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The GRAMD genes are involved in maintaining cholesterol homeostasis, apoptosis, cancer and 
production traits in livestock. A lipid-binding GRAM domain is implicated in lipid transport and 
metabolism. The functions of GRAMD proteins remain incompletely understood. The aim of the 
present study was therefore to investigate the associations between six GRAMD genes in cattle using 
data from the international genomic evaluation of the Interbull InterGenomics Centre and to evaluate 
genotype-phenotype associations in human, cattle, pig, mouse and, chicken. Genotyping of 55,013 
bulls was performed using DNA microarrays and 11 SNPs were mapped to the five GRAMD genes. A 
phenome-wide association study (PheWAS) tested associations between the 11 SNPs and 36 traits. 
The integrated analysis of SNP effects, rankings, and clustering patterns revealed their potential for 
improving cattle productivity, health, and robustness, and established a baseline for the targeted 
improvement of cattle traits. This study lays the groundwork for functional experiments aimed at 
uncovering the mechanism of action of GRAMD genes and to evaluate the potential of using GRAMD 
sequence variants for selection programs in dairy cattle. The study presents an example of how the 
combination of GWAS and the PheWAS offers a promising toolbox for the systematic functional 
annotation of vertebrate genomes.
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Executive summary of the study.

• Understanding GRAMD Genes: The GRAMD group of genes, key players in cholesterol homeostasis, apop-
tosis, and autophagy, remains partially understood. This study aims to provide further insights into their 
comprehensive functions.
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• Methodological Approach: Utilizing GWAS on 55,013 bulls and 55,172 SNPs, followed by PheWAS analysis of 
36 phenotypic traits, we conducted a functional annotation of the GRAMD gene family in cattle.

• Insights and Implications: Our integrated analysis of SNP effects, rankings, and clustering within the GRAMD 
family reveals their significance in enhancing cattle productivity, health, and robustness. This provides a foun-
dation for the targeted improvement of cattle traits.

• Beyond Cattle - A Broader Perspective: Examination using a mouse obesity model suggests a potential involve-
ment of GRAMD genes in fat deposition, indicating their importance across mammalian species.

• Toolbox for Genetic Research: This study reinforces the combined use of GWAS and PheWAS (GWAS-to-Phe-
WAS) as a potent approach for the systematic functional annotation of vertebrate genomes.

• Future Directions: The introduction of gene-QTL overlap analysis emerges as a promising method for prior-
itizing and further functionally characterizing genes, setting the stage for future genetic advancements.

Introduction
GRAM (glucosyltransferases, Rab-like GTPase activators and myotubularin) domain- containing gene group 
includes genes with various functions, including GRAMD1A, GRAMD1B, and GRAMD1C, which are involved 
in maintaining cholesterol homeostasis1 and GRAMD4 which is involved in apoptosis2. GRAMD2A and 
GRAMD2B are less researched but have been shown to be involved in cellular Ca2+ homeostasis3 and serum 
leukocyte concentration in coronary artery disease (CAD)4 respectively. GRAM domain (GRAMD) genes 
have been associated with various production and reproduction traits in cattle. For example, GRAMD1B 
is associated with feed efficiency5. In addition, three intronic polymorphisms have been linked with four 
reproduction traits in Nordic red cattle: the rs41763261 polymorphism with female fertility index and days from 
first to last insemination, rs41763326 with the length in days of the interval from calving to first insemination, 
and rs110670590 with the number of inseminations per conception6. However, intronic polymorphisms of 
GRAMD1B were not associated with fattening and carcass traits in Slovenian dual-purpose Simmental cattle7.

Genome-wide association study (GWAS) and phenome-wide association study (PheWAS) are approaches to 
detect associations between genotype and phenotype. Several GWAS have been conducted to identify genetic 
variants associated with a phenotype (many variants – one phenotype). However, a PheWAS is a reverse approach 
that aims to identify phenotypes associated with a genotype. The PheWAS technique is, therefore, capable of 
accessing cross-phenotype associations or pleiotropy8,9. Several PheWAS studies have already been conducted 
in human, but they are less common in animal breeding. For example, GWAS and PheWAS data present a vital 
part of the recently developed PigBiobank10.

The function of the GRAMD gene group is not completely elucidated; therefore, the aim of the present study 
was to perform an association analysis between six members of the GRAMD gene group (GRAMD1A/B/C, 
GRAM2A/2B, and GRAMD4) and 36 phenotypic and economically important traits in the Brown Swiss cattle 
population (BSW) using GWAS followed by PheWAS. Additionally, we performed literature and database review 
regarding the function of GRAMD genes in five vertebrate species: human, cattle, pig, mouse and chicken.

Materials and methods
Databases and bioinformatics tools
In the present study, we focused to function of six genes from the GRAMD gene group (Table 1) in cattle and 
performed comparative analysis in human, pig, mouse and chicken. Relevant genomic data (genomic location, 
synteny, sequence variations, Genomic Evolutionary Rate Profiling (GERP), Gene Ontology (GO)) of the 
GRAMD genes were extracted from the Ensembl genome browser, release 11111 and HGNC database  (   h t t p s : / / 
w w w . g e n e n a m e s . o r g     ) . Constrained elements, defined as sequences or regions in the genome highly conserved 
across different species, indicating their importance in biological functions and evolutionary significance, were 
obtained from the Ensembl database. The alignment between GRAMD genes locations and the positions of SNPs 
from the commercial BovineSNP50 BeadChip was analyzed using the SNPchiMp v.312. The potential impact of 

Symbol SNP rs ID Commercial SNP ID variation consequence SNP in constrained element GERP

GRAMD1A / / / / /

GRAMD1B rs41761360 ARS-BFGL-NGS-2713 intron variant no 0.58

GRAMD1B rs109709275 ARS-BFGL-NGS-98,724 splice region variant, splice polypyrimidine tract variant, intron variant yes 1.22

GRAMD1B rs41763278 ARS-BFGL-NGS-5976 intron variant no -4.73

GRAMD1B rs41756499 ARS-BFGL-NGS-111,085 intron variant no -4.73

GRAMD1B rs41757840 ARS-BFGL-NGS-116,109
downstream gene variant (GRAMD1B),
intronic (ENSBTAG00000063982; lncRNA),
exonic (ENSBTAG00000061947; lncRNA)

yes 0.05

GRAMD1C rs41616212 Hapmap44172-BTA-96,950 intron variant no -0.46

GRAMD2A rs109872173 ARS-BFGL-NGS-113,726 intron variant no 0.7

GRAMD2B rs43504641 ARS-BFGL-NGS-18,240 intron variant no -6.03

GRAMD2B rs110898337 ARS-BFGL-NGS-44,139 intron variant no -1.44

GRAMD4 rs109247065 ARS-BFGL-NGS-112,849 intron variant no 0.29

GRAMD4 rs109726105 ARS-BFGL-NGS-1089 downstream gene variant no 1.07

Table 1. 11 SNPs within a group of five GRAMD genes analyzed in the present study.
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SNPs on GRAMD gene expressions in different bovine tissues was validated using the cattle Genotype-Tissue 
Expression atlas (cGTEx) database (https://cgtex.roslin.ed.ac.uk/, accessed September 18, 2024). QTLs were 
retrieved from QTLdb, release 5213.

Cattle traits were categorized into trait classes according to the Vertebrate Trait Ontology (VTO)14 and 
QTLdb. The effects of SNPs and SNP pRank for variants within GRAMD genes associated with various cattle 
traits were visualized using a heatmap, generated in RStudio (http://www.posit.co/, Version 2024.04.2) with 
the ComplexHeatmap package (https://bioc onductor.org /packages/re lease/bioc/ html/ComplexHeatmap.html, 
Version 2.20.0)15,16.

Mammalian phenotype ontology annotations were obtained from the Mouse Genome Informatics (MGI)17. 
As the genome databases are currently based on different genome assemblies, two genome locations were 
used for the analysis. For example, for the GRAMD1B gene, we used the current assembly ARS-UCD1.3 
(GCA_002263795.3) (15:34039549–34221229) and the former assembly Bos_taurus_UMD_3.1.1 (15:34577459–
34764024) for SNP locations on the DNA microarray. SNPs and gene expression of inbred mouse models for 
polygenic obesity (FLI) and leanness (FHI) were obtained from the studies18,19. Predicted variant consequences 
were identified using the Ensembl Variant Effect Predictor (VEP). The tool annotates variants located within the 
gene region, extending to 5000 base pairs (bp) both upstream and downstream. Literature on six GRAMD genes 
was extracted from the PubMed database.

Samples, genotyping and statistics analysis
The analysis was performed using SNP effect data from the routine international Interbull InterGenomics 
genomic evaluation for Brown Swiss cattle (https://interbull.org/ib/interbullcentremain)20,21. The study 
included 55,013 genotyped bulls from Germany, Switzerland, Italy, the United States of America, Austria, 
France, Slovenia, Canada, the Netherlands, and Luxembourg. Genotyping was performed using various DNA 
microarrays, including Weatherbys Scientific IDB versa50k and IDBv3 BovineSNP50 BeadChip, and GeneSeek 
GGP4v2 and GGPv3, with all SNP densities harmonized to the Interbull reference map, which comprises 55,172 
SNPs22. Imputation was performed according to the method described by23 using FindHap v3 software  (   h t t p : / / a 
i p l . a r s u s d a . g o v / s o ft  w a r e / fi  n d h a p /     ) . Quality control measures such as call rate threshold, minor allele frequency 
threshold, the departure from Hardy-Weinberg equilibrium, and removal of animals with missing genotypes 
were performed as described by22 and 24 to assess the integrity and informativeness of the SNPs.

The InterGenomics evaluation estimates SNP effects for SNPs retained after quality control for each country-
trait combination, using a common multi-country reference population25. SNP effect estimates were performed 
using an iterative, nonlinear GBLUP model with a heavy-tailed prior for marker effects, analogous to Bayes A, 
as described by22,25,26. In the present study, the estimated SNP effects for the analyzed traits were expressed on 
the Slovenian scale. A total of 43,322 estimated SNP effects were obtained from the December 2023 routine 
evaluation and used for further GWAS analyses. For each of the 36 traits included in the genomic evaluation, the 
proportion of phenotypic variance explained by the selected SNP was calculated as the sum of the absolute values 
of SNP effects greater than that of the selected SNP. Based on this value, the traits were ranked to determine the 
highest proportion of phenotypic variance explained by the SNP.

Results
We performed a GWAS followed by a PheWAS approach based on the analysis of 55,172 SNPs and 36 phenotypic 
traits in 55,013 bulls for the functional annotation of the GRAMD gene family in cattle. Additionally, we 
summarized published literature and GO databases for genotype-phenotype associations in five vertebrate 
species and analyzed genotype differences of the GRAMD gene family in inbred mouse models for polygenic 
obesity and leanness. A graphical summary of the study is shown in Fig. 1.

In the present study, we focused on six GRAMD genes in five species (Supplementary Table S1). An example 
of syntenic maps for the GRAMD4 gene is shown in the Supplementary Figure S1 and visualizes synteny between 
human chromosome 22 with GRAMD4 gene and chromosomes in cattle, pig, mouse and chicken. We used a 
two-step approach: GWAS, followed by PheWAS, which we named GWAS-to-PheWAS. The study group for the 
GWAS and estimation of SNP effects consisted of 55,013 genotyped bulls. Of the polymorphisms present on the 
cattle DNA-microarrays, 11 SNPs are located at the coordinates of five GRAMD genes: GRAMD1B (five SNPs), 
GRAMD1C (one SNP), GRAMD2A (one SNP), GRAMD2B (two SNPs) and GRAMD4 (two SNPs); however, SNPs 
are not present in the GRAMD1A gene (Table 1). Most of the SNPs are intronic, and one is located downstream 
of the GRAMD4 gene. Sequence variant rs41757840 is located downstream of the GRAMD1B and is also located 
within two lncRNA genes: the intron of ENSBTAG00000063982 and the exon of ENSBTAG00000061947.

An association analysis was performed between 11 GRAMD group polymorphisms and 36 traits from five 
trait classes: health (1), milk (4), production (9), reproduction (1), and exterior traits (21). Figure 2 illustrates 
the percent rank for the effect of the 11 SNPs of the GRAMD gene group on 36 traits (Supplementary Tables 
S2-S12). For example, of the polymorphisms present on the DNA-microarray, the polymorphism rs109709275 
T > C (ARS-BFGL-NGS-98724) maps to the coordinates of the GRAMD1B gene. An association analysis was 
performed between rs109709275 and 36 traits from five trait classes (Table 2, Supplementary Table S3). The 
results showed that the polymorphism rs109709275 explained the highest proportion of phenotypic variance 
in the traits of milk fat yield, calving interval, rump height and rump angle, milk yield, overall udder score, and 
front teat length. Of the 36 traits analyzed, the seven traits most strongly associated with rs109709275 belong to 
the milk, reproduction, production, and exterior trait classes.

SNP rs109709275 and 2617 SNPs with higher SNP effects contribute to 20.22% of the phenotypic variability 
for milk fat yield. Together with 3430 SNPs, it explained 25.12% of phenotypic variance for the calving interval. 
Together with 3515 SNPs, it explained 25.86% of the phenotypic variance for rump height. Along with 4028 
other SNPs, rs109709275 explained 27.62% of phenotypic variance for rump angle. Together with 4104 SNPs, it 
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explained 28.25% of the phenotypic variance for milk yield, while together with 5036 other SNPs, it explained 
32.80% of the phenotypic variance for overall udder score. Lastly, together with 5047 other SNPs, rs109709275 
explained 33.40% of the phenotypic variance for front teat length. The percent rank of the impact of rs109709275 
on 36 traits showed that there are 6.05–11.65% SNPs with greater impact on the seven most significantly 
associated milk, reproduction, production and exterior traits. There is a total of 14 traits on which rs109709275 
has a relatively strong effect (percent rank up to 25.05%), among which exterior traits and milk traits are the 
most common.

A heatmap of percent rank of 11 GRAMD gene family SNPs with 36 cattle traits is shown in the Fig. 3 and 
heatmap of SNP effects of GRAMD gene family on 36 cattle traits in the Fig. 4. Integrating the extensive data 
from SNP effects, their hierarchical clustering and ranking revealed involvement of GRAMD gene family in 
various cattle traits. Results indicated that three GRAMD genes (GRAMD1B, GRAMD1C and GRAMD4) affect 
a high number of teat-related and udder-related traits: teat thickness, front teat length, rear teat direction, overall 
udder score, fore udder attachment, fore udder length, and udder depth. Interestingly, the SNP rs41757840, 
located within a constrained element in the GRAMD1B gene, is associated with a high number of udder-related 
traits. Additionally, three genes (GRAMD1B, GRAMD1C, GRAMD2B) were also associated with various rump 
traits, including rump length, width, height, and angle. On the contrary, milk fat yield is mostly associated with 
GRAMD1B splice region variant rs109709275 and the SNP within the GRAMD4 gene.

GRAMD1B SNPs might impact front teat length and fore udder attachment, key traits for dairy production 
due to their influence on milking efficiency and udder health. GRAMD1C may affect both production and 
exterior traits, such as foot angle and heel height, suggesting a role that could benefit overall animal longevity 
and welfare. GRAMD2A and GRAMD2B show more specific roles, with GRAMD2A potentially influencing 
reproductive traits, such as calving interval, while GRAMD2B may affect teat placement. These traits are vital for 
reproductive efficiency and calf development, respectively, and present potential targets for breeding programs 
focusing on these specific cattle phenotypic traits. GRAMD4 emerged as a gene that might affect a diverse set 
of traits across different categories, including milk production traits such as milk yield and somatic cell score, 
as well as body conformation traits like rump height and width. The broad impact of GRAMD4 across various 
categories indicates its potential as a target for genomic selection strategies to enhance cattle performance.

Biotype of sequence variants
Most of the SNPs included in the analysis are intronic; one is located downstream of the GRAMD4 gene, 
and rs41757840 is located downstream of the GRAMD1B and within two lncRNA genes: the intron of 
ENSBTAG00000063982 and the exon of ENSBTAG00000061947. GRAMD1B sequence variant rs109709275 
is classified as a splice region variant, intron variant and splice polypyrimidine tract variant (Table  1). The 
nucleotide sequence of the transcript ENSBTAT00000074465.2 (GRAMD1B-205) containing rs109709275 is 
shown in Supplementary Figure S2. The highest population MAF for this SNP is 0.06 and is therefore considered 
common. The multiple species alignment of 23 genomes revealed that the sequence variant is located in a 

Fig. 1. Graphical summary of the study. Legend: cattle (C), human (H), mouse (M), pig (P), chicken (Ch), GO: 
gene ontology, QTL: quantitative trait locus.
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conserved region; thymine is present in all 23 species. Information on sequence variants is available for the 
human genome; however, the SNP in human is not located at the orthologous locus as rs109709275 in cattle 
(Supplementary Figure S3). The GERP values of 11 SNPs range from − 6.03 to 1.22, with rs109709275 being 
the highest, indicating a conserved position, as the value is positive. Notably, two GRAMD1B SNPs are located 
within constrained elements. Supplementary Figure S4 shows that the SNP rs109709275 is located within a 
constrained genomic element with a score of 576.40 and spans 164 bp.

Fig. 2. Effects of 11 GRAMD gene SNPs: percentile rankings across 36 traits.
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Cis- and trans-acting SNP analysis
We investigated whether SNPs associated with the GRAMD gene family could directly affect their expression 
as well as expression of other genes, as this could provide valuable insights into their functional roles in trait 
associations. Although none of the SNPs demonstrated a direct effect on the expression of GRAMD genes, 
one SNP, rs109726105, located downstream of GRAMD4, exhibited a cis-acting regulatory effect on two other 
linked genes: ATXN10 (ataxin 10) and ENSBTAG00000009351. Furthermore, several SNPs were found to exert 
trans-acting effects on various transcriptional regulators, including CCAR2, RPS3, CDK7, CHD3, WAC, FANK1, 
ZNF484, and TLX2. These findings highlight the complex regulatory landscape associated with the GRAMD 
gene family and suggest that even SNPs not directly linked to gene expression in the GRAMD gene family 
can exert broader cis- and trans-regulatory effects, potentially influencing multiple pathways relevant to trait 
development.

QTL overlap analysis
Gene-QTL overlap analysis represents an important approach for the functional characterization of the genes 
and we performed this analysis for the GRAMD1B gene. To analyze genomic overlaps between the GRAMD1B 
gene and QTLs, we downloaded data from the QTLdb database, with genomic location 15:34039549–34,221,229. 
The results showed 21 overlaps with the GRAMD1B gene, comprising 15 QTLs and 6 associations from SNPs 

Trait Trait class SNP effect Rank Percent rank Phenotypic variability*

1 Milk fat yield milk 0.003694209 2617 6.04081 20.21531

2 Calving interval reproduction 0.003240869 3430 7.91746 25.12208

3 Rump height production 0.003402021 3515 8.11366 25.86083

4 Rump angle exterior 0.003581134 4028 9.29782 27.62449

5 Milk yield milk 0.003273226 4104 9.47325 28.24709

6 Overall udder score exterior 0.002904529 5036 11.62458 32.79526

7 Front teat length exterior 0.003356773 5047 11.64997 33.40014

8 Fore udder attachment exterior 0.002325045 6808 15.71488 40.98461

9 Fore udder length exterior 0.002676451 6938 16.01496 41.25329

10 Top line exterior 0.002233132 8403 19.39661 46.64559

11 Overall rump production 0.001993696 9703 22.3974 51.74095

12 Rear udder width exterior 0.00218361 10,419 24.05014 53.97597

13 Milk protein yield milk 0.002081498 10,780 24.88343 55.28863

14 Milking speed milk 0.002126747 10,854 25.05424 55.80904

15 Hock quality exterior 0.001782385 11,983 27.66031 58.88893

16 Longevity production 0.001764321 12,529 28.92064 60.73292

17 Rump width production 0.001706142 12,806 29.56004 61.65832

18 Thurl placement production 0.001561074 13,824 31.90988 64.43125

19 Scs (log2n); somatic cell score health 0.001708772 15,949 36.81501 69.75879

20 Rump length production 0.001325549 18,264 42.15872 75.23024

21 Teat thickness exterior 0.00123856 18,554 42.82812 76.23165

22 Heel height exterior 0.001377944 19,671 45.40649 78.19852

23 Front teat placement exterior 0.001108429 21,816 50.35779 82.25086

24 Rear teat direction exterior 0.001030407 23,646 54.58197 85.22757

25 Overall feet/legs score exterior 0.000872135 25,604 59.10161 88.05863

26 Rear teat placement exterior 0.000798565 25,931 59.85642 88.69103

27 Rear udder height exterior 0.000675109 28,601 66.01957 91.87504

28 Udder balance exterior 0.000509724 30,888 71.29865 94.40238

29 Foot angle exterior 0.000604226 31,409 72.50127 94.83624

30 Udder depth exterior 0.000597598 32,094 74.08245 95.3957

31 Overall frame production 0.000478474 32,354 74.68261 95.68689

32 Rear-leg set exterior 0.000507667 32,936 76.02604 96.02775

33 Udder cleft depth exterior 0.000310256 36,766 84.86681 98.45448

34 Sum (points); overall conformation score exterior 0.000090297 41,071 94.80403 99.81904

35 Body depth production 0.000060817 42,046 97.05461 99.94091

36 Chest width production 0.000051688 42,173 97.34777 99.95302

Table 2. Results of the association analysis between GRAMD1B polymorphism rs109709275 and 36 traits in 
BSW cattle. *% of phenotypic variability explained with SNP rs109709275 and other SNPs (rank-1) with higher 
SNP effect for a specific trait.
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Fig. 3. Heatmap of percent rank (pRank) of GRAMD gene family within 36 cattle traits. The heatmap was 
generated in RStudio using ComplexHeatmap package.
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Fig. 4. Heatmap of SNP effects of GRAMD gene family on 36 cattle traits. The heatmap was generated in 
RStudio using ComplexHeatmap package.
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in GWAS studies (Supplementary Table 13). QTLs are associated with different phenotypic traits from six trait 
classes: reproduction, production, health, meat and carcass, exterior, and milk traits.

GRAMD gene family variability between inbred mouse models for polygenic obesity and 
leanness
We analyzed whether the SNPs in the GRAMD gene family differ between inbred mouse models for polygenic 
obesity and leanness. Figure  5 shows the structure of the GRAMD family of genes in a mouse, along with 
regulatory elements, and the number of SNPs in the Fat and Lean mouse lines. The VEP tool annotates variants 
located within the gene region, extending to 5000 base pairs (bp) upstream and downstream. In comparison to 
the reference genome, Gramd1a and Gramd2a have SNPs only in the Fat line (167 and 38 SNPs, respectively), 
while in Gramd1c, 10 SNPs are present only in the Lean line. In contrast, in Gramd1b, Gramd2b and Gramd4 
genes SNPs were present in the Fat, Lean or both lines in comparison to the reference genome. Interestingly, 
in Gramd1b gene, SNPs in Lean line are located only in the 5’ part and SNPs in the Fat line are located only in 
the 3’ part of the gene. As shown in Fig. 5, several SNPs are located within regulatory elements. Besides genetic 

Fig. 5. Structure of the GRAMD family of genes in mouse, regulatory elements and number of SNPs in the Fat 
and Lean mouse lines.
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variability, we also reanalyzed our previous expression experiments in mouse model for fatness and leanness. 
Results revealed that among Gramd genes, the Gramd1b gene had lower expression in muscle tissue in the Fat 
compared to the Lean line. In the remaining eight tissues, the difference in expression was not significant18.

Synthesis of GO analysis in five vertebrate species
We then performed a comparison of GO terms for six GRAMD genes in five vertebrate species: human, cattle, pig, 
mouse, and chicken (Supplementary Table S14). For example, the molecular functions of GRAMD1B in cattle 
include phosphatidylserine binding, cholesterol binding, phosphatidic acid binding, and cholesterol transfer 
activity. In addition, the annotated biological processes include lipid transport, sterol transport, intracellular 
sterol transport, cholesterol homeostasis, cellular response to cholesterol, and intermembrane lipid transfer. The 
GO annotations of the GRAMD family highlight a complex array of roles these genes play in vital biological 
functions. While some annotations are shared across species, indicating conserved functions, others are more 
sporadically distributed, possibly due to differences in research focus areas. Processes related to lipid and sterol 
transport are fundamental to cell membrane composition and signaling, with annotations for lipid transport 
present across all species. Intracellular sterol transport is noted for cattle, humans, and mice, indicating that these 
species may share mechanisms for managing cholesterol within cells, which could be important for the synthesis 
of steroids, including reproductive hormones. Only humans and mice have reported roles in autophagy, while 
apoptotic processes are present across all species. The lack of annotations for autophagy in cattle might reflect an 
area where more research is needed rather than an absence of this function, which is critical for cellular quality 
control and health.

Literature review of GRAMD genes and associated phenotypes in five vertebrate species
In the next step, we reviewed the literature on reported associations between six GRAMD genes and phenotypes 
in five vertebrate species: human, cattle, pig, mouse and chicken. The data were extracted from 37 PubMed 
publications, QTLdb and the MGI database (Table 3). Literature analysis demonstrated the diverse impact of 
these genes on health and development across species.

The dynamics and focus of GRAMD gene studies differ between species. In cattle, phenotypes related to 
reproduction, feed efficiency, and milk content are associated with the GRAMD1B5,6 and GRAMD1C gene27,28. 
In chicken, phenotypes related to reproductive performance and egg traits are associated with the GRAMD1C 
gene29. Two studies were conducted in pig: GRAMD1B has been studied with the number of animals born 
alive and dead30 and GRAMD4 with porcine epidemic diarrhea (PED)31. In mouse, GRAMD1C was associated 
with nutrient sensing32 and GRAMD4 in immune response33. In human GRAMD genes have been studied in 
association with diverse phenotypes. For example, GRAMD1B has been shown to be involved in adrenal and 
testicular steroidogenesis34. It has been associated with muscle fiber size and strength, possibly contributing to a 
greater predisposition to strength and power sports35. It has also been shown to regulate cell migration in breast 
cancer cells through JAK/STAT and Akt signaling. Gramd1b knockdown led to morphological changes in the 
cells, suggesting its role in cell migration36. It has also been reported to be associated with susceptibility to chronic 
lymphocytic leukemia (CLL)37 and total serum IgE levels38. All three GRAM1 genes (GRAM1A, GRAM1B and 
GRAM1C) have been shown to be involved in the regulation of cholesterol distribution and transport39–41.

Comparative analysis of GRAMD gene functions across species revealed that GRAMD1A has been 
studied in human and is associated with autophagy42,43 hepatocellular carcinoma44, kidney renal clear cell 
carcinoma (KIRC)45, prostate cancer46 and renal transplantation rejection47. GRAMD1B shows associations 
with reproductive phenotypes in cattle, such as influencing the days from first to last insemination6. These 
associations underscore the gene’s role in cattle fertility and may have implications for breeding programs 
to enhance reproductive efficiency. In humans, GRAMD1B is associated with breast cancer cell migration36, 
indicating its role in cancer progression.

In cattle, GRAMD1C is implicated in milk conjugated linoleic acid content27, pointing to its involvement 
in milk fat composition, a trait of economic importance. In humans, it is associated with mitochondrial 
bioenergetics48 and autophagy in cell lines49, suggesting a broader role in cellular health and disease. It has 
also been shown to be involved in hepatocellular carcinoma50, KIRC51, non-cirrhotic hepatocellular carcinoma 
(NCHNN)52, breast cancer53, pediatric sepsis54 and Huntington’s disease55. GRAMD2A and GRAM2B have only 
been researched in humans and are shown to be implicated in cellular Ca2+ homeostasis3 and serum leukocyte 
concentration4. GRAMD4 has been shown to be associated with various human health conditions, including 
macrocephaly56 and HPV16 + head and neck squamous cell carcinomas57. It has been reported to be involved 
in inhibiting tumor metastasis in hepatocellular carcinoma58. Its relationship with apoptotic processes in cell 
lines2 suggests its fundamental role in cell death and survival, which can be crucial for understanding disease 
mechanisms.

The second section of the Table  3 lists mammalian phenotypes primarily associated with abnormal 
development and physiological functions, such as abnormal morphology, decreased reflexes, and hyperactivity 
(MGI database). Table  3 also includes gene-phenotype associations obtained in the present study in cattle. 
Considering the three phenotypes with the highest association with 11 SNPs according to the percentile 
rankings, it was revealed that GRAMD genes have the highest association with 24 traits across all five trait 
groups, including eight traits associated with two genes. Additionally, one trait is associated with two SNPs 
within one gene; namely, rump angle is linked to two SNPs within the GRAMD1B gene.

Discussion
In the present study, we illustrated using the GRAMD gene group as an example, how the combination of 
GWAS and the PheWAS offers a promising toolbox for the systematic functional annotation of vertebrate 
genomes. The analysis was performed using 55,172 SNPs and 36 phenotypic traits in 55,013 bulls. Additionally, 
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Phenotype Species GRAMD1A GRAMD1B GRAMD1C GRAMD2A GRAMD2B GRAMD4 Reference

days from first to last insemination cattle (Nordic red cattle) ✓ [6]

feed efficiency cattle ✓ [5]

female fertility index cattle (Nordic red cattle) ✓ [6]

length in days of the interval from calving to 
first insemination cattle (Nordic red cattle) ✓ [6]

number of inseminations per conception cattle (Nordic red cattle) ✓ [6]

milk conjugated linoleic acid content cattle (Brown Swiss dairy 
cattle) ✓ [27]

rear thigh circumference cattle (Simmental beef 
cattle) ✓ [28]

female reproductive performance chicken ✓ [29]

the growth and development of follicles chicken ✓ [29]

yolk percentage traits chicken ✓ [29]

autophagy human (cell line) ✓ [49]

mitochondrial bioenergetics human (cell line) ✓ [48]

adrenal and testicular steroidogenesis human ✓ [34]

autophagy human ✓ [42]

autophagy human ✓ [43]

breast cancer human ✓ [53]

cell migration in breast cancer cells human ✓ [36]

hepatocellular carcinoma human ✓ [50]

regulation cellular cholesterol distribution human (cell lines) ✓ ✓ ✓ [39]

nonvesicular plasma membrane to 
endoplasmic reticulum cholesterol transport human, mouse (cell lines) ✓ ✓ ✓ [40]

hepatocellular carcinoma human ✓ [44]

apoptosis human (cell lines) ✓ [2]

asymmetric cholesterol distribution in 
plasma membrane human (cell lines) ✓ [41]

HPV16 + head and neck squamous cell 
carcinomas human ✓ [57]

inhibiting tumor metastasis in 
hepatocellular carcinoma human ✓ [58]

kidney renal clear cell carcinoma (KIRC) human ✓ [45]

kidney renal clear cell carcinoma (KIRC) human ✓ [51]

macrocephaly, Phelan–McDermid 
syndrome (PMS) human ✓ [56]

muscle fiber size and strength human ✓ [35]

non-cirrhotic hepatocellular carcinoma 
(NCHCC) human ✓ [52]

pediatric sepsis human ✓ [54]

prostate cancer human ✓ [46]

renal transplantation rejection human ✓ [47]

cellular Ca(2+) homeostasis human (cell lines) ✓ [3]

serum leucocyte concentration, coronary 
artery disease (CAD) human ✓ [4]

susceptibility to chronic lymphocytic 
leukemia (CLL) human ✓ [37]

total serum IgE levels human ✓ [38]

transition between different states in 
Huntington’s Disease human ✓ [55]

TLR9-mediated innate immune responses mouse ✓ [33]

nutrient sensing; negative regulator of 
mTORC1 signaling during nutrient 
starvation

mouse (cell line) ✓ [32]

number of animals born alive and dead pig ✓ [30]

porcine epidemic diarrhea (PED) pig ✓ [31]

abnormal adrenal cortex morphology mammalian phenotype ✓ MGI

abnormal adrenal gland morphology mammalian phenotype ✓ MGI

abnormal adrenal gland zona fasciculata 
morphology mammalian phenotype ✓ MGI

abnormal cholesterol homeostasis mammalian phenotype ✓ MGI

Continued
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Phenotype Species GRAMD1A GRAMD1B GRAMD1C GRAMD2A GRAMD2B GRAMD4 Reference

abnormal head shape mammalian phenotype ✓ MGI

abnormal lens morphology mammalian phenotype ✓ MGI

abnormal liver morphology mammalian phenotype ✓ MGI

abnormal pancreas morphology mammalian phenotype ✓ MGI

abnormal startle reflex mammalian phenotype ✓ MGI

abnormal tail morphology mammalian phenotype ✓ MGI

decreased circulating corticosterone level mammalian phenotype ✓ MGI

decreased fasting circulating glucose level mammalian phenotype ✓ MGI

decreased mean corpuscular hemoglobin 
concentration mammalian phenotype ✓ MGI

decreased startle reflex mammalian phenotype ✓ MGI

enlarged lymph nodes mammalian phenotype ✓ MGI

enlarged urinary bladder mammalian phenotype ✓ MGI

exencephaly mammalian phenotype ✓ MGI

hyperactivity mammalian phenotype ✓ MGI

impaired glucose tolerance mammalian phenotype ✓ MGI

increased circulating aspartate transaminase 
level mammalian phenotype ✓ MGI

increased mean corpuscular hemoglobin mammalian phenotype ✓ ✓ MGI

increased mean corpuscular hemoglobin 
concentration mammalian phenotype ✓ MGI

increased mean corpuscular volume mammalian phenotype ✓ MGI

increased urine microalbumin level mammalian phenotype ✓ MGI

limb grasping mammalian phenotype ✓ MGI

preweaning lethality, incomplete penetrance mammalian phenotype ✓ MGI

small uterus mammalian phenotype ✓ MGI

unresponsive to tactile stimuli mammalian phenotype ✓ MGI

vertebral fusion mammalian phenotype ✓ MGI

exterior trait: teat thickness cattle (Brown Swiss cattle) ✓ Present study

milk trait: milk fat yield cattle (Brown Swiss cattle) ✓ ✓ Present study

exterior trait: front teat length cattle (Brown Swiss cattle) ✓ Present study

production trait: rump length cattle (Brown Swiss cattle) ✓ ✓ Present study

production trait: chest width cattle (Brown Swiss cattle ✓ ✓ Present study

production trait: overall frame cattle (Brown Swiss cattle ✓ Present study

exterior trait: rump angle cattle (Brown Swiss cattle) ✓ (2 SNPs) Present study 

exterior trait: overall udder score cattle (Brown Swiss cattle) ✓ Present study

exterior trait: fore udder attachment cattle (Brown Swiss cattle) ✓ Present study

exterior trait fore udder length cattle (Brown Swiss cattle) ✓ Present study

exterior trait: overall feet/legs score cattle (Brown Swiss cattle) ✓ Present study

exterior trait: heel height cattle (Brown Swiss cattle) ✓ Present study

exterior trait: udder depth cattle (Brown Swiss cattle) ✓ Present study

production trait: rump width cattle (Brown Swiss cattle) ✓ ✓ Present study

reproduction trait: calving interval cattle (Brown Swiss cattle) ✓ ✓ Present study

production trait: rump height cattle (Brown Swiss cattle) ✓ ✓ Present study

production trait: body depth cattle (Brown Swiss cattle) ✓ Present study

production trait: thurl placement cattle (Brown Swiss cattle) ✓ ✓ Present study

production trait: overall rump cattle (Brown Swiss cattle) ✓ ✓ Present study

Continued
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we summarized published literature and GO databases for genotype-phenotype associations in five vertebrate 
species and presented genotype differences in the GRAMD gene family of inbred mouse models for polygenic 
obesity and leanness.

The data reflect the multifunctional nature of the GRAMD gene family, with members influencing a 
wide range of biological processes that translate into observable traits across species. The specificity of these 
associations underscores the potential for using genetic information to guide selective breeding in livestock and 
provides valuable targets for biomedical research. Additionally, the cross-species prevalence of certain traits 
suggests evolutionarily conserved functions of these genes that might be exploited to improve animal health and 
production.

The synthesis of the data from various publications and databases suggests that GRAMD genes play significant 
roles in cattle physiological processes, manifesting in measurable traits of agricultural importance6,27. The study 
revealed that SNPs within specific genes correlate with effects on cattle traits, which are supported by their 
associated biological processes and molecular functions. Comparisons of phenotypic variability across different 
vertebrate species, including cattle, human, pig, mouse, and chicken, have highlighted potential conserved 
genetic mechanisms. The integrated analysis of SNP effects, gene ontology, and phenotypic data has unveiled 
several genes that may significantly influence cattle traits.

The ranking analysis revealed the relative influence of GRAMD gene group SNPs among all variants on the 
microarray. The study provided an additional dimension to understanding the genetic impact on these traits. 
For example, high-ranking GRAMD4 SNPs show substantial effects on body depth and potential for genetic 
improvement targeting stature and robustness. On the other hand, other lower-ranking SNPs highlight the 
complexity of genetic regulation and the specific contributions of different SNPs to phenotypic traits.

In future studies, several experimental approaches could be employed to functionally test whether the 
identified SNPs exert the above-proposed cis- or trans-regulatory effects. RNA sequencing (RNA-seq) of tissues 
relevant to the trait of interest could quantify gene expression in a population of individuals carrying different 
GRAMD gene family SNP alleles. The resulting expression data could then be mapped to identify significant 
SNP-expression correlations, allowing for the distinction between cis- (local) and trans- (distant) regulatory 
effects. Alternatively, a smaller-scale experiment could be conducted to directly test the candidate genes using 
quantitative PCR (qPCR).

Other in vitro or in vivo experimental methods could also be employed to establish causality rather than mere 
correlation. For instance, reporter assays could validate cis-regulatory effects of alternative GRAMD SNP alleles 
in vitro, while CRISPR/Cas9 genome editing could be used to modify SNPs and observe functional outcomes in 
vivo. Furthermore, perturbing the expression of candidate trans-regulated genes (e.g., CCAR2, RPS3) through 
knockdown or overexpression techniques could reveal whether these perturbations influence the same pathways 
affected by the GRAMD-associated SNPs.

Results revealed groups of traits that share a genetic basis and could be improved simultaneously through 
selective breeding targeting a set of SNPs that have the greatest effect across these traits. For example, clustering 
of rump-related traits such as height, length, and width indicates a shared genetic background, which could be 
targeted to improve body conformation. Comparative analysis of the obtained genotype and phenotype data 
demonstrated that the most potent SNPs for specific traits are not always the highest-ranked across all traits. This 
finding is crucial for precision breeding as it implies that selective improvement of one trait may affect another.

The present study used GWAS and PheWAS approaches (GWAS-to-PheWAS) to determine the association 
between sequence variants and phenotypic traits in cattle. The GWAS approach follows a “many variants-
one phenotype” design, whereas PheWAS uses a “one variant–many phenotypes” approach, allowing for the 
analysis of pleiotropy59. Two main advantages of our study are the high number of analyzed animals and the 
large number of available phenotypic traits that allowed a functional annotation of the GRAMD genes in cattle. 
The combination of GWAS and PheWAS approaches represents one of the most important research directions 
in genomics. This combined approach provides valuable insights into the genetic and biological mechanisms 
underlying various complex traits, marking a significant step towards integrative biology research in animal 
science10,60.

The gene-QTL overlap analysis presents a preliminary step towards functional annotation. Although most 
of the overlapped QTLs span large genomic regions, the current data do not yet provide convincing evidence to 
associate these regions with the GRAMD1B gene. To verify the findings, future studies should be repeated using 
upcoming new versions of QTLdb, including all members of the GRAMD gene family. Despite the inconclusive 
nature of these results, this approach offers potential for further functional characterization of these genes.

Phenotype Species GRAMD1A GRAMD1B GRAMD1C GRAMD2A GRAMD2B GRAMD4 Reference

milk trait: milking speed cattle (Brown Swiss cattle) ✓ Present study

exterior trait: front teat placement cattle (Brown Swiss cattle) ✓ Present study

exterior trait: top line cattle (Brown Swiss cattle) ✓ Present study

exterior trait: rear teat direction cattle (Brown Swiss cattle) ✓ Present study

health trait: scs (log2n) cattle (Brown Swiss cattle) ✓ Present study

Table 3. Phenotypes associated with six GRAMD genes in five vertebrate species. Results from the present 
study include the first three associations for 11 SNPs according to the percent rank. Legend: scs: somatic cell 
score.
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Comparison between mouse models and livestock is challenging, as some traits, like milk and teat traits, 
are not measured in mice. However, the mouse model could still be useful for comparisons using anatomical 
traits or body regions similar to those recorded in livestock, such as exterior traits and expression in the 
mammary gland and fat tissue. For example, a search of MGI data revealed the following findings: (1) Gramd1b 
has a strong expression and function in body region determination, also in hind parts (trunk, limbs, tail). (2) 
Expression of Gramd1a and Gramd1b in mammary gland is found to be medium to strong. (3) Some mutations 
(i.e., Gramd1bem1(IMPC)J/Gramd1bem1(IMPC)J) show effects on abnormal body shapes, including abnormal tail 
morphology. (4) Gramd2a is expressed in exocrine organs including mammary gland. (5) Intragenic deletion, 
Gramd2aem1(IMPC)Tcp (J: 237616) is associated with abnormal body morphology in skeleton17. Therefore, 
comparison with mice still offers insights for comparative studies focusing on anatomical traits, external features, 
and expressions in tissues analogous to those found in livestock.

The Gene Ontology offers a species-independent framework for detailing the molecular functions, biological 
roles, and cellular locations of numerous gene products. Its design facilitates cross-species comparisons, 
allowing functional annotations from model organisms to be applied to species with less characterized genomes. 
Consequently, the GO serves as a valuable resource for providing gene annotation in species where complete 
genomic data are not yet available61. Variations in these annotations between species often reflect the current 
state of research rather than biological differences. For example, certain functions of the GRAMD family may 
be well-studied in humans and mice, commonly used model organisms, while equivalent research in livestock 
species may lag. These annotations offer a guide of potential gene functions that could be associated with 
important traits. This highlights the need for future research to fill in the gaps and elucidate the roles of these 
genes in physiology and productivity.

Limitations of the study
Despite several advances, our study also has some limitations. For example, the association study in cattle 
depended on the available SNPs on the microarray, as the SNPs are not evenly distributed across the genes. 
Five SNPs are present within the GRAMD1B gene, two SNPs in the GRAMD2B and GRAMD4 genes each, and 
one SNP is present within the GRAMD1C and GRAMD2A genes. The association was not performed for the 
GRAMD1A gene as no SNPs map to this gene. Comparison of phenotypes across species is also challenging due 
to differences in measured traits, especially milk and teat characteristics. For example, in cattle, we performed 
an association study between five genes and 36 traits. However, in mouse SNP distribution was compared for six 
genes and two traits between inbred mouse models for polygenic obesity and leanness. The literature review also 
depended on available studies, mostly performed in human, but only a few in cattle, pig, mouse and chicken.

Conclusions
Our study reinforces the pivotal role of GRAMD genes in animal breeding and genetic selection strategies. The 
present study revealed an association with several additional traits, suggesting that the identified SNPs may serve 
as genetic variants for selection programs in Slovenian and possibly global populations of cattle. Biomarkers 
based on polymorphisms contribute to the study of phenotypic traits of interest in animal husbandry and 
medicine. Our study presents an example of functional annotation of GRAMD genes using GWAS and PheWAS 
approaches, which could now be applied to other gene groups.

GRAMD gene family evaluation revealed their potential for improving cattle productivity, health, and 
robustness. The integrated analysis of SNP effects, rankings, and clustering patterns provides a baseline for the 
targeted improvement of cattle traits. The study highlighted the importance of understanding relationships 
between SNPs, genes, traits and their categories, which should lead to advancements in genetic and genomics 
research and more efficient breeding strategies.

Data availability
Data is provided within the manuscript and supplementary information files.
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