depth changes on chromosomes 1 and 25 in IGV
resolved the breakpoints to single nucleotide precision, estimating der lengths of 160.3 Mbp
and 40.5 Mbp (Fig. 1d), closely matching the original sizes of chromosomes 1 (158.5 Mbp)
and 25 (42.3 Mbp). Probes targeting chromosomes 1 and 25 confirmed the translocation in
FISH analysis (Fig. le). Fertility data for Bull-1 showed conception rates of 7.7% (1
pregnancy in 13 inseminations) with conventional and 18.3% (17 pregnancies in 93
inseminations) with sexed semen. These conception rates were significantly lower than the
averages of 42.4 £ 9.3% for conventional and 43.1 + 9.5% for sexed semen observed in 1,028
contemporary bulls with >10 services (Fig. 1f), placing the tested sire below the Ist
percentile for conception rates. Karyoflow™ also detected additional peaks in the density
plot of DNA fluorescence for Bull-2, prompting us to perform tail-sequencing and leading to
the observation of the same breakpoints found in Bull-1 (data not shown).
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Figure 1. Detection of a balanced reciprocal translocation in a Holstein Bull. (a) GTG-
banding shows a normal karyotype. (b) Karyoflow™ analysis isolates subpopulations of Y-
bearing cells carrying the smallest derivative chromosome (Ys) and X-bearing cells carrying
the largest (Xr). (¢) Tail-sequencing reveals a rcp(1;25). (d) Inspection of reads in IGV
narrows the translocation breakpoints down to single-nucleotide resolution. (e) FISH analysis
confirms rcp(1;25). (f) Fertility data from 1,028 contemporary bulls show that the tested bull
(dotted vertical lines) is placed below the 1st percentile for conception rates.



Conclusions

Our findings indicate that cryptic, heritable rcps can go undetected by cytogenetics analysis
in Holstein cattle, contributing to and perpetuating sub-fertility. Karyoflow™ combined with
tail-sequencing can identify bulls carrying cryptic rcps and resolve translocation breakpoints
with high precision.
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