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Sporadic occurrence of inherited eye disorders has been reported in cattle but so far pathogenic variants were

found only for rare forms of cataract but not for retinopathies.

Bos taurus animal model day-blindness retina development mendelian genetics

| 1. Introduction

Food animal ophthalmology is a neglected area of veterinary medicine 2, |n farm animal practice, conditions
such as visual impairment or even blindness, despite having a negative impact on behavior and welfare, are rarely

considered, as there is usually no profoundly damaging economic impact on animal production 2!,

Sporadic occurrence of inherited eye disorders in livestock species such as cattle has been reported 46,
However, many affected newborns go unreported or escape surveillance systems [4. In addition to hereditary
reasons, environmental causes such as vitamin A deficiency and bacterial or viral infections must also be taken into
account RIBII Although congenital eye defects are rare, they are important and should be considered because
they often follow monogenic recessive inheritance I8, Therefore, such inherited disorders can rapidly gain in
prevalence due to the undetected use of carriers, especially in the course of artificial insemination in cattle. So far
pathogenic variants were found only for rare breed-specific recessive forms of cataract in Romagnola (OMIA
001936-9913) and Holstein (OMIA 002111-9913) cattle [E&, Such findings enable selection against these
disorders within the affected populations. Furthermore, the NID1-related cataract observed in Romagnola was the
first report of a naturally occurring mutation leading to a non-syndromic form of cataract in a mammalian species [,
Therefore, the genetic study performed in cattle added the affected gene to the list of candidate genes for inherited

forms of nuclear cataract in humans, illustrating the impact of studying eye conditions in domestic animals.

Achromatopsia, an inherited retinal disease characterized by the loss of cone photoreceptor function resulting in
day-blindness, total color-blindness, and decreased central visual acuity, has not yet been described in cattle.
Pathogenic variants in six genes (CNGA3, CNGB3, GNAT2, ATF6, PDE6C, and PDE6H) have been identified in
humans with achromatopsia (OMIM 216900) 9. |n sheep, a form of CNGA3-related achromatopsia has been
characterized (OMIA 001481-9940) (21 This ovine condition was intensively used for functional restoration of cone
function 2, highlighting the biomedical value of such large animal models 28Il14] in addition to the direct benefits

for animal breeding and animal health.
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| 2. Clinical Description

Initially, in 2017, a four-month-old calf (case 2) was presented to the University of Zurich for evaluation of
suspected day blindness. Ocular examination revealed bilaterally absent menace responses and dazzle reflexes.
Pupillary responses were positive. Chromatic light stimulation (Melan) revealed bilaterally minimal dazzle reflexes
with red and blue light, pupillary responses were normal with blue and reduced with red light stimulation. The
remainder of the ocular exam (slit-lamp biomicroscopy, indirect and direct ophthalmoscopy, intraocular pressure)
was within normal limits with the optic nerve head showing a deep physiologic cup. The calf was able to complete
an obstacle course in dim light, but not in bright light.

In 2020, a 5.5-month-old calf (case 12) was presented to the University of Bern for evaluation of a suspected vision
disturbance. The farmer noted that the calf was hesitant to walk and often collided with obstacles in its
environment, especially when separated from the mother. Observation of the calf revealed extremely poor
navigation of large and small objects in the examination hall in ambient room light. Navigation of obstacles and
recognition of large high-contrast obstacles after room lights were turned off was slightly improved. Ophthalmic
examination revealed absent menace response in both eyes (OU) in dim, ambient and bright (outdoor) light
conditions. The direct and consensual pupillary light responses as well as dazzle reflexes to white light were
reduced in both eyes. A slightly reduced pupillary light response was noted with bright blue light stimulation and
severely reduced to bright red light stimulation. Slit-lamp biomicroscopic examination of the eyelids, conjunctiva,
cornea, anterior chamber, lens and anterior vitreous was normal in both eyes with the exception of mild mydriasis
OU. The pupils were symmetrical OU. Fluorescein staining of the cornea was negative OU. Indirect
ophthalmoscopy revealed normal appearance to the optic nerve, tapetal and non-tapetal retina, and retinal vessels

bilaterally. Intraocular pressure was measured within normal limits (11 mmHg OD, 14 mmHg OS).

Electroretinography in the affected calf revealed severely reduced light-adapted single cone and cone flicker
responses, while the dark-adapted mixed cone-rod response was considered normal (Figure 1). Combined with
the behavioral observations and clinical findings, the ERGs support an achromatopsia diagnosis based on the

specific loss of cone-mediated retinal function without any retinal degenerative changes.
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Figure 1. Electroretinogramm (ERG) of a 5.5-month old achromatopsia-affected Original Braunvieh (case 12) and

a seven-month old Hereford control cattle. Dark-adaptation responses in representative normal and affected
calves. While the dark-adapted mixed cone-rod responses were comparable between the two animals, the light-
adapted single cone (1 Hz) and cone flicker (28 Hz) responses were severely reduced (arrows). Calibration bars:

vertical = 100 pV, horizontal = 50 ms.

| 3. Pathological Phenotype

During necropsy of case 12 no gross lesions were detectable and brain areas involved in vision were

morphologically normal.

The retina were targeted by immunofluorescence. We observed the expression of CNGB3 in the outer segment
(OS) of cones in the control animal, while this expression was decreased in the affected animal. We also detected
a significant difference of staining in the outer nuclear layer (ONL), where the CNGB3 protein seemed to be
concentrated in the affected animal. This may suggest a mislocalization of the mutated CNGB3. Immunoreactivity
of CNGB3 in the outer plexiform layer (OPL) may be due to an unspecific signal as the localization is observed in
both control and affected animals. (Figure 2a). Further experiments on other affected calves (we analysed only
one) or by transfection of the mutated CNGB3 in cells will confirm the potential higher stability of the mutated cyclic

nucleotide-gated channel.
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Figure 2. Immunostaining of retinal markers in a five-month old achromatopsia-affected cattle (case 12) and a

control cattle of the same age. Cyclic nucleotide gated channel subunit beta 3 (CNGB3) (a), Cones markers
(GNAT2, M/L-OPSIN, S-OPSIN) (b) and rods markers (GNAT1, RHODOPSIN) (c) are immunostained in both
control and affected animals. Cell nuclei are shown in blue with DAPI. Images acquired at equal distances from the
optic nerve head for each protein. Asterisks (*) show M/L- and S-Opsin cones present in both control and affected

animal. Negative controls without primary antibody were performed (not shown).

Based on GNAT2 and cone opsins staining, we clearly observed a decrease in the cone OS, which are shorter and
abnormally shaped. Although we did not count the number of cones per retina, we observed a decrease in their
number, in affected animal in comparison to control, as shown in M/L-and S-Opsin staining (Figure 2b, white
asterisk). These results are in correlation with the ERG and are consistent with the progressive loss of cone outer
segments seen in other species with achromatopsia. We also observed a slight decrease of the rod OS length in

affected animals and a mislocalization of Rho (Figure 2c).

| 4. Pedigree Analysis
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The initially studied cases 1 and 2 were both the only affected animals in two different Swiss herds of purebred
Original Braunvieh cattle. The sire of these two cases was a natural service purebred Original Braunvieh bull,
which sired a further 24 apparently normal offspring within two years. A query to the Original Braunvieh breeders in
Switzerland revealed further evidence of ten similar cases sired by different bulls collected over a period of three
years. The available pedigree records of all 12 cases were analyzed and multiple inbreeding loops between the
parents were found (Figure 3). We detected a single common ancestor occurring 8-11 generations ago. Due to
the obvious history of inbreeding, a recessive inherited condition was considered. In light of the obvious
consanguinity as well as the apparently unaffected parents, we hypothesize that the achromatopsia-affected calves
might be explained by a recessively inherited variant. The founding mutation thus probably occurred many
generations before the cases occurred. The causal variant was probably spread by the common ancestor, an

artificial insemination bull born in 1961, as well as by some of his male descendants.
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Figure 3. Pedigree of the Original Braunvieh cattle family segregating for achromatopsia suggested monogenic
autosomal recessive inheritance. Affected animals are filled symbols. Open symbols represent normal cattle. DNA
samples were available from animals with genotypes for the CNGB3 XM_015474554.2:¢c.751G>A variant are given

below the symbols.

| 5. Genetic Analysis

SNP genotyping data for twelve affected cattle identified two shared ROHs between all cases on chromosome 11
and 14 (Figure 4a). On chromosome 11 all animals were homozygous for 101 SNP markers from 66,668,989 to
68,938,216 corresponding to a repeatedly detected strong selection signature of the Original Braunvieh breed
encompassing a genome region with 24 protein-coding genes 1326171 As no candidate gene for a retinopathy

was contained in that region, we focused on the second ROH found on chromosome 14. All twelve affected cattle
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were homozygous at 28 SNP markers on chromosome 14 from 74,306,245 to 76,800,429, which allowed the
identification of a single disease-associated IBD haplotype shared by all cases, limiting the critical region to
2,494,184 bp on chromosome 14 (Figure 4a,b). Interestingly, the bovine homolog of CNGB3, a gene that causes

achromatopsia in other species, maps to that genome region at 76 Mb (Figure 4c).
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Figure 4. Achromatopsia-associated CNGB3 missense variant in Original Braunvieh. (a) Genome-wide
homozygosity mapping presenting the two homozygous blocks shared in 12 affected calves in blue. Note the red
arrow highlighting the CNGB3 gene on cattle chromosome 14. (b) Schematic representing the SNP genotypes of
12 affected calves on chromosome 14. Each horizontal lane represents one calf with yellow and blue shading,
indicating shared homozygosity. Grey shading indicates a heterozygous genotype and white indicates missing
genotypes. The genome positions of markers are indicated above the figure. The red arrows indicate the
consensus homozygous region that spans approximately 2.5 Mb. (¢) CNGB3 gene structure showing the location
of the exon 6 variant. (d) Genome viewer screenshot presenting the homozygous Chrl4: g.76011964A>G variant
in three affected calves. (e) Electropherograms showing the different genotypes identified via Sanger sequencing.

(F) Localization of the missense variant (red arrow) with respect to the topological model of the CNGBS3 protein. (g)
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Across species sequence alignment of the affected CNGB3 S2 domain. Note that the missense variant (red arrow)

affects the evolutionary conserved Tri-Asp motif that is highlighted in blue.

Subsequently, we sequenced the genomes of three of the affected cattle (cases 2, 3 and 4) and searched for
private variants that were exclusively present in a homozygous state in all three affected cattle and absent or only
heterozygous in the genomes of 567 other cattle. Beside 34 non-coding variants, all located in the critical region on
chromosome 14, this analysis identified a single homozygous private protein-changing variant in CNGB3, a known
candidate gene for achromatopsia. The variant can be designated as chrl4: 76011964G>A (ARS-UCD1.2
assembly) (Figure 4d). It is a missense variant, XM_015474554.2: c.751G>A, predicted to change a highly
conserved aspartic acid residue in the second S2 domain of CNGB3, XP_015330040.2: p.Asp251Asn (Figure
4f,g). In silico analysis predicted the functional effect of p.Asp251Asn as deleterious using PROVEAN software
(score —4.985) (18],

Authors confirmed the presence of the CNGB3 missense variant by Sanger sequencing (Figure 4e). The
genotypes at the variant co-segregated with the achromatopsia phenotype as expected for a monogenic autosomal
recessive mode of inheritance (Figure 3). All twelve available DNA samples from the achromatopsia-affected cattle
carried the mutant allele in a homozygous state, while their parents were heterozygous, as expected for obligate

carriers (Figure 3; Table 1).

Table 1. Association of the missense variant in CNGB3 with the achromatopsia phenotype in Original Braunvieh

cattle.
GG AG AA
Achromatopsia-affected calves 12
Obligate carriers 2 5
Other Original Braunvieh cattle ¢ 2477 463 12
Brown Swiss cattle © 14,976 52
Holstein cattle © 14,825
Simmental cattle © 2021
Sequenced cattle genomes from various breeds (local Swiss cohort) 9 552 15
Control cattle from various breeds (1000 Bull Genomes project) © 3298 7 19
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