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Introduction

Heterosis, or hybrid vigor, occurs when crossbred individuals exhibit greater performance than
the average of their parents' performance from divergent populations (Birchler 2003). Heterosis
impacts all traits in livestock, with the largest effects on fitness-related traits such as fertility,
health, and longevity (Cundiff et al., 1974; Gregory et al., 1992). These lowly heritable traits
are of enormous economic importance, yet less than 50% of US producers implement structured
crossbreeding programs (APHIS, 2008). Dominance and overdominance are proposed
mechanisms underlying heterosis. The dominance hypothesis attributes heterosis to increased
numbers of heterozygous alleles, which suppress inferior recessive alleles that accumulate
through inbreeding (Davenport, 1908; Bruce, 1910). Overdominance occurs when
heterozygotes exhibit a greater increase in fitness beyond the most beneficial homozygous
genotypes (Shull, 1908). Despite widespread application in breeding programs, the molecular
mechanisms of heterosis remain elusive (Hochholdinger and Yu, 2025). Organism-level
heterosis involves non-additive shifts in intermediate molecular phenotypes, such as gene
expression. Dozens of studies have explored molecular heterosis in plants (Birchler et al.,
2003), where the molecular mechanisms appear complex and may vary between species and
environments. Minimal work has explored molecular heterosis in livestock. Outbred animals
exposed to diverse environments pose challenges for isolating the intermediate phenotypes
driving heterosis.To control genetic crosses and minimize environmentally driven variation in
gene expression, we leveraged an in vitro system to study gene expression heterosis in
developing cattle embryos. We used pre-implantation blastocysts, which represent a unique
window in early mammalian development, occurring after fertilization but before uterine
implantation (Graf et al., 2014). With embryonic genome activation occurring between days
three and four of development, sampling day seven blastocysts creates an intriguing window to
identify the occurrence of non-additive gene expression. To maximize genetic divergence and
heterosis, we performed a diallel cross between Angus (Bos taurus) and Brahman (Bos indicus)
sires and dams, resulting in purebred and reciprocal F1 blastocysts. We explore patterns of non-
additive gene expression by comparing F1 blastocysts with purebred contemporaries.

Materials & Methods

Sample Collection and Sequencing. Purebred Angus and Brahman females were identified
for opportunistic oocyte collection at abattoirs. Six sires (three Angus, three Brahman) were
used for fertilization across pools of oocytes. Embryos were transported to Knoxville, TN, on
day seven, where the zona pellucida was removed using 0.5% pronase, and embryos were
graded for quality and developmental stage according to International Embryo Transfer Society
Guidelines (B6 and Mapletoft, 2018). The Takara SMART-Seq mRNA LP kit was used for
cDNA synthesis and library preparation. Samples were sequenced using 2x150 cycles on an
[llumina NovaSeq 6000 S4 flow cell at the UT Genomics Core. Read quality was assessed using
FastQC v0.12.1. Trimming was performed with Trimmomatic v0.39 (Bolger et al., 2014) in
paired-end mode. Samples with <5 million paired-end reads were excluded. STAR alignment
software (Dobin et al., 2013) was used to align trimmed reads to the ARS-UCD 2.0 reference
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assembly (Rosen et al., 2020). Embryo sex was assigned by percentage of Y-chromosome
transcripts: <3% as female, >7% as male, 3-7% as undetermined.

Statistical Analyses. All analyses were performed in R (v4.2.1). Differential gene expression
was implemented using DESeq2 (Love et al., 2014). DESeq2 estimated size factors and
dispersion effects for each gene. Gene counts were modeled as negative binomial distributions.
For purebred versus crossbred comparisons, embryo type was modeled as binary with discrete
covariates for embryo stage, grade, ovary collection date, and sex. Purebred samples served as
the reference. Differentially expressed genes (DEGs) were identified with FDR-adjusted p-
values <0.05. A similar model was used to identify differentially expressed genes between
Brahman and Angus embryos. In a complementary model, we tested inheritance modes of gene
expression similar to Zhou et al. (2019). For each gene, normalized DESeq2 counts were fit to
negative binomial models representing additive, dominant (high- or low-parent), overdominant,
and underdominant inheritance. Fitted dispersions from DESeq?2 local regression were used as
the NB size parameter.Models were compared using Bayesian Information Criterion (BIC), and
the best-fitting model was selected for each gene. We also used the dominance-to-additivity
(D/A) ratio to understand how F1 expression related to DEGs between purebred (PB) embryos.
To understand how gene action differed as gene expression diverged between parent breeds,
we classified these genes into DEG classes based on Brahman vs. Angus fold changes. For each
gene, we calculated the D/A ratio as: D/A ratio = (Median F1 — Median PB)/Median PB

Results

Gene Expression Patterns. A total of 306 embryos were sequenced (63 Angus, 100 Brahman,
73 F1 Angus x Brahman, 70 F1 Brahman x Angus). We did not observe any significant
difference in average quality score or developmental stage between classes of embryos. An
initial principal component analysis showed major stratification in gene expression profiles
based on embryo sex. After batch correction, PC1 (24% of variance explained) stratified by
breed, with F1 individuals’ expression appearing closer to their dam's breed (Figure 1).
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Figure 1. Principal component analysis of gene expression data before (A) and after (B) batch
effect correction for embryo sex. Points are colored based on breed and cross.

Differential expression analysis identified 137 DEGs (FDR < 0.05, |log> fold change| > 0.584)
between F1 and purebred groups after controlling for covariates. The majority (n=110)
showed higher expression in F1 embryos. Fold changes were modest, with only three DEGs
showing |log> fold change| > 1.5. Between purebred Angus and Brahman, 9,102 DEGs were



identified, with 1,342 highly divergent genes. Nearly all F1 vs. purebred DEGs (122/137)
were also differentially expressed between purebred groups.

Non-Additive Expression Patterns. Using DESeq2 normalized counts, we identified hundreds
of non-additive expression patterns across genes. Of 17,308 genes with model BIC values > 1,
14,197 (82%) did not appear to differ from parent average, where F1 expression most closely
resembled the parental average. Of the remaining 3,606 non-additive genes, 797 were
overdominant, 195 underdominant, and 2,107 showed parent-biased dominance. Among these
genes showing parent-biased expression, 77.9% more closely resembled purebred Brahman
embryos. Of the 137 DEGs between F1 and purebred, nearly all showed a non-additive
expression pattern: 101 were overdominant, 20 were parent-baised dominant, 11 appeared
additive, and the remainder received ambiguous classifications.

Using normalized counts, we calculated dominance-to-additivity ratios (D/A) for all genes
where positive values indicate expression higher than expected in F1, and negative values
indicate lower-than-expected expression compared to parent breed averages. We observed a
relationship where genes with higher fold changes between purebred classes showed lower
expression in F1 embryos. Genes that were lowly differentially expressed, or that were not
differentially expressed between purebred embryos, had D/A ratios near zero, suggesting that
they were more likely to show purely additive expression patterns.
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Figure 2. Smoothed density plots of the dominance to additivity ratio of expressed embryos.
Negative D/A ratios indicate lower expression in F1 individuals. Groups were determined
based on the fold change between purebred Angus and Brahman embryos.

Discussion

This work represents one of the most comprehensive studies of molecular heterosis in
mammals. By leveraging an in vitro system with minimal environmental variation, we
identified widespread non-additive gene expression patterns in developing bovine blastocysts,
though these differences appear to be the result of many small changes in expression. Global
gene expression patterns showed a clear stratification across breeds, with F1 individuals'
expression patterns lying between parent breeds, but appearing closer to the maternal breed.
Interestingly, the most significant driver of gene expression appears to be embryo sex, even at
this early stage in development.

The prevalence of Brahman-biased expression (77.9% of parent-biased genes) suggests
potential maternal or subspecies-specific regulatory mechanisms or the persistence of
maternally-deposited transcripts, both of which warrant further investigation. The modest fold
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changes observed in F1 embryos (median |log> fold change| < 1.5) suggest that heterosis effects
at the transcriptional level may involve subtle coordinated changes across many genes rather
than dramatic shifts in individual gene expression. This aligns with the complexity hypothesis
of heterosis, where fitness advantages emerge from subtle perturbations across regulatory
networks rather than single large-effect changes. Notably, we found underexpression in F1
embryos to be the prevalent mode of non-additivity, underlining the idea that fitness or
production-level hybrid vigor relies on an optimal heterosis in molecular intermediates rather
than a directional one. As expected, given the large number of DEGs between Angus and
Brahman, we found high overlap between purebred & F1 DEGs and those divergent between
Angus and Brahman (122/137 genes). suggests that standing genetic variation between
subspecies provides the substrate for heterotic expression patterns. Our finding that 82% of
genes showed additive expression patterns indicates that non-additive effects, while important,
affect a specific subset of genes that may be particularly relevant to heterosis-related traits.
Ongoing work in our group is using imputed genotypes from transcriptomes to map additive
and non-additive expression QTL involved in molecular heterosis. We are also exploring the
extent to which parent-specific or -biased expression contributes to molecular heterosis.

Our approach serves as a compelling proof-of-concept that molecular heterosis can be detected
in non-plant species and sets the stage for further exploration. We are particularly interested in
tying observations of molecular heterosis to economically relevant phenotypes, in hopes of
improving the execution of crossbreeding strategies to maximize heterosis creation.

Conclusions

Gene expression heterosis is pervasive in developing bovine blastocysts, with approximately
18% of expressed genes showing non-additive patterns. The modest effect sizes suggest
complex regulatory mechanisms underlying molecular heterosis. This work provides a
foundation for understanding how crossbreeding influences early embryonic development and
may inform strategies to optimize heterosis in cattle breeding programs.

Acknowledgements

This work was funded by USDA award 2022-67015-36214. We appreciate the support from
ST Genetics and Vytelle for providing semen and producing embryos, respectively. We also
acknowledge the UTIA Genomics Center for the Advancement of Agriculture for their
assistance sequencing and library preparation.

References

APHIS (2008) Beef 2007-08: Cattle and Calves Death Loss in the United States. Available at:
www.aphis.usda.gov/sites/default/files/beef0708_dr_parti_rev_1.pdf

Birchler J.A., Auger D.L., and Riddle N.C. (2003) Plant Cell 15(10):2236-2239. doi.org/10.1105/tpc.151030

Bo6 G.A., and Mapletoft R.J. (2018) Anim. Reprod. 10(3):344-348. doi.org/10.1093/bioinformatics/btul 70

Bolger A.M., Lohse M., and Usadel B. (2014) Bioinformatics 30(15):2114-2120.
doi.org/10.1093/bioinformatics/btul70

Bruce A.B. (1910) Science 32(827):627-628. doi.org/10.1126/science.32.827.627-a

Cundiff L.V., Gregory K.E., and Koch R.M. (1974) J. Anim. Sci. 38(4):711-727.
doi.org/10.2527/jas1974.384711x

Davenport C.B. (1908) Science 28(718):454-455. doi.org/10.1126/science.28.718.454-b

Dobin A., Davis C.A., Schlesinger F. ef al. (2013) Bioinformatics 29(1):15-21.
doi.org/10.1093/bioinformatics/bts635

Graf A., Krebs S., Zakhartchenko V. et al. (2014) PNAS 111(11):4139-4144. doi.org/10.1073/pnas. 1321569111

Gregory K.E., Cundiff L.V., and Koch R.M. (1992) J. Anim. Sci. 70(3):656-672. doi.org/10.2527/1992.703656x

Hochholdinger F., and Yu P. (2025) Trends Plant Sci. 30(1):95-104. doi.org/10.1016/j.tplants.2024.07.018

Love M.I., Huber W., and Anders S. (2014) Genome Biol. 15(12):550. doi.org/10.1186/s13059-014-0550-8

Rosen B.D., Bickhart D.M., Schnabel R.D. et al. (2020) GigaScience 9(3). doi.org/10.1093/gigascience/giaa021

Shull G.H. (1908) J. Hered. doi.org/10.1093/jhered/0s-4.1.296. doi.org/10.1093/jhered/0s-4.1.296

4


http://www.aphis.usda.gov/sites/default/files/beef0708_dr_parti_rev_1.pdf
https://doi.org/10.1105/tpc.151030
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1126/science.32.827.627-a
https://doi.org/10.2527/jas1974.384711x
https://doi.org/10.1126/science.28.718.454-b
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1073/pnas.1321569111
https://doi.org/10.2527/1992.703656x
https://doi.org/10.1016/j.tplants.2024.07.018
https://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/gigascience/giaa021
https://doi.org/10.1093/jhered/os-4.1.296

