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Abstract

Accurate functional annotation of genes influencing livestock production traits is essential for
advancing dairy science and agricultural genomics. Comparative genomics approaches often infer
gene loss from sequence erosion; however, such inferences may conflict with experimental evidence
for genes involved in economically important traits. The G protein-coupled receptor GPRC6A is a
nutrient-sensing regulator implicated in lipid metabolism in bovine mammary epithelial cells, where
it contributes to milk fat synthesis and dairy productivity. Despite this, genomic analyses have
suggested that GPRC6A is eroded or lost in several mammalian lineages, including cattle. Here, we
reconcile this discrepancy by evaluating five mechanistic scenarios that could permit protein
function despite apparent gene-disrupting mutations: truncated protein translation, internal
transcription initiation, translational recoding, RNA-level repair, and unresolved genomic copies. We
propose that GPRC6A represents a “peripatetic molecular fossil,” a gene that retains biological activity
despite genomic erosion. This case highlights the limitations of sequence-based gene-loss inference
and underscores the need for integrative functional validation in livestock systems to identify genes
that affect milk composition and agricultural productivity accurately.
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Introduction

Improving milk composition and yield remains a central goal in dairy science, with milk fat content serving as a key
determinant of product quality and economic value in cattle production systems [1,2]. Advances in livestock genomics
have enabled the identification of genes underlying metabolic pathways that regulate milk synthesis, creating
opportunities for genetic selection and precision breeding [3,4]. However, the functional annotation of such genes
increasingly relies on comparative genomics approaches that infer gene presence or loss from sequence data alone,
creating a critical challenge: genes classified as “lost” based on sequence erosion may still retain biological function in
production-relevant tissues. Resolving this discrepancy is essential for accurately identifying molecular regulators of milk
fat synthesis and for ensuring that genomics-informed breeding strategies do not overlook functionally important loci.

One such candidate is GPRC6A, a nutrient-sensing G protein-coupled receptor implicated in amino acid signaling and
metabolic regulation [5,6]. In bovine mammary epithelial cells, GPRC6A has been shown to regulate lipid synthesis
pathways directly linked to milk fat production. Recent evidence further supports the broader importance of amino-acid
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sensing GPCR pathways in bovine mammary epithelial cells and shows that L-theanine promotes bovine mammary
epithelial cellBMEC) proliferation, milk protein synthesis, and milk fat synthesis through the TASTR1-FRMD6-mTOR
signaling axis, with TASTR7 knockdown attenuating L-theanine-induced activation of mTOR and expression of lipogenic
and lactogenic markers [7]. This finding complements the GPRC6A literature by demonstrating that nutrient-responsive
GPCR signaling can directly regulate milk synthesis pathways in BMECs, reinforcing the need to functionally validate
receptors implicated in lactation rather than relying solely on sequence-based annotation. Despite this functional
evidence, comparative genomic analyses have produced conflicting conclusions regarding its evolutionary status, with
some studies suggesting conservation in ruminants and others proposing widespread erosion or loss across mammals
[8,9]. This inconsistency raises a broader question for livestock genomics - can genes inferred to be lost still contribute to
economically important traits?

At a broader level, such discrepancies reflect a key limitation of sequence-based inference in functional genomics.
Automated pipelines designed to detect gene loss rely heavily on coding sequence disruptions, such as premature stop
codons and frameshifts, as indicators of inactivation. While effective at scale, these approaches may overlook alternative
transcriptional and translational mechanisms that preserve protein function. Increasing evidence from pseudogene
biology, ribosome profiling, and proteogenomics indicates that many loci previously classified as nonfunctional can be
transcribed and translated into biologically active products [10-12]. These findings challenge the assumption that
sequence erosion necessarily equates to functional loss.

This issue is particularly significant in agricultural genomics, where accurate gene annotation directly affects trait
mapping, breeding decisions, and the identification of molecular targets to improve productivity. In dairy cattle,
metabolic regulators of milk fat synthesis are of high economic importance, and misclassification of these genes may
result in their exclusion from candidate gene analyses or genomic selection frameworks. The case of GPRC6A therefore
provides an opportunity to examine how apparent gene-disrupting mutations can coexist with functional protein
expression in a production-relevant context.

In this study, we evaluate a range of biologically plausible mechanisms that could reconcile sequence-based gene-loss
predictions with experimental evidence of GPRC6A function in cattle [5-9]. These include truncated protein translation,
translational recoding, RNA-level repair, internal transcription initiation, and the possibility of unresolved genomic copies.
Rather than identifying a single explanatory mechanism, we aim to delineate the space of plausible solutions that current
annotation frameworks collapse into binary outcomes. This work is intended as a hypothesis-generating effort rather
than a definitive experimental validation of any single molecular mechanism. Our objective is not to demonstrate that
one specific pathway restores canonical GPRC6A function in cattle, but to evaluate whether currently available sequence,
annotation, and functional evidence justify treating GPRC6A as a binary case of gene presence or loss. Accordingly, the
mechanisms discussed below should be interpreted as biologically plausible scenarios that require future validation
using tissue-specific transcriptomic, ribosome-profiling, proteomic, and genome-resolved datasets. We propose that
GPRC6A represents a “peripatetic molecular fossil,” a gene that retains functional activity while traversing the boundary
between canonical gene presence and loss.

The novel contribution of this study is threefold. First, we integrate published functional evidence for GPRC6A activity in
bovine mammary epithelial cells with sequence-based gene-loss predictions that classify the locus as disrupted. Second,
we systematically organize five molecular mechanisms that could reconcile these conflicting observations, ranging from
conservative explanations such as truncated protein production to more speculative possibilities such as RNA-level repair
and unresolved genomic copies. Third, we propose operational criteria for recognizing “peripatetic molecular fossils,”
genes that show sequence features associated with loss yet retain evidence of transcriptional, translational, or
phenotypic activity in specific biological contexts.
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Materials And Methods

Study design and analytical framework

This study employed an integrative, literature-informed analytical framework to reconcile discrepancies between
sequence-based gene-loss inference and experimentally observed gene function in cattle. The GPRC6A locus was
selected as a case study due to its reported involvement in bovine milk fat metabolism and conflicting annotations
regarding its evolutionary status. We combined comparative genomics evidence, gene annotation data, and published
experimental findings with computational analyses of sequence features to evaluate biologically plausible mechanisms
that may enable functional persistence despite apparent gene-disrupting mutations.

Identification of gene-disrupting mutations

Putative gene-inactivating mutations in the bovine GPRC6A locus were annotated based on previously reported
comparative genomics analyses [9]. These included premature stop codons, frameshift mutations, and insertions or
deletions within coding exons. Coordinates of these mutations were mapped onto the Bos taurus reference genome
assembly, and their positions were examined relative to the exon-intron structure and predicted open reading frames
(ORFs).

Prediction of transcription start sites

To evaluate the possibility of alternative transcription initiation, putative transcription start sites (TSSs) were predicted
across the GPRC6A genomic region using Promoter 2.0 [13]. The analyzed sequence included the full annotated gene
body (exons and introns) and upstream intergenic regions. Only TSS predictions classified as “highly likely” by the
algorithm were retained. Predicted sites were categorized as upstream or downstream of the canonical start codon to
assess their potential to bypass gene-disrupting mutations.

Transcriptional status of GPRC6A

To assess the transcriptional status of GPRC6A in Bos taurus, the genomic region corresponding to GPRC6A in the ARS-
UCD2.0 reference assembly (GCA_002263795.4) was examined using the NCBI Genome Data Viewer (GDV) [14]. Pre-
aligned RNA-seq and TSS tracks available within GDV were visualized and inspected. To comprehensively survey all
publicly available RNA-seq data, MetaGraph, a scalable sequence-search framework based on annotated de Bruijn
graphs, was utilized [15]. Exon sequences of Bos taurus GPRC6A were queried against the Bos taurus RNA-seq database
indexed in MetaGraph, comprising 29,243 Sequence Read Archive (SRA) accessions (145.5 TB of sequence data; index
size: 220 GB). Searches were performed using the default parameters (maximum results = 500; discovery threshold = 0.5).
To provide comparative expression context, orthologous GPRC6A exon sequences from Homo sapiens and Sus scrofa
were analyzed using the same approach. MetaGraph search results were exported as CSV files and visualized in R.
Selected RNA-seq datasets were subjected to quality assessment using FastQC v0.12.1, followed by adapter trimming
with fastp v1.1.0 [16]. Processed reads were aligned to the reference genome using STAR v2.7.11b [17]. Statistical analyses
were performed in R using the ggplot2, dplyr, tidyr, and readr packages. Exon-wise abundance values were compared
among B. taurus, H. sapiens, and S. scrofa using pairwise Welch's -tests. Multiple-testing correction was performed using
the Benjamini-Hochberg false discovery rate (FDR) procedure. Results were visualized as boxplots displaying the
distribution of abundance values for each exon.

TSS annotations for B. taurus were obtained from GDV tracks, with histograms representing the 5' end counts of read
alignments from experiments investigating TSS such as CAGE-Seq. In addition, CAGE-derived TSS data generated across
24 cattle tissues were obtained from the BOVReg/EuroFAANG resource
(https://api.faang.org/files/trackhubs/BOVREG_CAGE_EUROFAANG/ARS-UCD1.2/) [18]. These data were visualized using
igv-reports with the ARS-UCD1.2 genome assembly as the reference [19].
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Detection of ORFs

To identify potential coding capacity independent of the canonical reading frame, ORFs were detected using NCBI
ORFfinder [14]. Default parameters were applied, with a minimum ORF length threshold of 75 nucleotides. ORFs were
mapped across both forward and reverse strands, and their positions were compared with annotated exons and
mutation sites to evaluate the potential for truncated protein or micropeptide production.

Identification of translational recoding signals

To assess the potential for programmed ribosomal frameshifting (PRF), the GPRC6A coding sequence was scanned for
candidate heptanucleotide slippery motifs using Recode v2.0 [20]. Motifs conforming to the consensus pattern X XXY YYZ
(where X=A,U,G,orCY=AorU;Z=A,U, or C) were queried. In addition, nearby RNA secondary structures, including
stem-loop and pseudoknot-like configurations, were identified using the EMBOSS einverted program [21], with the
following parameters: -match 3, -mismatch 4, -gap 6, and -threshold 15. Co-occurrence of slippery motifs and secondary
structures was used as an indicator of potential PRF sites.

Tandem repeats and transposable element analysis

Tandem repeats within the GPRC6A locus were identified using the MISA-web server [22], with minimum repeat
thresholds of four for mononucleotide motifs and three for all other repeat types. Transposable elements, including LINE
and SINE insertions, were annotated using existing genome annotations. Particular attention was given to repetitive
elements arranged in inverted orientations, as these configurations can form double-stranded RNA structures relevant to
RNA editing and SOS splicing mechanisms.

Assessment of RNA-level mechanisms

Potential RNA-level repair mechanisms, including RNA editing and transposable element excision, were evaluated based
on sequence context and known properties of repetitive elements in bovine genomes. Regions enriched for BovB-
derived SINEs and LINE elements were examined for their capacity to form secondary structures conducive to adenosine-
to-inosine (A-to-I) RNA editing or structure-dependent splicing. Evidence from published studies on RNA editing and SOS
splicing was used to interpret the functional plausibility of these mechanisms.

Integration with experimental evidence

Experimental evidence for GPRC6A expression and function in bovine mammary epithelial cells was compiled from
published studies reporting protein detection, gene knockdown, and functional assays related to lipid metabolism and
milk fat synthesis. These data were used as a biological benchmark against which computational predictions were
evaluated. Rather than prioritizing a single explanatory mechanism, all analyses were integrated to identify a set of
plausible scenarios consistent with both sequence-level observations and functional outcomes.

Results And Discussion

Functional evidence supports a role for GPRC6A in milk fat synthesis

Experimental studies in bovine mammary epithelial cells demonstrate that GPRC6A is expressed and functionally active,
mediating amino acid-induced lipid synthesis pathways relevant to milk fat production [5,6]. Specifically, activation of
GPRC6A has been linked to intracellular signaling cascades involving PI3K and lipid-binding proteins, leading to
enhanced fatty acid synthesis. These findings establish GPRC6A as a biologically relevant regulator of milk composition, a
key determinant of dairy productivity. Given these observations, we adopt the conservative assumption that a biological
mechanism must exist that permits protein production despite the gene-disrupting mutations reported by Gupta et al.
[9]. The sections below examine five non-mutually exclusive mechanisms, ordered from the most conservative and well-
established to the most speculative.
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Functionality of a truncated protein or micro-peptide

Gene loss is traditionally inferred from ORF disruptions and premature stop codons. However, ORF disruption alone is
insufficient to establish loss of biological function, as many such loci are transcribed and translated, sometimes yielding
stable protein products [11]. In the case of GPRC6A, even if disruptive mutations are present, truncated protein products
may still be produced and detected by Western blotting in bovine mammary epithelial cells.

Notably, siRNA-mediated knockdown of GPRC6A is evaluated by Western blotting, and inspection of the coding region
reveals that the siRNA target lies within exon 5 (Figure 7a). Several intact short ORFs occur across exons 4-6, including
ORFs spanning the siRNA target site. Such convincing evidence raises the possibility that the detected signal corresponds
not to a full-length receptor but to a truncated protein or a novel micropeptide. Micropeptides, typically <100-150 amino
acids in length and translated from short open reading frames, are increasingly recognized as functional biological
entities with roles distinct from their parental proteins [23,24]. Such products could plausibly account for protein
detection without requiring restoration of the canonical GPRC6A ORF [5,6].

Several independent proteomic investigations have previously identified GPRC6A peptides within mammalian sperm
datasets [25,26]. Specifically, the mass spectrometry data from dataset PXD066938, which profiled the distinct proteomes
of bull testicular, caput, and cauda epididymal spermatozoa, revealed the presence of a unique 12-amino-acid peptide
sequence: "NDVFIVTNQETK" [25] that uniquely maps to the reviewed UniProt entry E1BPQ3, confirming its designation as
the B. taurus GPRC6A ortholog. Encoded by exon 4, this peptide resides within a conserved family C GPCR ligand-binding
domain belonging to the periplasmic binding protein type 1 superfamily (CDD ID: cl10011, appendix Figure 2) and shares
the translational reading frame of the well-characterized human GPRC6A ortholog ( appendix Figure 3). In another study
investigating the proteomic profiles of spermatozoa from high- and low-fertility bulls, GPRC6A was actively detected but
found to be significantly downregulated in the high-fertility cohort [26]. This observed reduction indicates a potential
inverse relationship between GPRC6A abundance and bovine fertility, implying that overexpression of the protein could
be detrimental to sperm competence. Although searches of the Veterinary Proteome Browser (VPBrowse) [27], a curated
repository of experimentally validated bovine proteotypic peptides and proteins, did not identify any peptides
corresponding to GPRC6A, the peptide detected in the present analysis provides direct translation-level evidence for
GPRC6A expression. While these studies do not biochemically characterize the full-length GPRC6A protein in B. taurus,
the identification of this highly specific peptide confirms the expression and post-translational existence of at least a
truncated variant of this receptor.

How to cite this article:

Soman A'S, Vijay N (July 15, 2026) Re-evaluating GPRC6A Gene Loss: Implications for Milk Fat Synthesis and Functional

Genomics in Dairy Cattle. Cureus J. Agri. Food Sci 2 : es44497-026-00164-y. DOI https://doi.org/10.7759/s44497-026-00164-

y Page 5 of 14


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Re-evaluating GPRC6A Gene Loss: Implications for Milk Fat Synthesis and Functional Genomics in Dairy Cattle

GPRC6A (Bos taurus) = Exon § Deletion
a = |ntron Insertion
LINE insertion [ STOP codon

SRR GBR R 0 R e
G T T 2 r 3 4 5 6 I SINEinsertion O Splice site disruption
I )—c( [ | |  Transcription Start sites
gene .9 -1 TGA TGA -1 -7 9 -8 -1 AA -9 +1 4 A 5 24
Tandem ] 1 11 1 L} 1 1 (] ] 11 1 B Microsatellite
repeats i n 1 L T e T N T N N T T N T W N E T TN B Monomeric repeats
P T N e e N ——— o —— AAAA § siRNAtarget @ Slippery sequence
-
H = @ Stem-loop pair
i e o
i
ORFs = >s Forward strand
1 -~
1 TN
1 N
!
i ! i
1 ! '
| < > !
! Y =it PR
I
' ] === ¥
! 10 = o= @ |
! So ' - < H
N ™ 1 1
I Bov-B Bov-A2 N ~o H
S i I
(- -~ sy RiAsiendng |
Bov-A2 Bov-tA2
C mRNA

o _ Unknown A
RNA editing — 12 ’"“C'ease ) Nd GPRC6A P
1] T —l
-~ _ %
* Excision & ligation ﬂ

Sequence scar ~

Slippery sequence — iy —
Spliced 4
Sl Genomic dark matter
Programmed Ribosomal
fi hifti ..
rameshitting SOS splicing

FIGURE 1: Biological scenarios permitting protein production despite gene-disrupting mutations.

(a) Overview schematic showing four annotation tracks: gene structure (exons and introns), tandem repeats, mRNA features, and
open reading frames (ORFs). In the gene structure track, putative gene-inactivating mutations are annotated following Gupta et al.
[9]. Predicted transcription start sites (TSSs) are marked by green arrows. A total of six downstream and eight upstream TSSs
relative to the GPRC6A start codon are shown, with distance labels provided exclusively for the upstream TSSs. The tandem repeat
track highlights monomeric repeats (brown) and microsatellites (light blue) identified within exonic regions. The mRNA track
marks candidate slippery sequences and adjacent stem-loop structures implicated in programmed ribosomal frameshifting (PRF),
as well as features relevant to RNA editing and SOS splicing. The ORF track displays all potential ORFs longer than 75 nucleotides
on the forward (orange) strand. A magnified view of exon 5 containing the predicted siRNA target site is shown within the dotted

rectangle.
The schematics below depict biologically plausible mechanisms by which GPRC6A protein production could persist despite

apparent gene-inactivating mutations:
(b) Programmed ribosomal frameshifting mediated by a heptanucleotide slippery sequence and a downstream stimulatory RNA

secondary structure, such as a pseudoknot.
(c) SOS splicing of exon 4, in which a LINE element flanked by two SINEs forms a hairpin structure, enabling transposable element

excision followed by transcript ligation. The inverted Bov-A2 and Bov-tA2 elements are also shown as potential substrates for

ADAR-mediated RNA editing.
(d) A scenario in which GPRC6A resides within genomically complex or repetitive regions (“genomic dark matter”), potentially

evading complete resolution by current genome assembilies.

Downstream internal TSSs or internal promoters

Beyond truncation, transcriptional reconfiguration offers another conservative explanation. Alternative downstream TSSs
or internal promoters are widespread in eukaryotic genomes and are particularly common among loci annotated as
pseudogenes or partial gene remnants. Internal promoters can generate transcripts that bypass upstream disruptive
mutations, producing stable truncated proteins with retained or modified functionality.
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Large-scale ribosome profiling and proteogenomic studies demonstrate that many transcripts originating from
annotated pseudogenes, IncRNAs, and untranslated regions initiate downstream of canonical start sites and are actively
translated [10]. Such transcripts often evade detection in standard transcriptomic analyses due to low abundance, tissue
specificity, or the exclusion of multimapping reads. Proteomics-focused reviews further highlight that annotation
pipelines frequently misclassify such loci as nonfunctional, even when translation is supported by experimental evidence
[12].

In the context of GPRC6A, an internal promoter downstream of the most disruptive mutations could plausibly generate a
shorter, functional receptor fragment detectable by antibody-based assays. TSSs identified by CAGE sequencing in a
previous study [18] revealed a total of 27 TSSs and an enhancer within the Bos taurus GPRC6A genomic region ( appendix
Figure 4). These TSSs exhibited strand specificity, with six located on the sense (+) strand containing GPRC6A, including
five upstream and one downstream of the annotated start codon. In contrast, 21 TSSs were detected on the antisense (-)
strand, of which nine were located upstream and twelve downstream of the GPRC6A start codon. The higher abundance
of antisense TSSs raises the possibility of natural antisense transcript (NAT) activity within the GPRC6A locus. NATs have
been increasingly recognized as important regulators of gene expression [28,29]. Although most studies report a
negative correlation between sense and antisense transcript levels [30-32], few have demonstrated that antisense
transcription can promote transcriptional activation and increased expression of the corresponding sense gene [33,34].
Notably, such activating effects have been observed when antisense transcription initiates within the first intron of the
sense gene [35]. Interestingly, most TSSs identified in the GPRC6A region were tissue-specific, whereas a single antisense
TSS located within intron 1 was detected across ten different tissues ( appendix Figure 4). Given its broad tissue
distribution and intronic location, this antisense promoter may represent a conserved regulatory element that
contributes to the activation or maintenance of GPRC6A transcription. While direct evidence for such a mechanism is
currently lacking, the observed pattern is consistent with a potential regulatory role for antisense transcription at the
GPRC6A locus.

Beyond their proposed roles in transcriptional regulation, NATs can positively regulate protein expression through
multiple post-transcriptional and translational mechanisms. They may sequester microRNAs, thereby preventing miRNA-
mediated repression of target mRNAs [36,37], or directly pair with cognate transcripts to increase mRNA stability and half-
life [38,39]. Certain NATs, such as SINEUPs, promote translation by facilitating recruitment of the translational machinery
near the initiation site [40]. Additionally, NATs can increase protein stability by inhibiting components of the ubiquitin-
proteasome pathway, thereby reducing protein degradation [41]. Collectively, these mechanisms provide plausible
routes through which TSS and NATs could contribute to GPRC6A expression and potentially facilitate the production or
persistence of truncated protein products or micropeptides despite the presence of gene-disrupting mutations.

Additionally, putative TSSs were predicted using Promoter 2.0 across the B. taurus GPRC6A genomic locus, encompassing
annotated exons, introns, and the upstream intergenic region. Only sites classified as “highly likely” predictions were
retained. A total of eight predicted transcription start sites were detected upstream of the canonical GPRC6A start codon,
with an additional six located downstream. The downstream sites included one in intron 2, one in exon 3, one in exon 4,
and three in intron 3. (Figure 7a). Collectively, these results are consistent with internal transcription initiation as a
plausible mechanism for GPRC6A protein production despite apparent gene-disrupting mutations.

Stop-codon readthrough or programmed ribosomal frameshifting

At the level of translation, recoding mechanisms such as stop-codon readthrough and programmed ribosomal
frameshifting (PRF) provide additional routes to protein production from disrupted loci (Figure 76). While historically
associated with viral genomes, both mechanisms are now recognized contributors to proteomic diversity in eukaryotes
[42,43]. As PRF requires two key elements, a heptanucleotide slippery sequence and a downstream stimulatory RNA
secondary structure, such as a stemloop or pseudoknot, we searched the GPRC6A coding sequence for both features [43].
Multiple candidate slippery motifs and nearby stem-loop structures were identified within exonic regions (Figure 7a).
Together, these observations indicate that the structural prerequisites for PRF are present at this locus.
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Proteogenomic surveys reveal widespread translation of noncanonical ORFs embedded within pseudogenes, frequently
involving recoding events that bypass premature stop codons or frame-disrupting mutations [10]. Proteomics-based
analyses further show that truncated or frameshifted loci can yield stable peptides detectable across multiple datasets,
even when absent from reference protein repositories [12]. In bacterial systems, proteogenomic studies have similarly
uncovered extensive low-level expression of so-called “pseudo-pseudogenes,” reinforcing the principle that apparent
gene disruption does not preclude regulated translation [44]. In GPRC6A, occasional readthrough or frameshifting events
could yield sufficient protein for functional assays in specific tissues or physiological contexts.

RNA-level repair: editing, SOS splicing, or trans-splicing

More radical solutions operate at the RNA level. Frame-altering deletions and insertions could, in principle, be corrected
through site-specific RNA editing or transcriptional slippage, although such mechanisms have not yet been characterized
at this locus. Of particular interest is a repeat insertion consisting of a LINE element embedded within a SINE element in
the fourth coding exon. The recently described SOS splicing mechanism excises transposable elements from mRNAs in a
structure-dependent manner, protecting transcripts from transposon-mediated disruption [45]. While SOS splicing has
not yet been shown to act on this specific configuration, its existence establishes precedent for RNA-level rescue of
otherwise disrupted genes.

Analysis of pre-aligned RNA-seq data of B. taurus in NCBI showed a lack of robust exon coverage in all 167 samples
comprising 99 unique tissues (appendix Figure 5) of GPRC6A. Although a few tissues, including lactating milk somatic
cells and testis, showed detectable histogram peaks, the signals were of low coverage, dispersed across the entire track
rather than confined to exonic regions, and consisted primarily of fragmented, short stretches of small peaks. Notably,
even within these tissues, peak abundance was markedly higher toward the 3’ end of the gene, particularly in exons three
to six. Coverage was also biased toward the 3' end of the region, particularly across exons 3-6. Consistent with this
observation, ORFfinder identified a higher density of short open reading frames downstream of exon 6 within the
annotated GPRC6A locus (Figure 7).

To further assess transcriptional activity across the broader B. taurus RNA-seq landscape, including datasets not
represented in publicly available pre-aligned resources, all six GPRC6A exons were queried against archived SRA datasets
using MetaGraph. MetaGraph reports mean exon abundance values for individual RNA-seq samples, providing a measure
of transcript representation across the archive. Across all six examined exons, B. taurus consistently showed the lowest
transcript abundance (appendix Figures 6-8). Notably, no individual RNA-seq sample showed expression across all exons.
Furthermore, analysis of the sample with the highest transcript abundance (SRR9136449) revealed no RNA-seq reads
mapping to exons 2, 3, and 4, with reads detected only in exons 1, 5, and 6 (appendix Figure 9). This expression pattern
raises the possibility of a shorter transcript capable of encoding a truncated peptide, although its biological significance
remains to be determined. Peak expression values in B. taurus remained low across all exons, ranging from 9 (exon 4) to
46 (exon 6) (appendix Figure 10). By comparison, S. scrofa, a close relative of ruminants that retains an intact GPRC6A,
exhibited higher transcript abundance, with peak values reaching 108. This trend was further accentuated in H. sapiens,
where maximum abundance values ranged from 890 to 1,225 across exons 1 to 6. These marked differences in transcript
abundance were supported by pairwise Welch’s t-tests across the six examined exons. Comparisons between B. taurus
and H. sapiens showed consistently strong statistical support, with adjusted P-values ranging from 6.6 x 10™" to 3.5 x
107* (appendix Figure 10). Differences between B. taurus and S. scrofa were less pronounced but remained significant for
exons 1, 2, 4, and 5, further supporting reduced expression in cattle relative to its functional artiodactyl relative. Notably,
although Sus scrofa retains an intact open reading frame, previous studies have suggested relaxed selective constraint on
this gene, which may contribute to its intermediate transcript abundance relative to the highly expressed H. sapiens
ortholog.

In the GPRC6A locus, this region comprises a Bov-B LINE element flanked by SINEs, specifically Bov-A2 and Bov-tA2, with
an additional Bov-A2 element located downstream (Figure 7a and c). Both Bov-A2 and Bov-tA2 are retrotransposons
widely distributed across ruminant genomes [46]. Bov-tA2 is a tRNA-derived SINE composed of a tRNA-related sequence
at its 5" end and a Bov-A unit at its 3’ end, whereas Bov-A2 consists of two Bov-A units linked by short internal repeats

How to cite this article:

Soman A'S, Vijay N (July 15, 2026) Re-evaluating GPRC6A Gene Loss: Implications for Milk Fat Synthesis and Functional

Genomics in Dairy Cattle. Cureus J. Agri. Food Sci 2 : es44497-026-00164-y. DOI https://doi.org/10.7759/s44497-026-00164-

y Page 8 of 14


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Re-evaluating GPRC6A Gene Loss: Implications for Milk Fat Synthesis and Functional Genomics in Dairy Cattle

[47,48]. Notably, the Bov-A2 and Bov-tA2 elements are arranged as inverted repeats, a configuration that permits
intramolecular base pairing and the formation of stable RNA hairpin structures. Such secondary structures are thought to
be substrates for SOS splicing, in which transposable-element derived sequences are excised from mRNAs in a structure-
dependent manner and the remaining transcript ligated by nuclease-mediated repair. Although this process can
introduce short “scar” sequences into the mRNA, protein production may be preserved provided that the resulting
alterations are tolerated at the amino acid level.

RNA editing sites are preferentially enriched within repetitive elements, most notably primate-specific Alu repeats
[49,50]. In bovine genomes, however, RNA editing events are predominantly localized to BovB and BovB-derived SINEs,
including Bov-tA and Bov-A2, with a particularly strong enrichment in the Bov-tA2 family [51]. Structural analyses indicate
that A-to-G editing events within these repetitive regions are frequently associated with double-stranded RNA
conformations, such as hairpin structures, which provide favorable substrates for ADAR-mediated editing (Figure 7c).
These observations are consistent with a role for repetitive elements in shaping RNA secondary structures that could
permit compensatory RNA-level processing.

Trans-splicing provides an additional, albeit speculative, mechanism by which disrupted exons could be replaced
through ligation with exons from separate transcripts. Although Gupta et al. [9] did not detect GPRC6A transcripts in the
tissues they surveyed, expression restricted to specific tissues or physiological states cannot be excluded. Evaluating
these RNA-level processes remains challenging but underscores the diversity of mechanisms capable of decoupling
genomic disruption from functional outcome.

Genomic dark matter is impervious to current sequencing methods

Finally, it remains possible that the apparent disruptions occur at the annotated locus, while an intact copy of GPRC6A
resides elsewhere in the genome. However, this possibility should be regarded as the least supported of the five
scenarios considered here. Gene duplication followed by divergence is a well-established evolutionary process [52].
Although extensive searches of short- and long-read datasets have identified only the paralog CaSR [9], current
sequencing technologies may fail to resolve structurally complex or repetitive genomic regions (Figure 7d). Future
improvements in genome assembly may yet uncover cryptic copies contributing to observed protein
expression. Therefore, an unresolved genomic copy remains a testable but currently speculative explanation. Its
evaluation will require haplotype-resolved long-read assemblies, targeted sequence capture, and orthogonal structural
validation rather than inference from current annotations alone.

Limitations and future validation

Several limitations temper the conclusions of this study. The analyses presented are primarily computational and
literature-informed, and no new primary experimental or proteomic data were generated to directly validate these
models. While data mining of public repositories identified a candidate GPRC6A peptide sequence via mass
spectrometry, its definitive biochemical and structural characterization remains unverified. Consequently, the proposed
internal promoter configurations, translational recoding events, and RNA-level repair mechanisms must be viewed as
provisional, testable hypotheses deduced from sequence context and archival datasets rather than empirically
demonstrated pathways of protein production in bovine mammary tissue. Furthermore, the “genomic dark matter”
scenario remains speculative until evaluated using high-quality long-read assemblies, optical mapping, or targeted
capture sequencing. Future investigation should therefore prioritize targeted proteomic characterization of the identified
candidate peptide, tissue-specific isoform-resolved transcriptomics, and high-quality long-read genomic reconstruction
of the GPRC6A locus to accurately elucidate the mechanisms underlying its functional expression.

Conclusions

The present study demonstrates that sequence-based inference of gene loss can fail to accurately capture functional
reality in livestock genomes. Using GPRC6A as a case study, we show that apparent gene-disrupting mutations can
coexist with experimentally validated protein expression and biological activity in bovine mammary epithelial cells,
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where the gene contributes to lipid metabolism and milk fat synthesis. This disconnect highlights a fundamental
limitation of comparative genomics approaches that rely primarily on coding sequence erosion to infer functional
inactivation. Our analysis outlines multiple, nonmutually exclusive mechanisms that may enable functional persistence
despite genomic disruption, including the production of truncated proteins or micropeptides, alternative transcription
initiation, translational recoding, and RNA-level repair processes. In addition, the possibility of unresolved genomic
copies underscores the influence of assembly limitations on gene annotation. Collectively, these mechanisms illustrate
that gene function can be maintained through diverse molecular pathways that are not captured by standard annotation
frameworks. From an agricultural perspective, these findings have direct implications for dairy genomics and livestock
improvement. Genes involved in nutrient sensing and metabolic regulation, such as GPRC6A, are integral to traits, such as
milk fat composition, that determine both product quality and economic value. Misclassification of such genes as
nonfunctional may lead to their exclusion from candidate gene discovery, genomic selection programs, and functional
studies, thereby limiting progress in breeding strategies aimed at improving productivity.

We therefore propose the concept of “peripatetic molecular fossils” to describe genes that retain biological activity while
exhibiting sequence features typically associated with loss. We specifically define a “peripatetic molecular fossil” as a locus
that satisfies three criteria: first, it contains sequence features that would normally support a gene-loss annotation, such
as premature stop codons, frameshifts, or disruptive insertions; second, independent evidence indicates transcription,
translation, or functional activity in at least one biologically relevant tissue or physiological condition; and third, the
available evidence does not yet establish whether the active product derives from the annotated disrupted locus, an
alternative transcript, a truncated ORF, RNA-level rescue, or an unresolved genomic copy. This category differs from a
conventional translated pseudogene because it explicitly links apparent sequence erosion to retained trait-relevant
biological activity and highlights unresolved mechanistic ambiguity rather than assuming a single origin of the
functional product. Recognizing this intermediate category shifts the interpretation of gene status from a binary
framework toward a continuum that incorporates functional evidence alongside sequence data. More broadly, our
findings emphasize the need for integrative approaches that combine comparative genomics with transcriptomics,
proteomics, and experimental validation to accurately identify genes influencing agriculturally important traits. In this
sense, a peripatetic molecular fossil is not merely a degraded remnant, but a locus that appears genomically eroded
while retaining evidence of biological activity. Analogous to biogeographically unexpected fossils, such as the
“kangaroos in Kashmir” metaphor used to describe palaeontological anomalies, these genes appear out of place within a
binary framework of gene presence versus gene loss. The concept is intended to highlight loci that occupy this unsettled
middle ground: sequence-disrupted, functionally suggestive, and mechanistically unresolved.

In conclusion, the GPRC6A case underscores the importance of re-evaluating gene-loss inference in livestock systems and
highlights the need for functionally informed annotation to advance dairy science and agricultural genomics.
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