Srikanth, K., Thorsrud, J., Quigley, C., Evans, K., Huson, H. (2026) Genetic analysis of Labrador Retriever Primary Ciliary Dyskinesia using
genome-wide association and sequencing, Proceedings 13th World Congress on Genetics Applied to Livestock Production 24258:
https://doi.org/10.31274/wcgalp.24258 © 2026 Srikanth, et al. CC BY-NC-ND

Genetic analysis of Labrador Retriever Primary Ciliary Dyskinesia
using genome-wide association and sequencing

K. Srikanth!'*, J.A. Thorsrud!, C.K. Quigley?, K.M. Evans? and H.J. Huson?

ICornell University, Ithaca, NY; °The Seeing Eye Inc, Morristown, NJ; “Corresponding author:
ks786(@cornell.edu

Introduction

Primary Ciliary Dyskinesia (PCD) is an inherited, genetically heterogeneous disorder
characterized by impaired ciliary movement, affecting various organ systems, most notably the
respiratory tract (Bush et al. 1998, Shapiro ef al. 2016). Defective mucociliary clearance leads to
chronic infections, recurrent pneumonia and progressive lung damage that can result in respiratory
insufficiency (Santamaria et al. 2008, Alanin et al. 2015). As motile cilia are present in multiple
tissues, PCD can affect other ciliated structures causing polycystic kidney disease, male infertility
and female subfertility (Eliasson et al. 1977, Jung et al. 2023).

In dogs, PCD is typically inherited as an autosomal recessive disorder caused by mutations in
genes encoding structural and functional components essential for ciliary motility (Olbrich ef al.
2012). Canine PCD has been reported across multiple breeds with confirmed genetic associations:
CCDC39 mutations in Old English Sheepdogs (Merveille et al. 2014), STK36 splice-site variants
in Australian Shepherds (Christen et al. 2023), and NMES5 frameshift variants in Alaskan
Malamutes (Anderegg et al. 2019), highlighting substantial genetic heterogeneity.

The objective of this study was to investigate the genetic basis of PCD in Labrador Retrievers (LR)
and Labrador x Golden Retriever (LGX) crosses from a guide dog breeding program. All affected
dogs were traced to a common ancestor, and pedigree analysis suggested an autosomal recessive
inheritance. Identifying genetic markers will enable development of screening tools to reduce
disease incidence and contribute to comparative genomics with translational relevance to human
ciliopathies.

Materials & Methods

Study Population: Cases of recurrent respiratory disease consistent with PCD were identified in
puppies within a guide dog breeding program. Electron microscopy of nasal biopsies revealed
ultrastructural ciliary abnormalities consistent with PCD. Pedigree analysis traced all cases to a
common ancestor, suggesting autosomal recessive inheritance.

Genotyping & Imputation: Genotypes from 1,400 LR and LGX dogs were available from our
previous study (Thorsrud et al. 2025); 20 additional cases were genotyped on the EMBARK
customized [llumina CanineHD Array (239,478 SNPs). The genotypes were filtered for quality as
previously described (Huson et al. 2025). After quality control 158,055 SNPs were retained for
imputation. Imputation was performed using Beagle v5.2 (Browning et al. 2018) as reported
previously (Thorsrud et al. 2025). Imputed variants were filtered (Dosage R? > 0.6) and LD-pruned
(r>>0.7) using PLINK v1.9 (Chang et al. 2015) yielding 438,480 SNPs and 1,420 samples. Data
were lifted to the ROS Cfam_ 1.0 assembly.
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GWAS and ROH analysis: GWAS was performed using SAIGE v1.0.9 (Zhou et al. 2018) to
account for sample relatedness and case-control imbalance (Bonferroni threshold: P=1.14x1077).
Runs of homozygosity (ROH) were identified using PLINK v1.9 (minimum 50 SNPs, 200 kb
length, <5 missing SNPs) and visualized in 0.5 Mb bins across chromosome 2. LD analysis
identified variants in high LD (r*>0.8) with the SNP having the lowest corrected p-value. MAGMA
v1.10 performed gene-based testing to identify candidate genes.

Whole-Genome and RNA Sequencing: High-depth whole genome sequencing (WGS) (average
45.3x) was performed on 24 dogs (5 affected, 10 parents, 5 unaffected littermates, 2 unrelated
controls, 2 potential carriers) on DNBSEQ-T7 (Complete Genomics). Reads were mapped to
ROS_Cfam 1.0 and variants annotated with SIFT scores, Zoonomia PhyloP scores, and functional
effects using SnpEff v5.4. RNA-seq was performed on 12 dogs (4 cases, 4 controls, 2 carriers, 2
unaffected littermates) from nasal swabs. Reads were trimmed (Trim Galore v0.6.10), aligned with
STAR v2.7.11, and quantified using Salmon v1.10. Differential expression analysis used DESeq2
v1.502. Allele-specific expression at two SPAG6 variants (CFA2:9,003,871 G>A; 9,003,874
A>AGCC) was quantified from BAMs using custom Python scripts, with heterozygous sites tested
for imbalance via two-sided binomial test (P=0.5).

Results & Discussion

GWAS of 20 cases and 1400 controls identified a single significant locus on CFA 2
spanning 8.8 Mb (0.22 — 9.02 Mb). The topmost SNP was Chr2:3565037 (-logl10 P < 7.49) (Fig.
la), with 156 SNPs reaching genome-wide significance. LD analysis showed the region was in
high linkage with the top SNP (r?>0.8) (Fig. 1b). LocusZoom and MAGMA gene-based analysis
(Fig 1b) identified multiple genes with significant associations within this locus, including several
ciliary candidates (SPAG6, ARMC3, MYO3A4) among other genes reaching genome-wide
significance. ROH analysis revealed an interesting pattern on CFA 2 (Fig. 1c), with affected dogs
showing 100% homozygosity across the entire GWAS significant region, while controls were
heterozygous. This indicates a recent founder effect and extensive LD specific to affected dogs,
creating a long haplotype block encompassing the disease locus.

WGS identified 156 homozygous recessive variants in the cases across the genome; 155 of

these were within the significantly associated GWAS region. Filtering for protein coding
HIGH/MODERATE functional impact variants with perfect recessive segregation yielded two
SPAG6 variants showing ideal Mendelian inheritance (Table 1): a missense variant (p.Prol153Ser,
¢.457C>T) and an inframe insertion (p.Gly151dup, c.451 453dupGGC). Both variants are located
on Exon 1 and demonstrated perfect segregation; all 5 affected dogs were homozygous (1/1) for
the alternative allele. Case-control association yielded P=2.73x10 for both variants. Neither
variant was detected in the Dog 10K dataset (n=2000 canids) (Meadows et al. 2023), confirming
their status as rare and private mutations. Zoonomia PhyloP scores (1.748 and 1.609) indicated
moderate evolutionary conservation at both positions. SIFT analysis predicted the missense variant
as deleterious (Score = 0.01).
Among the genes in the significantly associated GWAS region, only MYO3A was significantly
differentially expressed (log2FC = 2.63, adj P = 1.22x10?). However, ASE analysis of SPAG6 in
carriers revealed reduced expression of the insertion allele, with a mutant to wild-type allelic ratio
of 0.15-0.38 in heterozygous individuals, suggesting reduced transcript stability or nonsense-
mediated decay of p.Gly151dup transcripts. However, further functional studies are necessary to
confirm the mechanism underlying this allelic imbalance.
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Figure 1. Genome-wide association mapping and fine-mapping of canine PCD locus. a)

Manhattan plot showing association P values for PCD across all 38 canine autosomes. The horizontal
line (-logio = 6.9) is the Bonferroni corrected threshold for genome wide significance. Genomic inflation factor (Acc

= 1.0319) shown in the Q-Q plot (inset) indicates appropriate control of population stratification. b) Regional
association plot (LocusZoom) for the chromosome 2 peak region showing SNP associations colored
by linkage disequilibrium (1?) with the lead SNP (purple diamond). Top panel displays individual SNP p-
values across the 5 Mb region around the top SNP on CFA2. Bottom panel shows MAGMA gene-
based association results, with multiple genes achieving significance (colored bars). ¢) Runs of
homozygosity (ROH) analysis across chromosome 2 comparing affected dogs (red line, n=20) to
controls (blue line, n=1400).

Table 1. Genetic and functional characteristics of SPAG6 protein coding variants in PCD affected
dogs.

Affected Un-
Protein (Hom Carriers affected SIFT  PhyloP P value*
Position! Change Alt)  (Het) (HomRef) Score  Score?

2:9003871 p.Prol53Ser  5/5 13/15 4/4 0.012 1.748 2.727e-06

2:9003874 p.Glyl51ldup  5/5 14/15 4/4 NA 1.609 2.727e-06
!Chromosome position based on Ros_CanFam_ 1.0 assembly.
2SIFTscore <0.05 indicates deleterious effect on protein function.
3Zoonomia cactus alignment PhyloP conservation score
4Case-control p-value from Cochran-Armitage trend model (CC_TREND).




SPAG6 is directly related to ciliary function in mice (Teves ef al. 2014) and variants are associated
with sperm quality in dogs (Phillips and Verstegen 2009). The missense variant (p.Pro153Ser)
substitutes rigid proline with flexible serine at a position predicted to be deleterious by SIFT. The
inframe insertion (p.Gly151dup) duplicates glycine, potentially disrupting protein structure. The
proximity of these variants suggests they exist as a compound haplotype, possibly exerting
synergistic effects on SPAG6 protein function. However, further genotyping of these variants in
all additional affected dogs is necessary to confirm their perfect segregation, and functional assays
are required to establish the functional impact of both variants.

Conclusion

This study identified a locus on CFA 2 to be associated with canine PCD. Fine-mapping with WGS
identified two protein-coding variants on SPAG6 (p.Prol53Ser and p.Glyl51dup) as strong
candidate causal variants for canine PCD. This was supported by perfect allele segregation in
affected cases and absence from Dogl0K data and allelic expression imbalance. These findings
provide a foundation for genetic screening; however, further functional validation is warranted to
establish causality and elucidate the molecular mechanisms underlying PCD in this dog
population.
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