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Introduction

The current ICAR guidelines for parentage verification are specifically structured around the
use of the ISAG-recommended panel of single nucleotide polymorphisms (SNPs), commonly
referred to as the ISAG Parentage Verification Set (ISAG PV SET). This panel, which has
recently been revised, now contains 195 SNPs. Within this framework, parentage testing
relies on a set of predefined conditions governing data quality, comparison requirements, and
classification thresholds (ICAR, 2026). Specifically, a minimum call rate of 95% across the
ISAG PV SET is required, corresponding to at least 185 successfully called SNPs. For each
parentage test, at least 175 SNP comparisons must be performed, although only SNPs that are
homozygous and common between the individuals being tested are considered. A parentage
is classified as ACCEPTED when no more than two Mendelian conflicts are observed,
corresponding to a conflic rate of approximately 1.14% when considering the full set of
possible comparisons. Parentages with three to five Mendelian conflicts, reflecting conflict
rates between 1.7% and 2.8%, are deemed DOUBTFUL, while those with six or more
conflicts, exceeding an conflict rate of 3.4%, are REJECTED. In cases where both parents are
either accepted or fall within the doubtful category, a trio-based test is performed as a
secondary validation step to confirm the relationship. Although these thresholds and
procedures have proven effective when applied to the ISAG PV SET, they are not directly
transferable to scenarios involving all SNP panels or different testing configurations. In
recent years, the rapid expansion of commercially available SNP genotyping arrays, along
with ongoing advances in sequencing technologies, has further complicated the landscape of
parentage verification. Many of these platforms do not guarantee coverage of all 195 ISAG
PV SNPs, creating challenges for animals that cannot be re-genotyped due to the
unavailability of biological samples. The Council on Dairy Cattle Breeding (CDCB)
currently manages the largest dairy cattle genotyping database worldwide, including more
than 11 million animals. CDCB performs routine parentage verification and discovery for all
newly submitted genotypes, using a custom methodology that leverages all quality-controlled
SNPs from the relevant genotyping platform. The resulting decision framework, which is
tailored to each combination of chip densities, has been optimized for CDCB’s internal
workflows and is therefore not suitable for adoption as an international standard. The
objective of this report is to propose a new set of empirically derived thresholds for parentage
verification certification based on full-SNP comparisons that can be easily applied and do not
require exceptional resources or knowledge. These thresholds are intended to follow a
methodology and classification logic similar to the ones applied to the ISAG PV SNPs panel,
including the classification of results. In addition, the report examines the contribution of
trio-based verification methods when applied to comprehensive SNP datasets, with the goal
of assessing whether their inclusion enhances the robustness of parentage determinations
under broader and more heterogeneous testing conditions.
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Materials & Methods

All genotypes used in this analysis were extracted from the National Cooperator Database.
Analyses were restricted to autosomal markers. Animals with more than a 10% SNP missing
rate were excluded, in accordance with ICAR’s Guidelines for DNA technology (ICAR,
2026). No additional SNP-level quality control was performed on any chip prior to the
analyses. It should be noted that CDCB does not oversee the quality control procedures
conducted by genotyping laboratories before genotype data are submitted. A total of 56
CDCB certified SNP arrays from different genotyping technologies and densities ranging
from approximately 3,000 to 777,000 SNPs were included in the analysis. The dataset
included two distinct groups of animal pairs: approximately 100,000 DUO pairs representing
known parent—offspring relationships, and approximately 100,000 NOT DUO pairs
representing pairs with no known direct parent—offspring relationship. Samples were
randomly selected in proportions that reflected the distribution of the five dairy breeds
routinely evaluated by CDCB (Ayrshire, Brown Swiss, Guernsey, Holstein and Jersey),
ensuring balanced representation across breeds. Eligibility was limited to animals included in
the April 2025 CDCB evaluation and required the availability of complete pedigree
information, including both sire and dam. At least one parent in each pair was required to
have been genotyped. DUO pairs were constructed using animals with CDCB verified
parentage records. To avoid overrepresentation of individual animals and to limit dependency
within the dataset, each animal-—whether offspring, sire, or dam—was allowed to appear in
no more than five DUO comparisons. The NOT DUO group was designed to capture a range
of genetic relationships while excluding true parent—offspring pairs. To introduce controlled
relatedness, at least 10% of the sample consisted of full and half sibs, with the rest being the
animals having no known pedigree-based relationship to one another. Following initial
selection, animals identified as clones, split embryos, or identical twins were removed to
eliminate confounding factors and ensure biological independence among samples. A
computational pipeline was developed to extract genotype data for each animal and to
perform Mendelian conflict checks across all informative markers (i.e., SNPs where both
animals are homozygous). For each pairwise comparison, the program recorded SNP chip
information, the total number of SNPs available for comparison, the number of homozygous
SNPs shared between the two individuals, the number of observed Mendelian conflicts, and
the proportion of homozygous comparisons that failed Mendelian expectations. For the
purposes of this whole-genome analysis, only SNPs that were homozygous in both
individuals of a given pair were considered informative for parentage evaluation. To provide
a 1-to-1 comparison to the currently ICAR approved parentage validation methodology, the
available ISAG PV SET was extracted for all animals, and the ICAR methodology was
performed over the same animals. Parentage between samples was considered as
ACCEPTED when the number of Mendelian conflicts over the total of homozygous
comparisons was below 0.6%, whereas it was REJECTED when that same value was higher
than 1%. Percentages in between the ACCEPTED and REJECTED classes were identified as
DOUBTFUL. Since whole-genome SNPs were used and genotypes with missing rate over
10% were already excluded, no threshold was set to exclude comparisons for “LOW CALL”,
as is the case for the ISAG PV SET methodology. Sensitivity and specificity metrics were
calculated over the DUO and NOT DUO subsets to assess performance.

Results & Discussion

The DUO testing set included the following: Holstein (51,801 pairs), Jerseys (26,598 pairs),
Brown Swiss (13,510 pairs), Guernsey (2,634 pairs) and Ayrshire (4,122 pairs). The NOT
DUO testing set included: Holsteins (49,946 pairs), Jerseys (24,982 pairs), Brown Swiss
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(14,983 pairs), Guernsey (4,987 pairs) and Ayrshire (4,998 pairs). The empirical thresholds
were based on observation of the distribution of results. A threshold of 0.6% for DUO
acceptance was chosen because none of the non-duos had any sample below that threshold
(except for two cases with a strong suspicion of pedigree misidentification). The 1% NON
DUO rejection threshold was based on a clearer distribution, where only a handful of full-sib
animals were misclassified as DOUBTFUL and not rejected (see Table 1). Indeed, using
these thresholds, a total of 161 declared DUO animals exhibited >0.6% Mendelian conflicts,
whereas 28 declared NOT DUO animals showed <1.0% Mendelian conflicts. These 190
animals fall into the “doubtful” classification range (sensitivity, calculated as True Positive
Rate, of 99.83%, whereas specificity of 99.97%). Further investigation revealed that the
majority of these cases involved animals genotyped using: 25 cases from an ultra-low density
(3K) chip, and 103 of the others were from a single commercial chip CDCB identified as
carring multiple problematic SNPs, prone to Mendelian inconsistency. Known SNP arrays
with genotyping quality issues should be excluded a priori from the analysis, or a
preliminary quality control on the SNPs should be carried out to avoid unreliable results.

Table 1. DUO and NON DUO comparisons using whole-genome SNPs.

DUQO comparisons NON DUO comparisons
Threshold Total | Parentage Threshold Total | Parentage

0.0% 18427 | ACCEPTED <0.6% 2 ACCEPTED
0.01%>0.1% | 71137 | ACCEPTED 0.61% > 0.7% 2 DOUBTFUL
0.11%>0.2% | 7366 | ACCEPTED 0.71% > 0.8% 6 DOUBTFUL
0.21%>0.3% | 1012 | ACCEPTED 0.81% > 0.9% 8 DOUBTFUL
0.31%>0.4% | 306 | ACCEPTED 0.91% > 1% 10 DOUBTFUL
0.41%>0.5% | 163 | ACCEPTED 1.01%>2% 1740 | EXCLUDED
0.51% > 0.6% 93 | ACCEPTED 2.01%>3% | 4831 | EXCLUDED
DOUBTFUL > 3% 93296 | EXCLUDED

~0.6% 161 | gxcLupED

To test whether the DOUBTFUL results were affected by known SNP quality issues, the
DOUBTUFUL animals were reanalysed using only CDCB QC-approved SNPs. The number
of DUO cases above the 0.6% threshold dropped from 161 to 19 and the number of NOT
DUO cases below 1.0% dropped from 28 to 12. Of note, the closely related (and non-related)
individuals were based on CDCB assessments, so a small fraction of these may be related to
misclassification or errors in the pedigree of the animals. The same animals in the DUO and
NON-DUO groups were evaluated using the ISAG PV set, with results presented in Table 2.
Notably, nearly 25% of all comparisons could not be used for parentage assessment because
at least one animal did not meet the minimum call rate required by ICAR (LOWCALL).
Although evaluating the performance of the ISAG PV set was beyond the scope of this study,
the LOWCALL classification was largely attributable to the SNP chips not including the full
ISAG PV set.

Table 2. DUO and NON DUO comparisons using ISAG PV SET.

DUO comparisons NON DUO comparisons
Total Parentage Total Parentage
79596 ACCEPTED 1865 ACCEPTED

754 DOUBTFUL 5765 DOUBTFUL
1367 EXCLUDED 66025 EXCLUDED
16629 LOWCALL 26129 LOWCALL




Trio-based parentage verification is particularly valuable when applied to low- or very low-
density SNP panels, such as the ISAG Parentage Verification Set. However, its utility
decreases as marker density increases. Modern whole-genome SNP platforms typically
include several thousand markers, often exceeding 7,000 SNPs. As demonstrated by the
results presented, even at the lower end of this density range, duo-based comparisons, while
marginally less precise than trio evaluations, remain highly effective at identifying parentage
inconsistencies involving both sires and dams. Consequently, within the context of whole-
genome SNP-based parentage verification, trio testing provides little to no additional
discriminatory power beyond that already achieved through duo comparisons. This
conclusion was further supported by an analysis of approximately 50,000 animal—sire—dam
trios with valid genotypes and previously CDCB confirmed parentage. In all cases, parentage
had been established using standard duo-based methods. A small number of comparisons
(less than 10) exceeded reasonable conflict thresholds, with homozygous Mendelian conflicts
reaching up to 8%. These instances involved animals with multiple progeny and independent
haplotype-based confirmation of parentage, indicating that the biological relationships were
correct despite inconclusive trio test outcomes. Together, these findings underscore the
limited incremental value of trio-based verification when comprehensive genomic data are
available.

Conclusions

This study demonstrates that parentage verification based on full-genome SNP comparisons
can be standardized using empirically derived thresholds that remain robust across a wide
range of SNP densities and genotyping technologies. By leveraging all autosomal SNPs
available on each platform, ideally using quality-controlled data, and focusing on
homozygous comparisons, the proposed methodology achieves high sensitivity and
specificity while avoiding key limitations of fixed-panel approaches such as the ISAG PV
set. In particular, the full-SNP approach reduces the number of excluded comparisons due to
call-rate thresholds and panel coverage constraints, improving both efficiency and
completeness in large-scale genomic datasets. Overall, when available, whole-genome SNP
data is preferable to the ISAG PV set for parentage verification. The results also indicate that
trio-based verification provides limited additional benefit when using whole-genome SNP
data, as duo-based comparisons already offer sufficient resolution for accurate parentage
determination. Trio testing remains useful for ISAG PV SET testing. These findings support
adopting a simplified, duo-based, full-SNP framework aligned with ICAR classification
logic, offering a scalable, technology-agnostic approach suited to modern genomic evaluation
systems.
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