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ABSTRACT

Genome-wide association studies (GWAS) have identified many cattle growth loci, but differences in phenotype,
population, statistical model, reference assembly, and result availability can make apparent replication misleading.
We assessed whether published cattle growth GWAS could support quantitative synthesis, identified defensible
regional recurrence, and defined priorities for translating cattle evidence to yak. The audit drew on a 318-record
livestock-genomics library, a PubMed horizon search updated to 28 August 2026, and direct source verification.
A 13-study primary cattle inventory framed the audit: ten studies supplied complete extractable locus-level data,
two supplied partial main-text coordinates, and one was retained at study and chromosome-summary levels. Two
additional contemporary cattle GWAS were appraised narratively, together with seven yak growth GWAS.
Coordinates were compared only within verified assemblies and were never pooled across species. The ten
complete-source studies supplied 1,163 marker-test records after duplicate removal. Within the original nine-
study extraction, 399 of 450 records had verified assemblies and formed the primary coordinate-analysis subset;
33 coordinates recovered from main texts were retained for sensitivity analysis. Two independent populations
supported a phenotype-compatible BTA1 region near VEPHI, indicating regional rather than causal-variant
recurrence. Heterogeneous designs and incomplete effect reporting precluded quantitative meta-analysis of the
seven yak GWAS. An assembly-aware, phenotype-compatible synthesis is therefore more defensible than cross-
species effect pooling. Cattle loci should guide yak validation only when supported by orthology or conserved
synteny, compatible phenotypes, and independent functional evidence. This framework links regional
prioritization to functional annotation, fine-mapping, metabolomic integration, and precision yak breeding.
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1. INTRODUCTION

Growth is a central component of biological fitness and production efficiency in cattle. Birth weight, pre- and
post-weaning gain, mature weight, skeletal dimensions, muscularity, and carcass composition influence feed
requirements, age at slaughter, reproductive management, calving difficulty, and the economic value of dairy and
beef animals. These phenotypes are related but not interchangeable: body weight reflects the combined
development of bone, muscle, adipose tissue, viscera, and gut fill, whereas height, body length, chest girth,
muscling scores, and carcass measurements capture more specific developmental components. Age, sex, maternal
effects, nutrition, management, climate, and breed type further modify their expression (Hozakova et al., 2020;
Seabury et al., 2017). A genomic synthesis must therefore preserve phenotype definition rather than treat every
measurement labelled "growth" as the same outcome.

Cattle growth traits are moderately to highly heritable in many populations but have a predominantly polygenic
architecture. Linkage mapping and candidate-gene studies initially highlighted major biological regulators, while
dense SNP arrays, imputed whole-genome sequence, high-coverage resequencing, and single-step genomic
methods subsequently enabled genome-wide discovery. Early cattle GWAS demonstrated genome-wide
associations for birth and postnatal growth in crossbred beef cattle, feedlot growth and intake traits, and
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longitudinal growth-curve parameters (Snelling et al., 2010; Bolormaa et al., 2011; Crispim et al., 2015). Later
studies extended this work to dairy, beef, indigenous, and composite populations, including Holstein, Charolais,
Simmental, Nellore, Braunvieh, Belgian Blue, Red Angus, Blanco Orejinegro, Romosinuano, and African
indigenous cattle (Jahuey-Martinez et al., 2016; Seabury et al., 2017; Terakado et al., 2018; An et al., 2020;
Zhuang et al., 2020; Vanvanhossou et al., 2020; Zepeda-Batista et al., 2021; Smith et al., 2022; Bejarano et al.,

2023 ; Gualdron Duarte et al., 2023; Zhang et al., 2025a). However, the associated markers reported by one
population frequently fail to recur as exact variants in another because allele frequencies, linkage disequilibrium,
breed history, phenotype measurement, power, and genomic resolution differ.

Several loci nevertheless have strong biological and cross-population support. The PLAG1 region on BTA14 has
pleiotropic effects on stature, body weight, reproduction, and production traits, with functional work supporting
altered PLAG1 regulation as an underlying mechanism (Fink et al., 2017; Takasuga, 2016). The NCAPG-LCORL
interval on BTAG is repeatedly associated with fetal growth, mature stature, lean growth, carcass weight, and feed
efficiency. Recent cattle analyses further implicate LCORL and STC2 in body size and growth-rate variation
(Majeres et al., 2024; Bai et al., 2025). These examples show that credible gene prioritization requires convergence
of positional, statistical, functional, and phenotypic evidence rather than recurrence of a gene name alone.

The interpretation of cattle GWAS has also moved beyond nearest-gene annotation. Most associated variants and
QTL fall in noncoding regions, where the regulated gene may be distant from the lead marker. AnimalGWASAtlas
integrates livestock GWAS/QTL evidence with chromatin interaction, epigenomic, conservation, transcription-
factor, and tissue information to improve regulatory annotation (Gou et al., 2025). Integrative cattle studies
similarly combine GWAS with expression, splicing, transcriptomic, or multi-omics information to prioritize
causal genes and distinguish positional candidates from biologically supported targets (Liu et al., 2025;
Ghoreishifar et al., 2026). These resources strengthen downstream interpretation, but they do not correct an
erroneous chromosome label, an unspecified reference assembly, or a phenotype mismatch in the source literature.
Earlier reviews established the importance and limitations of livestock GWAS. Sharma et al. (2015) summarized
early livestock GWAS successes and challenges, while Sahana et al. (2023) provided cattle-specific guidance for
genotype quality control, relatedness, population structure, significance testing, and post-GWAS interpretation.
These reviews provide methodological context, but neither performs the source-level, assembly-aware audit of
cattle growth loci undertaken here.

Previous cattle growth syntheses answer different questions. Candidate-gene reviews and meta-analyses evaluate
predefined polymorphisms, whereas coordinated GWAS meta-analyses combine harmonized genome-wide
results. Bouwman et al. (2018) analysed stature in 58,265 cattle from 17 populations, and Sanchez et al. (2023)
analysed growth, morphology, and carcass traits in 54,782 animals from 15 populations. Multitrait methods have
also combined correlated traits or effect directions to characterize pleiotropy (Bolormaa et al., 2014; Xiang et al.,
2020; Ma et al., 2023). These are genuine meta-analytic achievements, but they are not literature-level audits of
heterogeneous published locus tables.

Additional cattle meta-GWAS illustrate why the term meta-analysis should be reserved for harmonized statistical
inputs. Pausch et al. (2017) standardized breed-specific allelic effects and standard errors and applied inverse-
variance meta-analysis, while Marete et al. (2018) combined P values, effect directions, and sample-size weights
across three dairy populations. Although their principal outcomes were not identical to the present growth
synthesis, both demonstrate the need for complete marker-level inputs and explicit heterogeneity assessment.
Cross-breed, cross-study, and cross-trait synthesis are not interchangeable designs.

Formal SNP-effect meta-analysis has strict data requirements. The same variant, or a defensible linkage-
disequilibrium proxy, must be represented across independent studies; effect alleles and genomic builds must be
aligned; phenotypes and units must be compatible; and an effect estimate with uncertainty, or another prespecified
summary-statistic framework, must be available. Bouwman et al. (2018), Xiang et al. (2020), and Sanchez et al.
(2023) could satisfy these conditions because they had coordinated access to genome-wide study results. In
contrast, the published cattle literature often supplies only significant lead markers, genomic windows, Manhattan
plots, candidate genes, or incomplete supplementary tables. Pooling such records as if they were commensurate
effects can create artificial replication and false-positive biological conclusions.

A second challenge is coordinate provenance. Cattle studies report positions on UMD3.1, ARS-UCD1.2, ARS-
UCD2.0, or an unstated assembly; the same numerical position is not comparable across builds. PDF extraction
can shift rows or chromosome labels, candidate-gene assignments may use different flanking windows, and
repeated rows can represent multiple traits, ages, breeds, or analytical models rather than independent loci.
Consequently, native supplementary files, explicit source locations, assembly verification, phenotype
harmonization, and marker-level deduplication are prerequisites for regional comparison. Without these
safeguards, expanding the analysis from breeds to different species would compound rather than resolve the
problem.

Our targeted verification of previous cattle reviews and meta-analyses did not identify a synthesis that combined
five features: source-level validation of reported growth-associated loci; explicit genome-assembly provenance;
harmonization of weight, body-dimension, and muscling/carcass phenotype families; sensitivity analysis across
alternative regional windows; and a graded distinction among exact-variant replication, phenotype-compatible
regional recurrence, gene-name recurrence, and cross-trait proximity. This feature-based gap, rather than a claim
that cattle growth genomics has never been reviewed or meta-analyzed, defines the contribution of the present
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study.

Accordingly, cattle were retained as the primary locus-level evidence base, while yak was incorporated as the
focal translational species. The objectives were to (i) determine whether eligible cattle studies provide the
information required for conventional SNP-effect meta-analysis; (ii) verify reported markers, coordinates, genome
assemblies, phenotype definitions, and dataset independence; (iii) identify phenotype-compatible recurrent cattle
regions using conservative and sensitivity windows; (iv) evaluate which cattle findings have defensible
orthologous, syntenic, or functional relevance to yak; and (v) define evidence and reporting priorities for future
yak GWAS and metabolomic GWAS. Species-specific coordinates were never pooled.

2. MATERIALS AND METHODS

2.1 Evidence-synthesis design, information sources, and search provenance

This study is reported as a focused critical evidence synthesis rather than a PRISMA systematic review. The
available project archive did not contain a complete database-specific search log or a mutually exclusive exclusion
ledger; therefore, a retrospective PRISMA flow diagram was not reconstructed. Claims are restricted to the source-
audited cattle-yak corpus described below.

The supplied file Documents exportés_318paper.csv contained 318 Zotero records spanning livestock GWAS,
candidate-gene studies, genomic prediction, reviews, methodological papers, metabolomics, and contextual
biology. It was treated as a mixed reference library for evidence discovery and bibliographic verification, not as
318 independently screened eligible reports. Duplicate copies and off-topic records were not converted into
invented exclusion counts.

The focused corpus was established by assessing the curated cattle set, classifying yak-related records in the
supplied library, and updating verification through 28 August 2026. The primary cattle inventory contained 13
GWAS: ten with complete extractable locus-level data, two with partial main-text coordinates, and Ojo et al.
(2026) at study and chromosome-summary levels because exact coordinate overlap was not testable from the
publication package. Korkué et al. (2025) and Santana et al. (2025) were eligible contemporary cattle growth
GWAS but were appraised narratively because they were outside the frozen coordinate dataset. Mota et al. (2025)
was retained separately as contextual genomic-prediction evidence. Seven peer-reviewed yak growth GWAS met
the updated cutoff, including Wang et al. (2026).

The analytic period was 1 January 2016 to 28 August 2026. Full texts and accessible supplements were checked
for species, phenotype, genome-wide design, source availability, and extractable study characteristics. Because
the 318-record export was a mixed reference library rather than a screening ledger, this focused reproducibility
audit does not estimate study prevalence or claim exhaustive database coverage.

A reproducible PubMed horizon search was run on 28 August 2026 using cattle, bovine, yak, or Bos grunniens
terms combined with growth, body-weight, body-size, conformation, average-daily-gain, or yearling terms and
GWAS or genome-wide-association terms. It returned 320 records before relevance assessment. The broad result
set contained many off-topic records because the keywords appeared contextually; it was therefore used to detect
potentially missed or newly published studies, not as a retrospective PRISMA denominator. The complete query
and its permitted interpretation are reported in Supplementary Table S10.

2.2 Prior-review verification and novelty assessment

Before defining the contribution of the review, targeted searches were used to identify previous cattle systematic
reviews, narrative genomic reviews, single-gene meta-analyses, coordinated GWAS meta-analyses, and multitrait
association analyses concerning growth, stature, morphology, carcass traits, or named growth-related
polymorphisms. Comparator publications were classified by evidence unit: genome-wide summary statistics,
literature-derived SNP/QTL coordinates, single-gene genotype associations, genetic-parameter estimates, or
narrative/systematic review. For each comparator, the phenotype and population scope, input data, assembly
handling, allele harmonization, and quantitative method were recorded.

The novelty claim was prespecified as a feature comparison rather than an absence claim. The manuscript
therefore does not claim that cattle growth genomics has not been reviewed or meta-analyzed. Instead, it asks
whether a prior synthesis combined all five features used here: source-level verification of reported loci, explicit
genome-assembly provenance, phenotype-family harmonization, distance-window sensitivity, and an evidence
hierarchy separating exact-variant, regional, gene, and pathway recurrence.
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Species-specific coordinates were never pooled.

Figure 1. Evidence provenance and focused cattle-yak synthesis
The figure reports only information supported by the supplied library, verified supplementary searches, and
focused evidence audit. The 13-study cattle inventory comprises ten complete-source datasets, two partial-source
datasets, and one study-level/chromosome-summary dataset. This is an evidence-provenance diagram, not a
reconstructed PRISMA flow.

2.3 Study scope and evidence eligibility

The review question was structured using a PECO/SD framework appropriate for observational genomic
association evidence: Population, Bos taurus cattle populations; Exposure, inherited SNP or QTL variation
evaluated genome-wide; Comparator, alternative alleles, genotypes, haplotypes, or genomic regions as defined by
each study; Outcomes, growth, weight, linear body dimensions, conformation, muscling, feed-efficiency, and
carcass phenotypes; and Study design, GWAS, sequence-based GWAS, or single-step genome-wide association
analysis. The review protocol was not prospectively registered. This limitation is disclosed because the cattle-only
revision developed from an archived seven-species project rather than from a newly registered protocol.

The focused primary synthesis included cattle and yak GWAS addressing body weight, average daily gain, linear
body dimensions, conformation, muscular development, feed-efficiency-associated growth, or carcass growth
phenotypes. Study-level eligibility required an on-target measured phenotype, a genome-wide or single-step
genome-wide association design, adequate reporting of association testing, and an accessible full report. Locus-
level coordinate analysis additionally required extractable chromosome positions or intervals and a documented
reference assembly. Candidate-gene association studies, gene-editing experiments, selection scans without direct
phenotype association, reviews, differential metabolomics, and prediction-only reports did not contribute primary
loci.

2.4 Study-characteristics variables and data extraction

Data were recorded in a 41-field dictionary spanning bibliographic information, population and sampling,
phenotype definition, genotyping and quality control, association-model specification, locus-level results, and
extraction provenance. Study-level fields included breed, country or study region, sample size, sex, age or time
point, verbatim trait, harmonized trait family, genotyping platform, post-quality-control marker count, imputation,
association model, covariates, population-structure correction, multiple-testing threshold, genome assembly, and
summary-statistics availability. Country/region was retained only to describe the geographic and population
context of the evidence, not as an analytical moderator; it is reported with breed in Supplementary Table S1.
Locus-level fields included marker, chromosome, coordinate or interval, alleles, effect estimate, standard error,
allele frequency, P value, variance explained, candidate gene, source table, and extraction notes. Original
coordinates and source locations were preserved. The four evidence-dataset denominators and their permitted
analytical uses are summarized in Supplementary Table S3.

2.5 Assembly verification and coordinate quality control

Coordinates were assigned to UMD3.1, ARS-UCD1.2, or ARS-UCD2.0 only when the source explicitly identified
the assembly. The Charolais whole-genome resequencing study explicitly aligned reads to ARS-UCD1.2, and the
Belgian Blue and Beninese studies also reported ARS-UCD1.2/ARS1.2 coordinates. The Creole ssGWAS paper
identified the SNP arrays but did not state the coordinate assembly in the main text; its windows were therefore
excluded from coordinate comparisons pending manifest verification.
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Source-level checking of the Belgian Blue results identified chromosome-label shifts caused by stateful parsing
of a wrapped PDF table. The native Excel supplement was treated as authoritative. Fifteen of 37 extracted
chromosome labels were corrected, after which all regional analyses were rerun. This audit step prevented false
BTAS and BTA19 overlaps with Charolais loci.

2.6 Cattle-genomics database triangulation

Primary publications and native supplements remained the authoritative sources for inclusion, phenotype, effect,
and coordinate extraction. Animal QTLdb Release 59 (20 April 2026), Animal GWASAtlas, NCBI Assembly, and
Ensembl were used only for contextual triangulation of trait terminology, marker/gene identifiers, assembly
metadata, and candidate-region interpretation (Hu et al., 2022; Gou et al., 2025; Dyer et al., 2025). Release 59
contained 212,372 cattle QTL/eQTL/association records curated from 1,231 publications. Database occurrence
was not counted as an independent replication because a database record may reproduce the same primary
publication included in this review. Coordinates were never transferred between UMD3.1, ARS-UCD1.2, ARS-
UCD1.3, and ARS-UCD?2.0 solely because a database displayed an updated position; any future lift-over must
retain the original coordinate, target assembly, mapping tool or chain, mapping status, and ambiguity flag.
Ensembl release 116 uses ARS-UCD?2.0 as its current cattle reference, whereas much of the included evidence
was reported on ARS-UCD1.2 or UMD?3.1.

2.7 Yak evidence and cattle-yak translation

Primary yak evidence required a genome-wide association design, an explicitly measured growth or body-size
phenotype, an accessible peer-reviewed report, and sufficient population and analytical information for study-
level appraisal. Seven reports met these criteria through 28 August 2026: Jia et al. (2020), Wang et al. (2022a),
Jiang et al. (2022), Liu et al. (2023), Zhang et al. (2025b), Zhao et al. (2025), and Wang et al. (2026). Candidate-
gene studies, selection scans without direct phenotype association, genomic-prediction-only reports, and non-
peer-reviewed preprints were excluded from the primary yak GWAS count.

Cross-species comparison was performed through verified one-to-one orthologues, conserved syntenic regions,
compatible phenotype families, and supporting functional evidence. Numerical cattle and yak coordinates were
not compared directly. Evidence was graded from same or confidently aligned orthologous loci with compatible
phenotypes to pathway-level similarity. Candidate-name recurrence without verified orthology or locus
correspondence was considered exploratory.

Possible population reuse was evaluated from breed, location, recruitment period, authorship, institutional
provenance, and available cohort descriptions. Recurrence within the same animals, across correlated phenotypes,
or among multiple models was not treated as independent replication. Potentially overlapping studies were
assigned to the same provisional dataset family until independence could be demonstrated.

2.8 Phenotype harmonization

Phenotypes were assigned to three broad families: growth/weight, body size/conformation, and muscling/carcass.
Regional evidence was considered phenotype-compatible only when both studies belonged to the same family.
This broad grouping was used for screening rather than to imply equivalence between specific measurements or
ages. Exact-effect pooling would require substantially narrower definitions, such as the same weight trait at a
comparable age.

2.9 Regional overlap and sensitivity analyses

Within each confirmed assembly and chromosome, a symmetric 250-kb flank was added to every reported SNP
or QTL interval. Overlapping intervals from independent studies were identified and pairwise hits were collapsed
into independent regions by chromosome and study pair. The procedure was repeated with 500-kb and 1-Mb
flanks to evaluate dependence on the window definition. The 250-kb result was designated the primary analysis
because it was the most conservative of the prespecified windows. The source-validated primary regions are
reported in Table 1, and the alternative-window results are shown in Figure 4.

2.10 Eligibility for conventional SNP-effect meta-analysis

A variant was eligible for inverse-variance meta-analysis only if it was reported in at least two independent studies
with a compatible phenotype, the same reference/alternate context or an alignable effect allele, beta, and standard
error. No variant satisfied all criteria; therefore, pooled beta estimates, heterogeneity statistics, and forest plots
were not calculated.

This decision rule is consistent with established GWAS meta-analysis practice, in which study-specific association
results are harmonized by marker identity, genomic position, coded allele, effect direction, effect estimate, and
uncertainty before pooling (Willer et al., 2010; Evangelou and Ioannidis, 2013). Pausch et al. (2017) provide an
inverse-variance cattle example, whereas Marete et al. (2018) demonstrate a weighted-Z design using P values,
directions, and per-breed sample sizes. None of these inputs can be reconstructed reliably from a catalogue
restricted to significant lead loci; regional proximity or recurrence of a candidate-gene name was therefore not
converted into a pooled effect size.

2.11 Study-level quality appraisal

Each study was appraised descriptively across eight domains: population definition and effective sample size;
phenotype measurement and adjustment; genotyping/sequencing quality control; relatedness and population
structure; covariate specification; multiple-testing control; genome-assembly and coordinate reporting; and
completeness of locus-level results. No numerical total score was calculated because no universally accepted
livestock-GWAS risk-of-bias instrument exists and the domains are not exchangeable. The appraisal evaluated
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whether each design was adequate for its stated objective and sufficiently reported for verification; a study was
not penalized merely for finding few loci.

2.12 Data completeness and missing information

Missing information was treated explicitly. A blank beta, standard error, allele frequency, marker identifier, or
assembly was coded as unavailable rather than inferred from a P value, Manhattan plot, nearby database record,
or another publication. Analysis eligibility was determined from the observed field completeness; the resulting
source strata and analytical restrictions are reported in Results and Supplementary Table S3. Corresponding
authors or repositories should be contacted for genome-wide summary statistics before any future effect-size meta-
analysis.

2.13 Locus deduplication, independence, and evidence hierarchy

Within-study duplicate records were checked using study identifier, trait, chromosome, coordinate or interval,
marker identifier, and source table. Multiple traits associated with the same marker were preserved as separate
evidence rows because they represent distinct phenotype tests. Multiple markers within a study were not assumed
to be independent; consequently, the number of extracted rows was never used as a statistical weight. Regional
matches were accepted only across different studies, and pairwise locus matches collapsed into an independent
regional cluster to prevent dense reporting by one study from producing multiple apparent replications.

Evidence was classified hierarchically. Level 1 required the same variant, compatible phenotype, aligned effect
allele, beta, and standard error in independent studies. Level 2 required the same assembly and a phenotype-
compatible regional overlap under the prespecified window. Level 3 comprised gene recurrence or a broader-
window regional overlap without exact-variant evidence. Level 4 comprised cross-trait or cross-species proximity
and was considered exploratory. Only Level 1 would justify a conventional pooled effect; Level 2 supported
regional prioritization; Levels 3 and 4 were hypothesis-generating.

2.14 Visualization strategy and interpretation safeguards

The main figures were prespecified to answer distinct questions. The evidence-provenance diagram reports source
identification and analytic inclusion without implying a reconstructed PRISMA screening ledger. A study-
contribution plot shows the number of extracted locus records per study but is not interpreted as study precision
or weight. A reported-locus landscape places the available significant or suggestive loci along the 29 bovine
autosomes and plots minus log10(P) when a numerical P value is available. This landscape is explicitly not
labelled as a conventional Manhattan plot because the extracted literature dataset lacks the complete set of tested
variants, including null and non-significant results. The interpretation limits for each genomic figure are stated in
the corresponding caption and Results section.

A conventional quantile-quantile plot was not produced. QQ plots compare the observed distribution of genome-
wide test statistics or P values with their expected null distribution and are used to evaluate calibration and residual
inflation. Constructing one from a significance-selected subset would guarantee severe truncation and create a
misleading impression of genomic inflation. Valid study-specific Manhattan and QQ plots require full GWAS
summary statistics, or at minimum all tested marker P values, from each study. If those files are obtained, plots
should be generated separately by study and phenotype before any harmonized meta-analysis.

2.15 Reproducibility and sensitivity analyses

Every extracted row retained a study identifier, source file, source table or supplement, reported build, original
coordinate, correction note, and evidence status. Corrections were logged rather than silently overwriting
provenance. Regional analysis was rerun after the Belgian Blue chromosome audit, and results were compared
across 250-kb, 500-kb, and 1-Mb flanking windows. The 250-kb rule was designated primary before interpreting
recurrence, while the broader windows quantified sensitivity to an uncertain linkage-disequilibrium scale.

The analysis package separates raw extraction, harmonized loci, source-row validation, corrected coordinates,
region clusters, and manuscript-ready summaries. This layered structure permits an auditor to trace every
highlighted region back to its source and to rerun the overlap analysis after new supplementary data are obtained.
Reference-assembly reporting follows the principle that genomic coordinates are meaningful only within a named
assembly; cattle loci were therefore stratified among UMD3.1, ARS-UCDI1.2, ARS-UCD2.0, and unreported
builds rather than pooled across coordinate systems (Rosen et al., 2020).

3. RESULTS

3.1 Study and locus coverage

The 13-study primary cattle inventory comprised Liu et al. (2025), An et al. (2020), Zepeda-Batista et al. (2021),
Zhang et al. (2017), Zhang et al. (2025a), Bila et al. (2026), Seabury et al. (2017), Bejarano et al. (2023), Ma et
al. (2023), Gualdréon Duarte et al. (2023), Zhuang et al. (2020), Vanvanhossou et al. (2020), and Ojo et al. (2026).
Mota et al. (2025) was retained only as contextual genomic-prediction evidence. Ten previously extracted studies
supplied complete numerical results. The original nine-study extraction contained 450 records, of which 399 had
sufficiently verified assemblies for coordinate analysis. Addition of the audited Seabury et al. workbook produced
1,163 complete-source marker-test records. Thirty-three coordinates from incomplete-source publications were
retained separately for sensitivity analysis.

The contribution of locus records was uneven: the Charolais resequencing study contributed 173 records, followed
by the Simmental body-size GWAS (63), Chinese Simmental weighted single-step GWAS (60), Creole cattle
(51), Belgian Blue (37), Beninese cattle (28), Holstein (27), Sussex (8), and Braunvieh (3). These counts reflect
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reporting granularity and extraction availability and were not used as analytical weights. The distribution is shown
in Figure 2; Supplementary Table S3 defines the corresponding evidence-dataset denominators.
Study Contributions to the Cattle Locus Dataset

Charolais hcWGS 2025 173

Simmental body-size 2020

Simmental wssGWAS 2020 - 60

Creole ssGWAS 2023 - ‘ 51
Belgian Blue 2023

Beninese 2020

Holstein 2017 - 27

Sussex 2026 - 8

Braunvieh 2021 3

. |

25 50 75 100 125 150 175
Extracted locus records

oA

Total: 450 reported SNP/QTL records from 9 studies; record count is not study weight.

Figure 2. Study contributions to the extracted cattle locus dataset
Bars represent extracted SNP/QTL records, not sample size, precision, or meta-analytic weight.

3.1.1 Audit of outstanding supplementary evidence

The second Simmental body-size study was recovered from main Table 1. Sixty-three marker-by-analysis or trait
rows representing 52 unique marker-position pairs were extracted on the explicitly reported UMD?3.1 assembly.
Repeated markers were retained when reported under different single-trait, multitrait, or longitudinal analyses,
but overlapping evidence within a study was collapsed before cross-study comparison. Adding these rows
generated no new cross-study regional match at +/-250 kb, +/-500 kb, or +/-1 Mb (An et al., 2020).

The U.S. beef supplementary workbook was obtained and audited. It contained 717 association rows across
Angus, Hereford, and SimAngus analyses of residual feed intake, dry-matter intake, average daily gain, and mid-
test metabolic weight. Four exact duplicate copies were removed, leaving 713 valid marker-test records and 702
unique marker-position pairs. Fifteen records were located in the pseudoautosomal region. All retained rows met
the study's reported P-value, variance-explained, and minor-allele-frequency criteria. Because reference-assembly
provenance could not be established with sufficient confidence from the available source, these coordinates were
retained for descriptive synthesis but not treated as assembly-confirmed cross-study replication (Seabury et al.,
2017).

The Huaxi cattle study reported 99 significant associations across seven growth or carcass phenotypes, but the
complete association table was unavailable because the underlying commercial-farm data were restricted. Eight
explicit ARS-UCD2.0 coordinates were recoverable from the main article. Only BTAS8:65,120,621 was
unambiguously connected to body weight in the available text; the remaining loci were retained with broader or
unresolved phenotype labels in the partial-source sensitivity table (Liu et al., 2025).

The Holstein-heifer study cited two Figshare supplements, but the cited DOI landing pages did not provide
retrievable files during the audit. Twenty-five unique ARS-UCDI1.2 coordinates were recovered from the article:
23 could be assigned to specific growth or body-dimension phenotypes and two retained unresolved phenotype
categories. These records were analysed as partial-source sensitivity evidence and not as a complete representation
of the study (Ma et al., 2023).

Candidate-gene frequency and regional recurrence were interpreted by source-completeness tier. The 1,163-
record complete-source dataset supports descriptive extraction, and the 1,196-record sensitivity dataset adds 33
recoverable main-text coordinates. The highlighted VEPH1 region is based on the 399-record assembly-confirmed
coordinate subset and is reported as phenotype-compatible regional recurrence, not exact-variant replication. The
larger datasets are not allowed to create coordinate matches until their reference assemblies and phenotype
mappings meet the same prespecified rules.

3.2 Distribution of reported association evidence

The published-locus landscape describes the original 450-record extraction from nine studies. Within that
extraction, 399 records had verified assembly provenance and formed the primary coordinate-analysis subset.
This subset was retained for regional recurrence because the additional Seabury records lacked sufficiently
verified assembly provenance and the partial-source records did not represent complete association outputs. The
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updated 1,163-record dataset is therefore used for descriptive source accounting, while coordinate recurrence is
restricted to the 399 assembly-confirmed records. This separation prevents unresolved coordinates from creating
artificial overlap.

Landscape of Published Significant or Suggestive Cattle Loci
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Figure 3. Landscape of published significant or suggestive cattle loci.
The in-figure warning distinguishes this significance-selected evidence display from a conventional Manhattan
plot based on all tested variants.
This figure is not a conventional Manhattan plot because non-significant genome-wide variants were unavailable.
A QQ plot was not generated for the significance-selected literature dataset.
3.3 Corrected conservative regional synthesis
After correcting the Belgian Blue chromosome labels, the 250-kb analysis identified three independent cross-
study regions (Table 1). Only the BTA1 region connected studies within the same broad phenotype family. The
Beninese study reported rs109126926 at 110,160,486 bp for height at withers (P = 1.12 x 10"-6), and the Charolais
study reported a position at 110,115,447 bp for body length at three months (P = 1.76 x 10"-7). The lead
coordinates were separated by 45,039 bp. Both studies annotated VEPH1, whereas the Charolais record also
included PTX3.
The BTA7 overlap linked a chromosome-wide suggestive Beninese ear-length SNP with a cluster of significant
Charolais backfat-thickness variants near RIOK2 and LIX1. The BTA19 overlap linked a chromosome-wide
suggestive Beninese heart-girth SNP with a Belgian Blue MRC2 frameshift QTL associated with top muscling,
rib shape, and buttock rear. Because these two regions involved different trait families and lacked a shared reported
gene, they were retained as exploratory observations rather than replicated growth loci.

Table 1. Source-validated cross-study regions detected with the primary +/-250-kb rule.

Priority BTA Study1 Study 2 Distance Decision

Beninese: height at withers; Charolais:  3-month

Primary 1 body 45,039 bp Retain

1s109126926; VEPH1 length; VEPH1/PTX3
Beninese: ear length; Charolais: 18-month backfat Cross-trait
Exploratory 7 suggestive SNP thickness; RIOK2/LIX1 ~436-442 kb only
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Beninese: heart  girth; Belgian Blue: muscling traits; Cross-trait
Exploratory 19 suggestive SNP MRC2 365,572 bp only

Sources: Vanvanhossou et al. (2020), Gualdron Duarte et al. (2023), and Zhang et al. (2025a), with coordinates
checked against the cited main and supplementary tables.

3.4 Sensitivity to window width

The corrected analysis identified five independent regions at +/-500 kb and six at +/-1 Mb, compared with three
at +/-250 kb. Same family regions numbered one, three, and five, respectively. The expected increase at broader
windows demonstrates that overlap counts are sensitive to the distance rule. Accordingly, broad-window-only
findings should not be elevated to primary replication evidence. The full window-width comparison is presented
in Figure 4.

Sensitivity of Regional Recurrence to Window Width

Bl Pairwise matches Bm Independent regions Same-trait regjonk’

Count

+250 kb +500 kb +1 Mb

Figure 4. Sensitivity of regional recurrence to the flank width.
Broader windows increased pairwise matches and same-trait regions, demonstrating dependence on the spatial
rule.
3.5 Effect-size meta-analysis feasibility
No exact marker recurred with the information required for quantitative pooling. The Braunvieh study directly
reported beta and standard error, and selected Belgian Blue and Beninese results contained effect information, but
the variants and phenotypes were not independently replicated in a compatible form. The statistically appropriate
result was therefore a decision not to pool SNP effects. Source strata and their permitted analytical uses are
documented in Supplementary Table S3, while the appraisal domains are reported in Supplementary Table S5.
3.6 Yak growth GWAS evidence
The August 2026 horizon search identified two eligible contemporary cattle studies outside the frozen coordinate
dataset. Korku¢ et al. (2025) analysed birth weight, body weight, and weight gain in 669 German Black Pied bulls
and reported 14 loci using the ARS-UCDI1.2 assembly. Santana et al. (2025) analysed yearling weight at
approximately 378 days in 5,070 Nellore males using a single-step genomic reaction-norm GWAS; pasture- and
feedlot-response windows were reported on ARS-UCD1.3. These studies reinforce the review's central argument
that environment, phenotype, assembly, and reporting unit must be harmonized before recurrence or effect pooling
is attempted. They were not retrofitted into the frozen coordinate analysis because doing so without reconstructing
the complete source-level extraction would change its denominator after analysis.
Seven primary yak growth GWAS met the updated cutoff of 28 August 2026. Six were identified in the earlier
verified corpus: Jia et al. (2020), Wang et al. (2022a), Jiang et al. (2022), Liu et al. (2023), Zhang et al. (2025b),
and Zhao et al. (2025). Wang et al. (2026) added a peer-reviewed GWAS and genomic-selection analysis of
average daily gain in 474 Ashidan yaks using high-depth whole-genome resequencing. The seven studies are
summarized in Supplementary Table S2.
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The seven yak studies differed substantially in population, sex, age, genomic platform, assembly, association
model, and significance threshold. Agreement among several models applied to the same animals was interpreted
as within-dataset analytical robustness rather than independent replication. Potential cohort overlap was assessed
from breed, location, recruitment period, authorship, and institutional provenance. The yak literature therefore
provides a growing discovery base, but independently replicated growth loci remain limited.

3.7 Cattle-yak transferability and mGWAS gap

No cattle-yak association was considered replicated solely because similar gene names or chromosome numbers
were reported. Transferability required a verified orthologous gene or conserved syntenic interval, a compatible
growth phenotype, and explicit consideration of study independence. On the presently verified evidence, no Level
1 cross-species replication based on an aligned causal or lead variant could be established. Cattle candidates should
therefore be used to prioritize yak regions for validation rather than to define a universal bovine growth
architecture.

The targeted evidence review did not identify an eligible peer-reviewed direct metabolomic GWAS in which
genome-wide variants were tested against metabolite phenotypes specifically in relation to yak growth.
Differential metabolomics and integrative genomic-metabolomic studies remain biologically informative but were
not classified as direct mGWAS. This gap provides a focused rationale for future yak studies integrating genome-
wide variants, quality-controlled metabolite intensities, growth phenotypes, fine-mapping, and independent
validation.

4. DISCUSSION

4.1 Principal findings and strength of evidence

The principal result is methodological as well as biological. Among the 12 cattle studies represented in the existing
locus-level datasets (within the 13-study eligible inventory), no exact variant was reported in at least two
independent studies with a compatible phenotype, an aligned effect allele, a beta coefficient, and a standard error.
Ojo et al. (2026) could not be tested for exact overlap because the publication package omits the significant-
marker identifiers and coordinates. A conventional inverse-variance SNP-effect meta-analysis was therefore not
estimable for the updated inventory. This is not a negative result: it identifies the precise reporting and
harmonization barrier that must be overcome before quantitative pooling can be justified.

Within the source-validated 450-record dataset, the conservative +/-250-kb analysis identified three cross-study
regions, but only one connected compatible phenotype families. The BTA1 region near 110.1 Mb linked a
Beninese height-at-withers association with a Charolais three-month body-length association. The lead positions
were separated by 45,039 bp, were reported on ARS-UCD1.2, and both source studies annotated VEPH]1. This
convergence is stronger than gene-name recurrence alone because it combines independent populations, positional
agreement, assembly agreement, and related body-dimension phenotypes. It should nevertheless be described as
a recurrent region, not replication of one causal SNP.

The BTA7 and BTA19 overlaps remain exploratory. They connected different trait families, depended partly on
suggestive evidence, and did not provide a shared reported gene. Their presence demonstrates why proximity
alone cannot establish biological replication. The increase from three regions at +/-250 kb to five at +/-500 kb and
six at +/-1 Mb further shows that recurrence is sensitive to the spatial rule; broad-window findings require stronger
external evidence before they are promoted.

4.2 Position relative to previous cattle reviews and meta-analyses

The present contribution must be positioned beside, rather than above, established cattle meta-analyses. Bouwman
et al. (2018) identified 163 stature-associated regions after harmonizing approximately 25.4 million sequence
variants across 17 populations. Sanchez et al. (2023) used 54,782 animals from 15 populations and aligned
sequence-level summary statistics for growth, morphology, and carcass traits. Xiang et al. (2020) used effect-
direction agreement in more than 44,000 cattle to quantify pleiotropy, while Ma et al. (2023) used monthly
Holstein growth measurements to detect pleiotropic markers across traits and ages. Their access to genome-wide
results enabled statistical operations that cannot be reconstructed from published significant-only tables.

The comparator studies reinforce, rather than weaken, this distinction. Pausch et al. (2017) demonstrated both the
additional power and the imputation-related heterogeneity possible in across-breed pooling. Marete et al. (2018)
detected stature QTL from complete marker-level results but also showed that population-specific signals can lose
power when heterogeneous datasets are combined. These papers are methodological comparators, not additional
primary growth-locus inputs. A comparator can enter the analytic dataset only if it satisfies the same date,
phenotype, study-design, source-file, assembly, and locus-extraction criteria applied to every included paper.
Candidate-gene syntheses answer a different question from GWAS evidence synthesis. Reviews of predefined
GH or LEP polymorphisms evaluate selected genotype contrasts rather than the genome-wide distribution and
assembly provenance of reported loci (Bila et al., 2024; Wang et al., 2022b). General GWAS reviews remain
useful for methodological context, but they do not replace verification of each marker against its native source
(Sharma et al., 2015; Sahana et al., 2023).

The novelty of the present study is deliberately narrow and reproducible: it tests whether heterogeneous published
cattle growth-GWAS results are combinable; corrects extraction errors against native supplements; stratifies
coordinates by assembly; harmonizes phenotype families; evaluates dependence on regional window size; and
grades exact-variant, regional, gene, pathway, and cross-trait evidence separately. This approach directly

Genetics and Molecular Research 25 (17s): 2026 A. Iribagiza et al. | doi: 10.4238/rqnk2j63



addresses the artifact risk created by unverified coordinate aggregation. It should be described as a focused,
assembly-aware critical evidence synthesis and regional sensitivity analysis, not as a substitute for a consortium-
scale GWAS meta-analysis.

4.3 Source validation, reporting quality, and implications for future meta-analysis

Returning to the Belgian Blue native spreadsheet corrected 15 chromosome-label shifts introduced during PDF-
table extraction. Without that correction, false overlaps with Charolais loci would have entered the results. This
finding demonstrates that source verification is part of statistical validity: a wrong chromosome or assembly can
generate a completely artificial recurrent region. Reviews of genomic associations should therefore preserve the
verbatim marker, coordinate, assembly, trait, analytical model, significance threshold, and source-table location
for every extracted record.

The evidence hierarchy used here also limits overinterpretation. Exact-variant replication with aligned effects is
the strongest level and can support quantitative meta-analysis. Phenotype-compatible regional recurrence can
prioritize a QTL but cannot establish the same causal allele. Gene-name recurrence without positional agreement
is hypothesis-generating, because different studies may use different annotation windows or assign the same broad
gene to distinct signals. Pathway recurrence is useful for biological integration but is vulnerable to gene-set size
and annotation bias. Cross-trait or cross-species recurrence requires an explicit pleiotropic or orthology-based
hypothesis.

Future quantitative synthesis should prioritize acquisition of complete summary statistics from the eligible studies.
Harmonization should include genome-build conversion with documented chain files, reference/alternate and
effect-allele alignment, allele-frequency checks, phenotype and age matching, sample-overlap assessment, and
breed-stratified sensitivity analyses. Fixed-effect estimates may be appropriate for closely harmonized effects,
whereas random-effects or meta-regression approaches may be required when breed, age, production system, or
phenotype definitions introduce genuine heterogeneity. Study-specific Manhattan and QQ plots should be
regenerated only from complete genome-wide results; a significance-selected literature dataset cannot provide a
valid genomic-inflation diagnostic.

Cattle-genomics databases should support, but not replace, this source-level workflow. Animal QTLdb provides
broad trait and positional coverage and supports comparison across studies; AnimalGWASAtlas adds regulatory
and multi-omics prioritization, NCBI and Ensembl provide assembly and annotation provenance. However,
database scale is not evidence of independent recurrence, and database-remapped coordinates should not be mixed
with author-reported coordinates without explicit build conversion. For the present synthesis, database evidence
is therefore classified as external annotation support rather than an additional study or locus count.

4.4 Biological interpretation and cattle-to-yak transferability

VEPHI1 is the most defensible candidate emerging from the current regional synthesis, but it remains a
prioritization target rather than a confirmed growth gene. The two contributing studies support a shared body-
dimension region, yet the causal variant, local linkage-disequilibrium structure, and regulatory target remain
unresolved. PTX3 was additionally annotated at the Charolais position but not in the Beninese record. Functional
follow-up should therefore compare VEPH1, PTX3, and other genes within the shared interval using breed-
specific linkage disequilibrium, relevant tissue expression, chromatin interactions, and regulatory annotations.
AnimalGWASAtlas and cattle multi-omics frameworks provide useful resources for this next step (Gou et al.,
2025; Ghoreishifar et al., 2026).

The limited recurrence of extracted loci does not contradict the established roles of PLAG1, NCAPG-LCORL,
and STC2. Those loci are supported by coordinated GWAS, functional studies, or fine-mapped cattle haplotypes
(Fink et al., 2017; Majeres et al., 2024; Bai et al., 2025). Their incomplete recurrence in a literature-derived dataset
can reflect phenotype and age differences, population-specific allele frequencies, significance thresholds, limited
power, and incomplete supplements. Absence from the present regional result is therefore not evidence against
their biological importance.

Yak is the only translational species retained because it is the biological focus of the doctoral project. Seven yak
GWAS met the formal search cutoff and addressed weaning growth, body weight, linear dimensions, and image-
derived body-size traits (Jia et al., 2020; Wang et al., 2022a; Jiang et al., 2022; Liu et al., 2023; Zhang et al.,
2025b; Zhao et al., 2025). These studies constitute an independent yak evidence base; their coordinates were not
pooled numerically with cattle coordinates.

Cattle-to-yak transferability should be evaluated hierarchically. The strongest claim requires an orthologous gene
or conserved syntenic interval associated with a compatible phenotype in both species. Functional or pathway
agreement without positional support is weaker and should be described as biological plausibility. Gene-name
recurrence alone is insufficient because annotation windows, genome assemblies, linkage disequilibrium, and
population history differ between cattle and yak. The focused comparison therefore prioritizes one-to-one
orthology, assembly provenance, phenotype compatibility, and independent functional evidence.

The current yak literature remains limited in sample size, cohort diversity, and locus-level reporting. A genomic-
prediction study provides useful context for breeding applications but is not treated as primary association
evidence (Fu et al., 2019). The 2026 Ashidan-yak average-daily-gain GWAS is included in the updated seven-
study inventory, but its signals require validation in independent yak populations (Wang et al., 2026).

The metabolomic-GWAS gap remains directly relevant to the project. Current livestock applications show how
metabolite traits can connect association signals to biochemical pathways, but a credible yak mGWAS must use
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species-specific genotype quality control, metabolite identification and normalization, covariate adjustment,
multiple-testing control, and independent functional interpretation (Ren et al., 2024). Cattle evidence can guide
candidate pathways and annotation, but it cannot substitute for a properly powered yak discovery design.

Taken together, the findings support a focused sequence of work: retain the 13-study primary cattle inventory
with its explicit source-completeness strata; appraise Korkuc¢ et al. (2025) and Santana et al. (2025) narratively
until their complete result files can be harmonized; retain seven formal yak GWAS; keep species-specific
coordinates separate; interpret only source-validated cattle recurrence; and evaluate transfer through orthology,
synteny, compatible phenotypes, and pathways.

5. Supplementary material

The accompanying file contains Supplementary Tables S1-S10: cattle and yak study characteristics, evidence-
dataset definitions, dataset-family independence, methodological appraisal domains, priority genes and regions,
pathway themes, metabolomic evidence, evidence classification, and provenance rules. Restricted or unavailable
publisher supplements were not reconstructed.

6. Limitations

e Ten cattle GWAS contributed complete extractable locus-level data, two contributed partial main-text
coordinates, and one contributed study-level and chromosome-summary evidence without testable exact
coordinate overlap. Source incompleteness may change the regional landscape and is handled through separate
primary and sensitivity datasets.

e The Creole study was excluded from coordinate matching because the coordinate assembly was not explicitly
stated in the main paper.

e The phenotype families are intentionally broad and cannot substitute for exact age- and unit-specific
phenotype harmonization.

e Fixed flanking windows approximate linkage regions and do not model breed-specific linkage disequilibrium.
e Published significant loci are subject to winner's curse, selective reporting, and heterogeneous multiple-
testing thresholds.

e The recurrent VEPHI region is supported by two studies only and requires replication in additional
populations.

7. CONCLUSIONS

The accessible literature does not support a conventional inverse-variance meta-analysis of cattle and yak growth
loci. Numerous associations have been reported, but phenotype heterogeneity, incomplete effect reporting,
uncertain assemblies, unavailable supplements, and possible population reuse substantially reduce the number of
independently reproducible findings. The BTA1 region near VEPH1 remains a phenotype-compatible cattle signal
for follow-up, not proof of a shared causal variant. Cattle discoveries can inform yak research when translation is
based on verified orthology, conserved synteny, compatible phenotypes, and independent evidence rather than
raw coordinates or repeated candidate-gene names. The absence of an eligible direct yak growth mGWAS
identifies a concrete opportunity for the planned doctoral research. Future studies should publish complete
summary statistics, document cohorts and assemblies, and include independent validation.
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Supplementary Table S1. Cattle study characteristics and critical interpretation

Study Setting/country
Liu et al. (2025) China

An et al. (2020) China
Zepeda-Batista et al. .

(2021) Mexico

Zhang et al. (2017) China

Zhang et al. China
(2025a)

Bila et al. (2026) South Africa

Seabury et al. (2017) United States
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Population or sample

202 Huaxi cattle; 7.19
million high-quality
variants

1,217 Chinese
Simmental beef cattle

Braunvieh cattle;
analysed sample size
NR in the accessible
source used for this
audit

3,325 genotyped
Chinese Holstein
heifers; EBVs derived
from 38,602 cows

240 Charolais cattle

96 Sussex cattle (45
females and 51 males)

Angus, Hereford, and

Phenotype

Body weight, eye-
muscle area, and
backfat thickness
across five growth
stages

Six body-size traits at
three growth stages

Growth traits

Body height and heart
girth at 6, 12, 18, and
24 months

Growth and carcass
traits

Linear body
measurements at
weaning and yearling
age

Residual feed intake,

Genomic design

Whole-genome variant
GWAS using
FarmCPU, MLMM,
and BLINK

Genome-wide SNP
association using
multiple models

Genome-wide
association analysis

BovineSNP50 GWAS
using FarmCPU

High-coverage whole-
genome resequencing
GWAS

Bovine 50K SNP-array
GWAS

Genome-wide

Principal result
reported

99 significant variants
and 83 candidate genes;
highlighted genes
included MGLL,
SGMS1, SNX29, and
AKAP6.

58 significant SNPs
corresponding to 21
candidate genes.

Genomic regions and
candidate genes
associated with growth
traits were reported.

27 genome-wide
significant SNPs and
66 nearby candidate
genes.

Growth- and carcass-
associated variants and
candidate genes were
reported; ACOX1 was
among the highlighted
genes.

Signals implicated
RAB31, BIRCS,
TEX22, CFAP100, and
LOC617705 among
reported candidates.

The audited workbook
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Evidence class

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Critical note

Small discovery cohort;
correlated longitudinal
traits and multiple
models require cautious
interpretation.

Repeated-age traits and
model multiplicity were
considered when
assessing
independence.

Study-level eligibility
was verified; exact
locus reuse requires the
native supplementary
results.

Associations used
EBVs and correlated
repeated-age
phenotypes.

Small discovery cohort;
validation and
population specificity
should be considered.

Small sample size
limits power; age-
specific signals require
independent
replication.

Assembly provenance
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https://orcid.org/0000-0002-4592-9206

Study

Bejarano et al. (2023)

Ma et al. (2023)

Gualdrén Duarte et al.

(2023)

Zhuang et al. (2020)

Vanvanhossou et al.
(2020)

Ojo et al. (2026)

Mota et al. (2025)

Setting/country

Colombia

China

Belgium

China

Benin

United States

Brazil
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Population or sample

SimAngus cattle; 717
supplementary rows,
reduced to 713 valid
marker-test records
after four exact
duplicate copies were
removed

596 Blanco Orejinegro
and 569 Romosinuano
cattle

971 Holstein heifers
after genotype quality
control

14,762 Belgian Blue
cows; 230 sequenced
bulls supported
imputation

6,022
phenotyped/pedigreed
Chinese Simmental
cattle; 744 genotyped

448 cattle from four
indigenous breeds

45,205 post-QC
American Angus
animals; 51,410 post-
QC SNPs

1,569 genotyped
Nellore cattle after
quality control;
384,519 SNPs

Phenotype

dry-matter intake,
average daily gain, and
mid-test metabolic
weight

Birth, weaning, 16-
month, and 24-month
weights

Body weight, hip
height, body length,
and chest girth across
growth stages

Ten linear-
classification traits,
including measured
withers height

Birth weight, yearling
weight, average daily
gain, and 18-month
weight

Morphometric and
conformation traits

Mature weight, mature
height, and body-
condition score

Growth and carcass
traits

Genomic design

association analysis
across breed groups

Breed-specific SNP
GWAS after imputation
and quality control

Single-trait GWAS and
multitrait meta-analysis

Sequence-imputed
single- and multitrait
GWAS

Weighted single-step
GWAS

Multi-breed genome-
wide association
analysis

Single-step GWAS;
ARS-UCDI1.2

Genomic prediction
with GWAS/FST-
informed variable
selection

Principal result
reported

contained 713 valid
marker-test records and
702 unique marker-
position pairs.

49 genomic regions
were reported across
the two Creole breeds.

64 primary SNPs and
candidate genes were
reported.

Coding variants in
mammalian body-size
genes were prioritized.

66 associated genomic
windows were reported
across four growth
traits.

Loci associated with
conformation, carcass,
and adaptive traits were
reported.

MWT: 59 SNPs on 12
chromosomes; MHT:
47 on 12; BCS: 29 on
14; 39 SNPs were
pleiotropic.

Variable-selection
strategies were
evaluated for genomic
prediction.
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Evidence class

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Primary GWAS

Contextual only

Critical note

was not sufficiently
verified; coordinates
were descriptive, not
used as assembly-
confirmed replication.

Breed-specific linkage
disequilibrium and
imputation affect
comparability.

Correlated longitudinal
traits and a modest
genotyped cohort
require cautious
interpretation.

Strong linkage
disequilibrium and
selection ascertainment
complicate causal
attribution.

The effective
genotyped sample was
744; pedigree and
phenotypes contributed
through single-step
analysis.

Multi-breed structure
and breed-specific
linkage disequilibrium
limit direct cross-
population comparison.

Eligible cattle GWAS
identified during the
update. Exact
coordinate overlap is
not testable from the
accessible publication
package; retain at study
and chromosome-
summary levels.

Not a primary locus-
discovery GWAS;
excluded from the
count of 13 formal
cattle GWAS.



approximately 378 days

Study Setting/country Population or sample Phenotype
Birth weight, body
Korku et al. (2025) Germany 669 German Black Pied we}ght, an_d body-
bulls weight gain at several
growth stages
Body weight at
Santana et al. (2025) Brazil 5,070 Nellore males under pasture and

feedlot environmental

gradients

Genomic design

GWAS mapped to
ARS-UCDI1.2; full
locus-level extraction
not incorporated into
the frozen audit

Single-step genomic
double-reaction-norm
GWAS; ARS-UCD1.3;
windows explaining at

Principal result
reported

reported for birth-
weight and body-
weight traits.

and ten feedlot-

differed between

least 1% of additive

genetic variance

production
environments.

response windows were
reported; responses

Evidence class

Fourteen loci were Contemporary eligible

GWAS; narrative
appraisal

Five pasture-response

GWAS; narrative
appraisal

Supplementary Table S2. Verified peer-reviewed GWAS of yak growth, body weight, and body size

Study Setting/population Sample and phenotype
354 female yaks; weaning
BW, withers height, body

length and chest girth

Jia et al. (2020) Ashidan yak, China

406 male yaks; body

Wang et al. (2022a) weight

Maiwa yak, China

480 enrolled; 467 passed
QC; body weight analysed
by sex

Jiali, Pali and Sibu yak,

Jiang et al. (2022) China

31 yak breeds/resources
across China

94 adult male yaks; five

Liu etal. (2023) body-size traits

309 resequenced; BW
GWAS in 247 54-month-
old female Gannan yaks

Gannan yak and five
comparator breeds, China

Zhang et al. (2025b)

826 sampled; 706
genotyped; 526 complete
cases; seven image-derived
body-size traits

Maiwa, Yushu and Huanhu

Zhao et al. (2025) yak, China

Wang et al. (2026) Ashidan yak, China 474 yaks; average daily
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Genomic design

BovineHD 770K; 98,688

post-QC SNPs; multilocus

GWAS

Whole-genome-sequence
GWAS

Yak 600K chip GWAS
with structure correction

3,584,464 SNPs; CMLM
and population-informed
pCMLM

Whole-genome

resequencing, GWAS and

genome scans

Qingxin-1 yak chip; two
single-locus and three

multilocus GWAS models;

genomic selection

High-depth WGS; GLM,

Principal result

Trait-specific SNPs and
candidate genes were
reported for all four growth
traits.

MFSD4, LRRC37B and
NCAM2 were prioritized
for body weight.

Four male signals survived
FDR correction; GRK4
was prioritized.

Six height markers
implicated FXYD6,
SOHLH2, ADGRB2 and
OSBPLS6.

Nineteen BW-related
genes; PMAIP1, GABBRI1,
LRPPRC, PPPIRI1,

DRC1 and SELENOI
prioritized.

94 markers at P <1 x 10/
5; PRKAA2 and SNX9
were highlighted.

Eleven significant loci;

Evidence contribution

First verified multilocus
GWAS of yak weaning
growth in this review.

Sequence-based discovery

beyond chip studies.

Multi-breed, sex-specific
chip study.

Population-informed

analysis across diverse yak

resources.

Integrated within-breed
GWAS with cross-breed
genome scanning.

Largest supplied multi-
breed yak body-size
GWAS.

Seventh peer-reviewed yak
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Contemporary eligible

Critical note

Identified in the 318-
record library but
outside the frozen
coordinate dataset;
native result files are
required before
harmonized recurrence
analysis.

Environmental slopes
are not equivalent to
ordinary marginal
growth effects and
were not pooled with
the frozen coordinate
audit.

Critical limitation

Single population; bovine-
derived array; independent
replication needed.

Single sex/population;
validation is required.

Many reported loci used a
suggestive threshold; no
female signal survived
FDR.

Small, highly structured,
all-male cohort.

Body-weight association
was restricted to one
female age/breed group.

Threshold was not
Bonferroni/FDR genome-
wide; image phenotyping
and model multiplicity
require caution.

Single breed and moderate



Study Setting/population

Supplementary Table S3. Cattle evidence datasets and permitted analyses

Evidence dataset Records
Original extraction 450
Assembly-confirmed initial subset 399
Updated complete-source dataset 1163
Partial-source sensitivity dataset 1196

Sample and phenotype Genomic design Principal result Evidence contribution Critical limitation
MLM and FarmCPU PDE10A, RADS1B, growth GWAS in the prediction accuracy;
GWAS; genomic selection BCAS3 and KCNHS updated formal inventory.  independent validation and
highlighted cross-population

replication are required.

Source status Permitted use Restriction

Nine complete-source studies Initial locus landscape Not the updated full dataset

Verified assembly provenance Existing regional recurrence Excludes unresolved assemblies
. o . Regional i

Ten complete-source cattle GWAS Primary descriptive extraction cglonalrerun requires common

Complete-source dataset plus 33 main-
text coordinates

Supplementary Table S4. Dataset-family and independence assessment

Studies Species

An et al. (2020); Zhuang et al. (2020)  Cattle

Wang et al. (2022a); Zhao et

Yak
al. (2025)
Mult.lple. traits/models within one Both
publication

verified assemblies

Sensitivity analysis Ma and Liu sources are incomplete

Reason for concern Provisional grade Interpretation

Shared investigators, institutions, and
potentially overlapping Chinese C
Simmental recruitment

Both include Maiwa yak; sampling
frames require verification

Same animals analysed repeatedly D

Supplementary Table SS. Methodological appraisal domains

Domain

Population definition and sampling

Sample size and statistical power

Phenotype definition and measurement

Genotype/sequencing quality control

Population structure and relatedness

Multiple-testing control

Genome assembly and coordinate reporting

Genetics and Molecular Research 25 (17s): 2026

Judgments

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Low concern / Some concern / High concern / Insufficient
information

Do not count recurrence as
independent until animal-level
independence is documented

Treat shared signals as potentially
dependent

Analytical robustness, not biological
replication

Decision rule

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score
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Domain

Locus-result availability

Dataset independence

Replication or functional evidence

Judgments

Low concern / Some concern / High concern / Insufficient

information

Low concern / Some concern / High concern / Insufficient

information

Low concern / Some concern / High concern / Insufficient

information

Decision rule

Supplementary Table S6. Priority genes and regions relevant to cattle-yak translation

Gene/region

LCORL-NCAPG

PLAGI region

GHR

IGF1/IGF2 axis

MSTN/GDEF8

MC4R

VRTN

CAB39L/IGF2BP1

BMPRI1B and BMP
pathway

HOXBI13 structural variant

Species

Cattle, sheep, pigs,
chickens

Cattle and other livestock
context

Cattle, sheep, chickens,
yak

Cattle, pigs, sheep,
chickens, yak context

Cattle, sheep, goats and
pigs

Pigs, chickens and yak
context

Pigs

Chickens

Sheep/goat context

Sheep

Genetics and Molecular Research 25 (17s): 2026

Genomic location/context

Cattle BTAG6; orthologous
or species-specific LD
regions

Cattle BTA14 and
corresponding annotated
regions

Species-specific GHR
regions; 246-bp intronic
deletion reported in yak

Multiple species-specific
loci

Species-specific MSTN
regions

Species-specific MC4R
regions

Pig chromosomal region
containing VRTN

Chicken growth-associated
regions, including signals
on GGA1/GGA4

Species-specific BMP-
related regions

Upstream 168-bp
SINE/InDel region

Associated traits

Stature, skeletal frame,
body weight, growth rate

Stature, body weight,
developmental timing

Growth rate, body size,
endocrine response

Weight, muscle growth,
carcass composition

Muscularity, carcass
composition, lean tissue

Feed intake, adiposity,
weight and efficiency

Body length, vertebral
number and carcass traits

Body weight and growth
trajectory

Skeletal growth and body
dimensions

Tail morphology and
selected adult dimensions

Principal biological
function

Skeletal development, cell
growth and nutrient
partitioning

Transcriptional regulation
of growth and reproduction

Growth-hormone receptor
signalling and JAK-STAT
activation

Somatotropic signalling,

protein accretion and
developmental growth

Negative regulation of
skeletal-muscle growth

Hypothalamic appetite and
energy-balance regulation

Axial skeletal development

Cellular signalling and
post-transcriptional growth
regulation

Bone morphogenesis and
developmental signalling

Developmental patterning

Evidence interpretation

Repeated cross-study and
cross-species association

Replicated major stature
region in cattle; strong
biological support

Association plus yak
expression/reporter support

Strong physiological
plausibility; several
genomic reports

Functional biology is well
established; genomic
evidence varies by
population

Repeated association in
pigs; candidate-gene
evidence in yak

Recurrent porcine
association

Reported in multiple
chicken resources

Biological and association
support

Large multi-breed
genotyping support
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Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Domain-specific judgment; no numerical total score

Critical limitation

Lead variants and LD
windows differ; recurrence
does not establish one
shared causal mutation.

Broad LD and regulatory
complexity complicate
assignment to a single
variant.

Candidate/structural-
variant evidence is not
equivalent to genome-wide
discovery.

Diet, age and endocrine
state can modify measured
effects.

Large-effect functional
alleles should be separated
from nearby marker
associations.

Effects on rapid gain may
be antagonistic to fatness
or other breeding
objectives.

Trait-specific and not
necessarily transferable to
ruminants or birds.

Some publications reuse
related selection-
line/intercross populations.

Known reproductive
effects require trait-specific
interpretation.

Targeted variant
association; not an



Gene/region

Genomic location/context

Supplementary Table S7. Recurrent pathway themes

Pathway/theme

GH-IGF signalling

JAK-STAT

PI3K-Akt/mTOR

AMPK and energy sensing

Myogenesis/TGF-f/BMP

MAPK signalling

Lipid and amino-acid metabolism

Representative genes or signals

GHR, IGF1, IGF2 and binding proteins

GHR-associated signalling components

IGF-related and cellular-growth genes

MC4R-linked and metabolic genes

MSTN, BMPR1B and related genes

Multiple receptor and growth-
regulatory genes

MC4R, IGF2 and metabolic candidates

Associated traits

Growth-related function

Endocrine coordination of skeletal and
muscle growth

Transduction of growth-hormone
signals

Protein synthesis, cell survival and
tissue accretion

Energy balance, nutrient partitioning
and feed efficiency

Muscle differentiation and skeletal
development

Cell proliferation, differentiation and
stress response

Adiposity, energy use and protein
accretion

Principal biological
function

Relevance to yak multi-omics
research

Serum endocrine/metabolite
relationships may connect nutrition,
genotype and growth.

Prioritize loci or metabolites coherent
with somatotropic signalling.

Interpret amino-acid and lipid
intermediates alongside muscle-growth
traits.

Relevant to serum metabolites
associated with body weight and
efficiency.

Supports integration with body
dimensions and muscle-related
metabolites.

Potential convergence layer for multi-
omics prioritization.

Directly motivates serum metabolite
profiling and mQTL mapping.

Supplementary Table S8. Metabolomic-GWAS and comparative metabolomics evidence

Species/domain

Chicken

Chicken

Pig

Evidence class

Metabolomic and

Population/sample

genomic design

Evidence interpretation

Principal finding

Critical limitation

independent genome-wide
discovery.

Interpretive caution

Hormone concentration and pathway
enrichment are not proof of genetic
mediation.

Pathway databases overlap; report the
input and background gene sets.

Cross-sectional metabolite associations
cannot establish direction.

Effects may depend strongly on diet,
fasting and management.

Different pathway members may have
opposing or stage-specific effects.

Broad pathway enrichment is
nonspecific without locus- or tissue-
level validation.

Metabolite abundance is affected by
sampling time, diet, storage and
analytical batch.

Interpretive boundary

Direct evidence, but

Tian et al. (2023)

Yang et al. (2026)

Wang and Kadarmideen
(2020)
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Direct nGWAS

Integrated genomics-
metabolomics

Direct nGWAS

Chicken serum; 7,191
metabolite features

206 local chickens with
longitudinal growth
records

Pigs divergent for residual
feed intake; 45 plasma

Serum metabolomics with
genome-wide host variants

Whole-genome variants,
serum metabolomics and
growth integration

Mixed-model SNP-
metabolite GWAS and

Metabolite-QTL intervals
linked metabolic variation
to genomic regions.

Five metabolites and 45
genes were prioritized; an
SRGAP2-metabolite-
growth model was
proposed.

152 SNPs associated with
17 metabolites; 52 genes
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replication and metabolite-
identification confidence
remain important.

Mechanistic integration,
not replicated mQTL for
every feature.

Discovery population was
modest; network links
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Species/domain

Pig

Sheep

Goat

Human

Plants

Yak

Cattle

Study

Bovo et al. (2025)

Chen et al. (2022)

Li et al. (2024); Lin et al.

(2024)

Shin et al. (2014);
Karjalainen et al. (2024)

Chen et al. (2016, 2020);

Zhu et al. (2018)

Current targeted search

Li et al. (2020)

Evidence class

Direct nGWAS plus
validation

Transcriptome-
metabolome integration

Comparative/integrated
metabolomics

Large-scale direct
mGWAS

Direct nGWAS and

functional genomics

Evidence gap

Direct nGWAS

Population/sample
metabolites

More than 1,300 Large
White and Duroc pigs; 188
metabolites

Hybrid sheep populations
differing by sire
background

Goats across development;
skeletal muscle
comparisons

Population cohorts and
biobank-scale samples

Cereal, wheat and tomato
diversity panels

No eligible peer-reviewed
direct mGWAS located

Crossbred beef cattle; 33
plasma metabolites

Metabolomic and
genomic design

gene-metabolite networks

Breed-specific GWAS,
cross-breed meta-analysis,
resequencing and
nutrigenetic follow-up

Differential transcripts and
metabolites associated with
meat quality

Serum metabolomics or
transcriptome-metabolome
integration

Standardized circulating
metabolites, dense
genome-wide data and
replication/fine mapping

Metabolic phenotyping,
GWAS, pathway dissection
and functional follow-up

Existing metabolomics and
genomic studies have not
mapped genome-wide
SNPs to metabolite
abundance

Genomic heritability and
genome-wide SNP-to-
metabolite association
analysis

Supplementary Table S9. Evidence classification and permissible interpretation

Evidence class

Core GWAS

Exploratory GWAS

Minimum design requirement

Genome-scale host variants tested
against an eligible growth/body-size
phenotype, with population/phenotype
description, structure or relatedness
control and an explicit significance

procedure.

Genome-wide and on target, but
limited by sample size, correction
reporting, cohort independence or

validation.
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Role in focused synthesis

Primary evidence when the cattle/yak
species, phenotype, date, peer-review,
and source criteria are met.

Primary study-level evidence when
eligible, but flagged and restricted in
coordinate or causal interpretation.

Permissible interpretation

functional evidence.

Signal-generating evidence requiring
replication; avoid definitive causal or

breeding claims.

Principal finding

annotated.

97 mQTL associated with
126 metabolites; KMO-
kynurenine mechanism
tested.

Highlighted amino-acid,
lipid and meat-quality
pathways.

Age-related serum
metabolites and muscle-
production networks were
identified.

Large locus catalogs and
extensive pleiotropy
connected metabolism to
disease pathways.

Resolved loci for
flavonoids, fruit-
metabolome rewiring and
agronomic-metabolic links.

No yak metabolite-QTL
catalog is currently
available.

Significant associations
were reported for betaine,
L-alanine and L-lactic acid.

Locus-discovery evidence; candidate
genes remain hypotheses unless
supported by fine mapping or
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Interpretive boundary

require validation.

Strongest livestock
precedent located; breed
and panel dependence still
matter.

Not mGWAS: no genome-
wide SNP-to-metabolite
association test.

Not mGWAS: useful for
pathway and sampling
hypotheses only.

Methodological
benchmark; loci cannot be
transferred directly to
livestock.

Controlled/inbred systems
provide power not directly
available in livestock.

Absence of mGWAS does
not mean absence of yak
metabolomics research.

Limited metabolite panel
and discovery sample; the
study supports feasibility
rather than a mature cattle
mQTL catalogue.

Main limitation to report

Power, threshold, genome build, cohort
independence and validation.

False-positive risk, winner’s curse and
unstable effect estimates.



Evidence class

Genome-wide structural-variant
association

Direct nGWAS

Integrative metabolomics

Targeted candidate-variant study

Genomic prediction study

Review, database or methodological
source

Minimum design requirement

CNV or other structural variants tested
genome wide against eligible growth
traits.

Genome-wide host variants tested
against quantified metabolites or
metabolite ratios.

Metabolomics combined with growth
phenotypes, transcriptomics,
microbiomes or a conventional GWAS
without a genome-wide SNP-to-
metabolite test.

One or a limited set of prespecified
genes, SNPs or InDels tested for
association.

Prediction of breeding values or
phenotypes, with or without GWAS-
derived priors.

Secondary synthesis, reporting
guidance or genomic-resource context.

Role in focused synthesis

Primary only when it directly tests an
eligible growth phenotype and meets
the prespecified genome-wide criteria;
otherwise complementary.

Contextual evidence unless performed
in eligible cattle or yak populations and
directly relevant to the review
question.

Contextual pathway evidence; not
counted as direct mGWAS.

Supporting evidence only; not a
primary GWAS.

Contextual unless it also reports an
independently eligible locus-discovery
GWAS.

Background, methods, or interpretation
only; not an independent primary
study.

Supplementary Table S10. Evidence provenance and reporting rules

Evidence issue

318-record CSV

Verified position

Mixed Zotero reference collection

Permissible interpretation

Supports structural-variant
involvement but should not be pooled
directly with SNP GWAS.

Provides mQTL or SNP—metabolite
evidence; does not by itself prove
mediation of growth.

Supports pathway or biomarker
hypotheses.

Functional or population-specific
supporting evidence.

Evidence for predictive utility under
the tested validation design.

Supports background, methods or
interpretation only.

Required reporting

Main limitation to report

Calling accuracy, breakpoint
uncertainty and platform dependence.

Metabolite identity, batch effects,
testing burden and replication.

Cannot be described as direct nGWAS
or metabolite-QTL evidence.

Candidate selection bias and limited
genome-wide discovery value.

Accuracy may not transfer across
families, breeds or environments.

Not an independent result-bearing
study.

Do not call it a final screening ledger

Duplicate copies

PRISMA publications

Yak primary GWAS

Ojo et al. (2026)

Wang et al. (2026)

PubMed horizon search, 28 August 2026

Genetics and Molecular Research 25 (17s): 2026

Jia GWAS and incomplete goat-review copy
Two journal versions with different DOIs

Six studies in the earlier verified corpus plus Wang et al. (2026)
from the updated search

Eligible cattle GWAS published before cutoff

Peer-reviewed Ashidan-yak average-daily-gain GWAS published
7 August 2026

Exact query: (cattle[Title/Abstract] OR bovine[Title/Abstract] OR
yak[Title/Abstract] OR "Bos grunniens"[Title/Abstract]) AND
(growth[Title/Abstract] OR "body weight"[Title/Abstract] OR
"body size"[Title/Abstract] OR conformation[Title/Abstract] OR
"average daily gain"[Title/Abstract] OR yearling[Title/Abstract])
AND (GWAS|Title/Abstract] OR "genome-wide
association"[Title/Abstract]) AND ("2000/01/01"[Date -
Publication] : "2026/08/28"[Date - Publication]). Returned 320
records before relevance assessment.

Remove duplicate copies during evidence accounting

Retain bibliographically; do not count as primary evidence

Formal count = seven through 28 August 2026

Include at study and chromosome-summary levels; exact
coordinate overlap is not testable from the publication package

Include as the seventh formal yak GWAS; require independent

validation

Use to identify potentially missed or newly published studies; do
not use as a retrospective PRISMA denominator.
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Evidence issue

Korku¢ et al. (2025)

Santana et al. (2025)

Genetics and Molecular Research 25 (17s): 2026

Verified position Required reporting

Eligible cattle growth GWAS; 669 German Black Pied bulls; 14 Narrative appraisal pending complete source-level coordinate
reported loci; ARS-UCDI1.2. extraction.

Eligible yearling-weight reaction-norm GWAS; 5,070 Nellore Narrative appraisal; do not combine environmental-slope windows
males; ARS-UCD1.3. with marginal-effect GWAS without harmonization.
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