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We are all going to die There is nothing left to select
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Genome wide homozygosity measures are bad indicators of genetic load
• We use them because we struggle to identify (sublethal) deleterious 

variants
• Genetic architecture is a direct function of the selection process

• How much directional dominance there is in dairy cattle is still an 
open question 

We often assume that purging is not happening or not fast enough
• Dairy populations are under strong indirect and direct selection for 

“functional fitness”
• Fitness is hard to define and quantify in the field

Inferring genomic architecture of inbreeding depression from breeding 
populations is complicated:
• It is not economically feasible to conduct selection experiments in dairy
• Some of these questions cannot truly be answered retrospectively

• Increase focus on deep phenotyping
• Increase integration of functional annotation
• Increase numbers of genotyped individuals
• Refine analysis tools
• Integrate Model Organism Approaches
• Investigate the potential of advanced technologies
• Data sharing 

On the short-term homozygosity will remain an issue best 
managed trough logistic structuring of the breeding process 

GENETIC LOAD
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http://mooselab.cropsci.illinois.edu/longterm.html#:~:text=In%201896%2C%20University%20of%20Illinois,of%20grain%20protein%20or%20oil.

Johansen et al., 2010 Genome wide effect of long-term divergent selection DOI: 10.1371/journal.pgen.1001188

GENETIC DIVERSITY





Genetic recombination is usually considered to facilitate adaptive evolution.
However, recombination prevents the reliable co-transmission of interacting
gene combinations and can disrupt complexes of coadapted genes. If
interactions between genes have important fitness effects, restricted
recombination may lead to evolutionary responses that are different from
those predicted from a purely additive model and could even aid adaptation.



• Functional Annotation to Dissect Inbreeding
• Heterogeneity of Inbreeding and Environmental Load
• Inbreeding and Cow Fitness

• Impact of Expected Future Inbreeding Under Varying Scenarios

UNDERSTANDING INBREEDING 

MANAGING GENETIC DIVERSITY

BONUS

• LLM to identify deleterious variants



Functional Annotation to Dissect Inbreeding



Genomic Partition of Inbreeding Depression in Production Traits of U.S. Jersey Cattle 
Using Functional Annotations
Chang Xu1*, Christian Maltecca1, Francesco Tiezzi1,2, John B. Cole1,3,4, Sajjad Toghiani5, Li Ma6, and Jicai Jiang1

J. Dairy Sci., under review

Overview:
• Analyzed 245,517 genotyped Jersey 

cows using a linear mixed model.
• Mapped 9,532,696 sequence variants 

into
five functional annotations: Intron, 
Promoter, GERP, CDS, UTR, and 
others.

Key Findings:
• Significant enrichment of InD for milk 

yield in promoter (enrichment ratio = 
20.11), UTR (57.96), and GERP regions 
(35.91).

• Protein yield showed enrichment in 
promoter (15.25), UTR (46.44), and 
GERP regions (32.73).

• Fat yield showed enrichment in UTR 
(40 20) and GERP regions (28 72)



Conclusion:
• Some genome annotations 

have disproportionate 
effects on inbreeding 
depression (InD).

• These regions may be 
more vulnerable to 
deleterious mutations.

Implications:
• Enhances understanding of 

genetic basis of InD.
• Could inform breeding 

strategies for genomic 
selection in dairy cattle.



Heterogeneity of Inbreeding and Environmental Load



• 414,514 milk yield records 24,395 cows, 
703 herds, 25,001 HTD. 

• For each herd-test date, (THI) for the week 
before the visit were available. 

• Inbreeding estimates were assessed via 3 
methods:

• FPED, FGRM, FROH
• Environmental stress-related covariates 

(temperature, relative humidity, or THI) 
fitted in the model as cross-classified 
effects with 5 levels.

Inbreeding depression for milk yield under environmental stress in Italian Holstein cows
F. Tiezzi, C. Maltecca, J.C.C. Panetto, J.-T. van Kaam, M. Cassandro, C. Cipolat-Gotet, M. Ablondi, A.Zanotti, R. Finocchiaro

POSTER Abstract #2049

• Inbreeding caused significant depression 
across all the environmental conditions 
observed. 

• Extent Inbreeding depression was 
dependent on environmental load.



Inbreeding and Cow Fitness



Assessment of inbreeding depression on stayability of Italian Holstein cows
F. Tiezzi, C. Maltecca, J.C.C. Panetto, J.-T. van Kaam, M. Cassandro, C. Cipolat-Gotet, M. Ablondi,A. Zanotti, R. Finocchiaro

J. Dairy Science submitted        POSTER Abstract #2342

Stayability:
• Defines female survival ability 

across calving intervals.
• Evaluated through three 

intervals:
• STAY12: 1st to 2nd 

calving
• STAY23: 2nd to 3rd 

calving
• STAY34: 3rd to 4th calving

Study Data:
• Utilized data from up to 48,000 

cows with genotype and 
phenotype records.

Inbreeding Estimation Approaches:
• FPED FGRM FROH_GENOME 

FROH_CLASS



Impact of Expected Future Inbreeding Under Varying 
Scenarios











Conclusions:
• Penalizing Future Inbreeding effective 

at constraining accumulation of 
inbreeding in population

• Both GFI and ROHFI work
• ROH penalize less genetic gain
• Similar level of VA after 20 Gen

• Penalizing FI helps maintain higher 
level of VD in the population

• Stronger penalty work better
• ROH and G based similar results

• Inbreeding depression does 
accumulate regardless of methods 

• Some aggressive penalty might actually 
prevent purging from pop?

Simulations are only as good as how much you’re willing to believe in them



LLM to identify deleterious variants







Evo 2: DNA Foundation Model
Evo 2 is a genomic foundation model capable of generalist prediction and design tasks across DNA, RNA, and proteins. 
It uses a frontier deep learning architecture to enable modeling of biological sequences at single-nucleotide 
resolution with near-linear scaling of compute and memory relative to context length. 
Evo 2 is trained with 40 billion parameters and 1 megabase context length on over 9 trillion nucleotides of diverse 
eukaryotic and prokaryotic genomes. (https://arcinstitute.org/tools/evo)

Can We Effectively Predict Deleterious Variants in Bulls Based on LLM? 



A Proof of Concept

Jicai Jiang

chicken dog cat goat horse pig sheep cattle

27 248 111 7 71 29 60 168

Single Locus Diseases Variants

Control Variants

Anonymized EVO2

Disease

Neutral



Variant-type blind: AUROC = 0.9338 & AUPRC = 0.8315 Variant-type matching: AUROC = 0.7174 & AUPRC = 0.1659

Zero-shot classification



test_species
Variant-type blind Variant-type matching

AUROC AUPRC AUROC AUPRC
chicken 0.8438 0.3740 0.6126 0.1645

dog 0.9133 0.5817 0.7738 0.2674
cat 0.8969 0.5518 0.6832 0.2008

goat 0.8714 0.5606 0.6571 0.3557
horse 0.9307 0.5590 0.8276 0.2942

pig 0.9310 0.6070 0.8430 0.3925
sheep 0.8954 0.5574 0.6753 0.2524

cattle 0.8958 0.5077 0.7438 0.2672
AVERAGE 0.8973 0.5374 0.7271 0.2744



A potential framework
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• We now have better tools to understand inbreeding and inbreeding depression
– We do need a better system and a more systematic effort
– Look beyond algebraic massage of LMM

• Inbreeding load is heterogeneous
– Based on the definition of “fitness”
– Based on functional annotation
– But also based on the environmental load

• Are we underestimating it in stressful conditions?
• EFI is a valuable tool not only to curb inbreeding accumulation but also to preserve exploit 

dominance variance 
– G and ROH FI perform similarly 
– Very strong penalty on F might prevent purging of deleterious variance (strong emphasis on might) 

– With availability of producing ability in cows (A+D) possible to re-capture some of VD 
indirectly in selection process
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