
ABSTRACT

A multicenter observational study to evaluate ge-
nome-wide association was conducted in early-lactation 
Holstein cows (n = 293) from 36 herds in Canada, the 
USA, and Australia. Phenotypic observations included 
rumen metabolome, acidosis risk, ruminal bacterial 
taxa, and milk composition and yield measures. Diets 
ranged from pasture supplemented with concentrates to 
total mixed rations (nonfiber carbohydrates = 17 to 47, 
and neutral detergent fiber = 27 to 58% of dry matter). 
Rumen samples were collected <3 h after feeding and 
analyzed for pH, ammonia, d- and l-lactate, volatile 
fatty acid (VFA) concentrations, and abundance of 
bacterial phyla and families. Eigenvectors were pro-
duced using cluster and discriminant analyses from a 
combination of pH and ammonia, d-lactate, and VFA 
concentrations, and were used to estimate the prob-
ability of the risk of ruminal acidosis based on proxim-
ity to the centroid of 3 clusters, termed high (24.0% 
of cows), medium (24.2%), and low risk (51.8%) for 
acidosis. DNA of sufficient quality was successfully ex-
tracted from whole blood (218 cows) or hair (65 cows) 
collected simultaneously with the rumen samples and 
sequenced using the Geneseek Genomic Profiler Bovine 
150K Illumina SNPchip. Genome-wide association used 
an additive model and linear regression with principal 
component analysis (PCA) population stratification 
and a Bonferroni correction for multiple comparisons. 
Population structure was visualized using PCA plots. 
Single genomic markers were associated with milk 
protein percent and the center logged ratio abundance 
of the phyla Chloroflexi, SR1, and Spirochaetes, and 
tended to be associated with milk fat yield, rumen 
acetate, butyrate, and isovalerate concentrations and 
with the probability of being in the low-risk acidosis 

group. More than one genomic marker was associated 
or tended to be associated with rumen isobutyrate and 
caproate concentrations, and the center log ratio of the 
phyla Bacteroidetes and Firmicutes and center log ratio 
of the families Prevotellaceae, BS11, S24-7, Acidami-
nococcaceae, Carnobacteriaceae, Lactobacillaceae, Leu-
conostocaceae, and Streptococcaceae. The provisional 
NTN4 gene, involved in several functions, had pleiot-
ropy with 10 bacterial families, the phyla Bacteroidetes 
and Firmicutes, and butyrate. The ATP2CA1 gene, 
involved in the ATPase secretory pathway for Ca2+ 
transport, overlapped for the families Prevotellaceae, 
S24-7, and Streptococcaceae, the phylum Bacteroidetes, 
and isobutyrate. No genomic markers were associated 
with milk yield, fat percentage, protein yield, total sol-
ids, energy-corrected milk, somatic cell count, rumen 
pH, ammonia, propionate, valerate, total VFA, and 
d-, l-, or total lactate concentrations, or probability 
of being in the high- or medium-risk acidosis groups. 
Genome-wide associations with the rumen metabo-
lome, microbial taxa, and milk composition were pres-
ent across a wide geographical and management range 
of herds, suggesting the existence of markers for the 
rumen environment but not for acidosis susceptibility. 
The variation in pathogenesis of ruminal acidosis in the 
small population of cattle in the high risk for acidosis 
group and the dynamic nature of the rumen as cows 
cycle through a bout of acidosis may have precluded 
the identification of markers for acidosis susceptibility. 
Despite a limited sample size, this study provides evi-
dence of interactions between the mammalian genome, 
the rumen metabolome, ruminal bacteria, and milk 
protein percentage.
Key words: genome-wide association study, ruminal 
acidosis, microbiome, quantitative trait loci

INTRODUCTION

Ruminal acidosis is a prominent and complex nutri-
tional disorder of ruminants. The condition is associ-
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ated with an accumulation of organic acids within the 
rumen initiated by the combination of consumption of 
large amounts of readily fermentable carbohydrates and 
insufficient intake of physically effective fiber (Nagaraja 
and Titgemeyer, 2007; Bramley et al., 2008). Firkins 
and Yu (2015) noted that differences in the microbiome 
structure among cattle fed the same diet often exceed 
those fed on different diets. Current control strategies 
are unlikely to manage ruminal acidosis in the entire 
herd due to the considerable variation in the micro-
biome (Golder et al., 2014). Genetic selection is com-
monly used in the cattle industry to improve a range of 
production, fertility, and longevity traits and minimize 
health disorders (Cole et al., 2021). The history of the 
evolution of genetic evaluation in the dairy industry, 
current traits, and their weighting in selection indices, 
evaluation methods, and benefits of genetic improve-
ment have been well described in reviews (Wiggans 
et al., 2017; Cole et al., 2021). No estimated breeding 
values are currently available for rumen disorders, aci-
dosis susceptibility, or rumen microbiome composition 
or function.

Host-microbe interactions are increasingly being 
explored (Weimer, 2015; Myer, 2019). Host-microbe 
specificity has been demonstrated through the near re-
establishment of bacterial communities after near-total 
exchanges of rumen contents of dairy cattle (Weimer 
et al., 2010; Weimer et al., 2017) and rumen trans-
plantation in sheep under acidotic conditions (Liu et 
al., 2019). Breed of cattle has also been found to influ-
ence the rumen community (Clemmons et al., 2019; Li 
et al., 2019a,b), further demonstrating links between 
the genetics of the host and its microbiota. Bovines 
appear to have a core microbiota that differs among in-
dividuals (Li et al., 2009; Welkie et al., 2010; Jami and 
Mizrahi, 2012; Henderson et al., 2015). Wallace et al. 
(2019) found that a heritable subset of the core rumen 
microbiota influenced the productivity and emissions of 
cows. Quantifying the components of variation in the 
core microbiota of cattle that reflect the mammalian 
genetics, influence of diet, and other environmental 
influences may provide means to reduce susceptibil-
ity to ruminal acidosis and other associated disorders. 
Genome-wide association studies are a widely used 
approach to identify QTL associated with phenotypes 
(Jiang et al., 2019).

A GWAS pilot study found associations between 
the mammalian genetics, bacterial phyla, and rumen 
fermentation products in a small population (n = 33) 
of nulliparous Holstein heifers that were subjected to 
an acidosis challenge (Golder et al., 2018). This sug-
gested the potential to use genetic markers to select 

for cattle at lower risk of acidosis. Because this was a 
pilot study with a very small study population size that 
used nulliparous heifers from the same herd with closed 
genetics, a need remained to explore such associations 
in a larger population size, with a range of genetics 
and management systems, and to incorporate associa-
tions with production measures (Golder et al., 2018). 
To address this gap in knowledge, we used the model 
by Bramley et al. (2008) as described in Golder et al. 
(2023) to classify 293 early-lactation Holstein cattle 
from 4 geographical regions [Australia (AU), Canada 
(CAN), California (CA), and Wisconsin (WI)] into 3 
acidosis risk groups. In the study population of Golder 
et al. (2023; n = 263) that excluded cows from the WI 
region, 26.1% of the cows were classified in the high-
risk group, 26.8% in the medium-risk group, and 47.1% 
in the low-risk group. The overall bacterial community 
composition differed among the high- and low-risk 
groups and regions, and associations were identified 
among bacterial community composition and measures 
of rumen metabolites and milk production (Golder et 
al., 2023; our unpublished data). Exploration of the 
associations with the host genome is required and de-
scribed herein.

This paper is part of a series (Golder et al., 2023; 
our unpublished data) designed to improve our under-
standings of the risk of acidosis and ultimately control 
of ruminal acidosis through evaluation of associations 
with host genomics, diet, rumen metabolite, ruminal 
bacterial taxa, and production characteristics in early-
lactation Holsteins. The objective of this study was to 
explore the aforementioned associations by GWAS in 
early-lactation dairy cattle from a range of management 
systems and geographical spread, so that genetic mark-
ers may be used to select cattle with a reduced genetic 
predisposition to ruminal acidosis. We hypothesized 
that associations would be found between the bovine 
genome and rumen metabolome, acidosis risk, rumen 
microbiota, and production of lactating dairy cattle.

MATERIALS AND METHODS

This study was carried out in accordance with the 
recommendations of the Australian Code for Care and 
Use of Animals for Scientific Purposes, Scibus Animal 
Ethics Committee (Scibus 0618-1219), the University 
of California Davis Institutional Animal Care and Use 
Committee (protocol number 20729), the University 
of Wisconsin, College of Agriculture and Life Sciences 
Animal Care and Use Committee (approval A006225), 
and Animal Care Committee at the University of 
Guelph (Animal Utilization Protocol 4124).
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Experimental Design

Phenotypic and genotypic data were obtained from 
293 lactating Holstein-Friesian cows in a multicenter 
observational study. The study population was from 36 
herds (10 in CA, 12 in CAN, 10 in AU, and 4 in WI), 
with a target of 8 cows/herd (4 primiparous and 4 of 
parity >1 and ≤4) between 10 and 100 DIM. The AU 
herds were in 4 geographical regions (Western districts 
of Victoria, the South Coast of New South Wales, Fin-
ley in New South Wales, and the Macarthur region of 
New South Wales). The herds ranged in size from 57 
to 6,294 cows and are described by Golder et al. (2023) 
along with their selection criteria. The diets of the 
North American herds were all TMR, whereas those in 
AU were primarily pasture-based with supplementary 
concentrates or silage. The chemical composition of the 
diets was analyzed by DairyOne Cooperative Inc., For-
age Testing Laboratory (Ithaca, NY), as described and 
reported in Golder et al. (2023). The NFC ranged from 
17 to 47% of DM, and the NDF ranged between 27 and 
58% of DM.

Phenotypic Data

The phenotypic data included milk production and 
rumen metabolomic and bacterial taxa abundance 
data. A summary of the associations between these and 
the acidotic groups and the regions of CA, CAN, and 
AU is shown in Figure 1.

Milk. The milk production measures included milk 
volume, fat percentage and yield, protein percentage 
and yield, natural log SCC, and ECM. Milk volume, 
fat, protein, and SCC were recorded from the closest 
herd test to the rumen sampling date, details of the 
herd testing agencies are provided in Golder et al. 
(2023). Energy-corrected milk was calculated as ECM 
= [(0.3246 × milk yield) + (12.86 × fat yield) + (7.04 
× protein yield)], as per NRC (2001).

Rumen Metabolomic Data. The metabolomic 
measures included total VFA, acetate, butyrate, pro-
pionate, valerate, ammonia, total lactate, d-lactate and 
l-lactate concentrations, the ratio of acetate to propio-
nate, pH, and the probability of being classified based 
on the discriminant and K-means cluster analysis model 
developed by Bramley et al. (2008) into the following 
acidosis risk group classifications: high, medium, and 
low. The predicted means (±SEM) for these measures 
are provided in Golder et al. (2023).

Rumen fluid collections were planned to coincide with 
herd testing, but this was not always feasible. Rumen 
fluid was collected as described by Golder et al. (2023) 
within 3 h of feeding, using a customized stomach tube 
approximately 3 m in length with a multi-holed alumi-

num probe at one end, into a 500-mL container. Rumen 
fluid was scored for saliva contamination as described 
by Bramley et al. (2008) using a 3-point scoring system 
(0 being the lowest and 2 being the highest level of con-
tamination). The rumen fermentation measures were 
analyzed according to methods described by Golder et 
al. (2023).

Acidosis Risk Group Classification. To classify 
the risk status of acidosis for each cow’s rumen fluid 
sample, the measures for individual VFA, ammonia, d-
lactate, and pH for each sample were appended to the 
existing data set of Bramley et al. (2008), which had 
been used to develop K-means cluster analysis group 
allocation. All measures were standardized to a z-statis-
tic and a nearest neighbor nonparametric discriminant 
analysis (discrim knn; Stata Version 16.1, StataCorp.) 
to classify the sample from each cow into 1 of the 3 
acidosis categories based on the K-means clustering of 
Bramley et al. (2008): category 1, acidotic; category 2, 
suboptimal rumen function; or category 3, normal. We 
have termed our categories as follows: high, medium, 
and low risk for acidosis. A total of 24.0% of the cows 
were classified into the high-risk group, 24.2% into the 
medium-risk group, and 51.8% into the low-risk group.

The probability for distance to the center of each of 
the 3 acidosis risk groups (high, medium, and low) was 
produced where values were between 0 and 1. These 
describe how closely the rumen metabolomic profile 
from each cow in the current study matches the center 
of the high, medium, or low group. Values approaching 
1 are in the centroid of the group and represent cows 
that are most consistent with the characteristics defin-
ing that group.

Golder et al. (2023) proposed that the high-risk 
group had rumen phyla, fermentation, and produc-
tion characteristics consistent with a model of acidosis 
that reflected a rapid rate of carbohydrate fermenta-
tion. Namely, an acetate to propionate ratio of 1.98 ± 
0.11, concentrations of valerate 2.93 ± 0.14 mM, milk 
fat to protein ratio 1.11 ± 0.047, and a positive asso-
ciation with abundance of the phylum Firmicutes. The 
medium-risk group was proposed to contain cows that 
may be inappetent, had not eaten recently, or were in 
recovery from acidosis (Golder et al., 2023). The low-
risk group may represent cattle that are well fed, with 
a stable rumen and a slower rumen fermentation of 
carbohydrates (Golder et al., 2023).

Rumen Bacterial Data. The ruminal bacterial data 
included the center log ratio of the relative abundance 
of the following bacterial phyla: Actinobacteria, Arma-
timonadetes, Bacteroidetes, Chloroflexi, Cyanobacteria, 
Fibrobacteres, Firmicutes, Lentisphaerae, Planctomy-
cetes, Proteobacteria, Saccharibacteria, Spirochaetes, 
SR1, Synergistetes, Tenericutes, and Verrucomicrobia. 

Golder et al.: GENOME, RUMEN METABOLOME AND BACTERIA, AND MILK
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The 29 families included are those that were considered 
the top 20 most influential families for either acidosis 
group or region, based on principal component analysis 
(PCA).

DNA was extracted using a DNeasy PowerSoil HTP 
Kit (Qiagen), sequenced (NovaSeq 6000, Illumina Inc.), 
and processed (QIIME2 version 2021.2; Bolyen et al., 
2019) as described in Golder et al. (2023). Taxonomy 
was assigned by closed-reference clustering using 
VSEARCH (Rognes et al., 2016) to the EZBioCloud 
reference database (https:​/​/​www​.ezbiocloud​.net/​; Kim 

et al., 2012). All samples with fewer than 7,000 reads, 
and all archaea and eukarya were removed from the 
analysis. The center log ratio of the relative abundance 
of bacterial phyla and families with an abundance of 
>0.3% were used.

Beta diversity was examined by redundancy analysis 
using Canoco5 (Microcomputer Power). The amount 
of variation for the model was calculated, as well as 
each axis and each explanatory variable included in the 
model. The significance of each explanatory variable 
was determined by Bonferroni-corrected P-value.

Golder et al.: GENOME, RUMEN METABOLOME AND BACTERIA, AND MILK

Figure 1. Correlation biplot of the redundancy analysis of bacterial phyla with respect to acidosis risk and region and rumen and milk ex-
planatory variables. The 10 phyla with the best fit to the explanatory variables are displayed, where the length of the arrows are approximate 
correlation coefficients between the variables and acidosis risk and region. The total variation explained by the explanatory variables is 26.7%, 
and the eigenvalues for the first 2 axes are 0.12 and 0.09. High-risk and low-risk acidosis group samples were different (P = 0.038) and were as-
sociated with 5.1% and 3.0% of the variation, respectively. The medium-risk acidosis group was not different and was only associated with 0.4% 
of the variation (P = 1.000). Each region was significantly different (P = 0.038), with California associated with 8.8% of the variation, Australia 
with 4.7%, and Canada with 4.3%. Valerate, butyrate, propionate, isobutyrate, caproate, isovalerate, and ammonia concentrations and milk 
fat percentage were different (P = 0.038) and were associated with 5.3, 4.9, 3.2, 3.2, 2.3, 1.9, 1.9, and 1.8% of the variation, respectively. Total 
lactate concentration tended to be different (P = 0.176), associating with 1.5% of the variation. Milk protein percentage and yields, milk fat 
yield, and milk volume were not different and were collectively only associated with 3.2% of the variation (P > 0.100). Total VFA and acetate 
concentrations and pH were not significant and are not displayed (P > 0.100).

https://www.ezbiocloud.net/
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Genotypic Data

Hair samples were collected from 79 cows in Tulare, 
CA, only; of these, only 66 had sufficient DNA quality. 
Blood was collected by tail venipuncture in blood tubes 
containing no anticoagulant from 214 of the cattle in 
CAN, AU, and WI, and 11 from CA that had poor-
quality DNA from the hair samples. Two cows that 
had poor-quality DNA from the hair sample did not 
have blood samples; these cows were excluded from the 
analysis. Whole blood was frozen at −20°C and shipped 
on dry ice for DNA extraction.

DNA Extraction. Bovine DNA from hair was ex-
tracted by Neogen Geneseek Inc. (Lincoln, NE) using 
their standard protocols.

Bovine DNA from frozen whole blood samples was 
extracted using a Maxwell 16 LEV Blood DNA Kit, 
cat. no. AS1290 (Promega), and Maxwell 16 Semi Au-
tomated Nucleic Acid Extractor (Promega) according 
to manufacturer recommended procedures, as described 
in detail in Golder et al. (2018), and 30 μL of DNA 
elutant was frozen at −20°C until further analysis.

Initial DNA quality and quantity was determined by 
reading the absorbance at 260- and 280-nm frequen-
cies. A desirable ratio for DNA is 1.8. Samples yield-
ing a ratio between 1.65 and 1.95 were considered to 
have sufficient purity for genotyping, and samples that 
yielded at least a DNA concentration of 10 ng/µL were 
genotyped. All samples extracted met these thresholds, 
averaging 54 ng/µL.

Genotyping. Bovine DNA from hair and blood were 
shipped to Neogen Geneseek Inc. (Lincoln, NE) for 
analysis using the Geneseek Genomic Profiler Bovine 
150K Illumina SNPchip. Chips were prepared and run 
according to manufacturer guidelines, and the data 
were made electronically available to Montana State 
University (Bozeman, MT).

The SNP genotypes by animal identification, SNP 
mapping file containing chromosome (Chr) and posi-
tion for each SNP, and phenotype by animal identifica-
tion files were imported into Golden Helix software.

Data Quality Control. Samples were filtered out if 
genotypes could be called in <95% of the SNPs on the 
genotyping array, as this indicates that DNA quality 
was compromised or contaminated. A total of 6 samples 
had poor genotype call rates and were excluded from 
subsequent analysis.

Three criteria were applied for exclusion of SNPs: 
call rate <0.95, minor allele frequency <0.01, and Har-
dy-Weinberg equilibrium Fischer’s exact test P-value 
<0.0001. After quality control filtering, 119,205 SNPs 
were included in analysis.

Linkage disequilibrium pruning was performed with 
a window size of 100 bp and a window increment of 5 

bp. The linkage disequilibrium r2 threshold was 0.5, 
and the composite haplotype method was used for the 
linkage disequilibrium computation method (Weir, 
1996). This inactivated 8,668 markers and left 110,537 
in the analysis.

Genotype Analysis

Population structure was visualized using PCA. Some 
structure was evident when the first 2 eigenvectors were 
plotted, and data were coded by herd identification; 
hence these eigenvectors were included as covariates 
in the analysis to correct for underlying population 
structure or any underlying genetic variation such as 
regional or country variation. This is shown in Figure 2.

An identity-by-descent matrix was constructed by 
calculating identity-by-descent for each pair of samples. 
A genome F-statistic was calculated for each animal, 
with overall results of maximum = 0.23, minimum = 
−0.06, and mean = 0.003 ± 0.037.

Genome-wide association testing was completed on 
data from individual phenotypes utilizing 2 different 
models. Genome-wide association testing was com-
pleted using an additive model (dd) versus (Dd) versus 
(DD) and linear regression where the response y was 
fit to every genetic predictor variable or encoded geno-
type. The response was represented with the formula 
y = b1x + b0+ ∈, where the model was represented by 
the expression b1x + b0 and the error term ∈, expressing 
the difference, or residual, between the model of the 
response and the response itself (Bůžková, 2013). This 
model was chosen for its simplicity, to avoid adding bias 
to the results. Additionally, a correlation/trend test 
was performed with genotype predictor values classified 
according to reference or alternate alleles with the same 
additive model outlined previously, where the count of 
the alternate allele A, which is 0 within genotype rr, 1 
within genotype Ar, and 2 within genotype AA, where 
r is the reference allele. The correlation/trend test is a 
package in Golden Helix, which tests the significance 
of any correlation between 2 numeric variables (or 2 
variables that have been encoded as numeric variables). 
Population stratification was corrected for using PCA 
by the method of the program EIGENSTRAT, as de-
scribed by Price et al. (2006). This PCA methodology 
was applied due to limited data on animal genetic vari-
ance related to the phenotypic characteristics studied.

A Bonferroni adjustment was used to account for 
multiple comparisons. All P-values reported are Bon-
ferroni adjusted, with P-values of ≤0.05 considered 
significant and those between 0.05 and 0.15 reported 
as trends.

Positional candidate genes were identified around 
markers that were significantly associated with a phe-
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notype. A window of 100,000 bp was used in the case 
of a single associated marker, and where clusters of 
markers were identified, the positional candidate genes 
were identified within a window of 3 times the span of 
the cluster.

RESULTS

A total of 283 samples had both a genotype and phe-
notype matched. Bovine DNA of sufficient quality was 
successfully extracted from 217 whole blood samples 
and 66 hair samples. The herd that differed in popula-
tion structure (Figure 2) was a pasture-based herd in 
the Finley region of New South Wales, AU, and had 
long-term use of British Holstein genetics.

Host-Production Interactions

The association analysis and the correlation/trend 
test found that a marker on Chr 26 tended to be sig-
nificant for milk fat yield, with 4 genes identified (P = 
0.064) and 1 for milk protein percentage on Chr 1 with 
2 genes identified (P = 0.020; Table 1). No associations 
were found for milk yield, ECM, milk fat percentage or 
yield, milk protein yield, total solids, the ratio of milk 
fat to milk protein, or normal log SCC.

Host-Rumen Metabolomic Interactions

No associations were found for saliva score, rumen 
pH, or concentrations of rumen ammonia, propionate, 
valerate, total VFA, d- or l-lactate, the ratio of acetate 
to propionate, and the probability of being in the high- 
or medium-risk acidosis groups. We did find tendencies 

for a marker for acetate on Chr 6 (not observed in 
correlation/trend test) and for butyrate and isovalerate 
on Chr 5 and 26, respectively, each with a single gene 
identified (Table 2). Caproate had 2 markers (Chr 11 
and 2) but only 1 gene. Isobutyrate had an associated 
marker on Chr 1 with a single gene and tendencies for 
a further 2 markers from Chr 2 with 3 genes between 
them, including an overlap for GALNT13. These mark-
ers were not observed in the correlation/trend test, but 
the DHX32 gene had a trend in this analysis (P = 
0.150; Table 2); this was the same gene that had a 
tendency for isovalerate. The low-risk acidosis group 
had a tendency for a QTL on Chr 2 with 6 genes (P 
= 0.105), but this QTL was not identified in the cor-
relation/trend test. All the markers identified from the 
rumen metabolomics were unique to those identified for 
the milk parameters.

Host-Rumen Bacterial Interactions

Of the rumen phyla included in the GWAS, only the 
Bacteroidetes, Chloroflexi, Firmicutes, SR1, and Spiro-
chaetes had associations, most of which were provisional 
genes, and all were P ≤ 0.06 (Table 3). The Bacteroide-
tes had 3 markers from Chr 5, 1, and 4, respectively, 
with single genes identified for each that all overlapped 
with other phyla. The marker and gene from Chr 5 
demonstrated pleiotropy with overlap for Firmicutes 
and butyrate; the marker and gene from Chr 1 were 
shared with isobutyrate, and the marker and gene from 
Chr 4 had overlap with Firmicutes. The Chloroflexi had 
a marker on Chr 13 with 1 gene, and SR1 had a ten-
dency for a single marker association with 2 provisional 
genes (P = 0.060), but neither of these markers were 

Golder et al.: GENOME, RUMEN METABOLOME AND BACTERIA, AND MILK

Figure 2. Principal component analysis plot of population structure, with data coded by herd identification. Samples from each of the 36 
herds are represented by a unique color, with approximately n = 8 per herd. The herd represented by the orange squares in the lower right-hand 
corner of the figure that are distinct from the other samples are from a pasture-based herd in the Finley region of New South Wales, Australia, 
that had long-term use of British Holstein genetics. EV = eigenvector.
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identified in the correlation/trend test. The Firmicutes 
had 2 associations (Chr 5 and 4) each with single genes, 
but only provisional gene Netrin 4 (NTN4) was identi-
fied in the correlation/trend test. The Spirochaetes had 
a single QTL containing 8 primarily provisional genes.

Markers were identified for 14 of the 29 families that 
underwent association analysis, of which 6 were gram-
positive from the Firmicutes phylum (Table 4). All 
except the Lachnospiraceae, Acholeplasmataceae, and 
Coriobacteriaceae had multiple putative QTL identified 
per marker or multiple markers. The Anaerolineaceae, 
Anaerocella, BS11 (tendencies), and Planctomycetaceae 
(tendency; P = 0.060) were the only families that had 
QTL that were distinct from all the other phenotypes. 
The QTL for the Planctomycetaceae contained 7 genes.

The most common gene, overlapping in 10 of the 
families that were from a range of phyla and were not 
consistent in Gram stain, was NTN4 from the marker 
BovineHD0500016819, located on Chr 5. This gene also 
overlapped for Firmicutes, Bacteroidetes, and butyrate. 
The ATP2CA1 gene, involved in the ATPase secre-
tory pathway for Ca2+ transport, overlapped for the 
Prevotellaceae and S24-7, both from the Bacteroidetes 
phylum, as well as the Bacteroidetes phylum itself, the 
family Streptococcaceae (tendency; P = 0.055), and 
isobutyrate. The Carnobacteriaceae had the most QTL 
identified, with 5 comprising 16 genes. The GRM8 gene 
from Chr 4 overlapped between Prevotellaceae, Carno-
bacteriaceae, and Firmicutes. The gene Neuregulin 3 
(NRG3) from Chr 28 overlapped for Prevotellaceae and 
Acidaminococcaceae. The marker BovineHD0700006320 
on Chr 7 had consistent QTL between Acidaminococ-
caceae (tendency; P = 0.054), Carnobacteriaceae, 
Lactobacillaceae, Leuconostocaceae, and Streptococca-
ceae. None of the tendencies that were identified for 
the bacterial families in the regression analysis were 
identified in the correlation/trend test. In addition, 2 
of the QTL identified, BovineHD0400025098 and Bo-
vineHD1100019497, from Carnobacteriaceae, were also 
not identified in the correlation/trend test.

DISCUSSION

As hypothesized, significant QTL were found for 
rumen metabolites, ruminal microbiota, and milk pro-
duction. The associations relate to differences in the 
metabolome, microbiota, and production between the 
acidosis groups (Golder et al., 2023) and may be at-
tributed to the host genome. This study population, 
although larger than that of Golder et al. (2018), upon 
which the hypothesis was based, is still small for a 
QTL identification study. The possibility of type I error 
has been reduced by use of a conservative statistical 
approach, consistent with that used by Golder et al. 
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(2018). It is challenging and costly to obtain data of the 
quality required to evaluate large populations; smaller 
studies such as these are important to initiate proof of 
concept and give direction for larger-scale studies. A 
similar approach was taken by Benson et al. (2010), 
who examined factors that influence microbial compo-
sition in an intercross line of mice (n = 645). Both 
Benson et al. (2010) and Golder et al. (2018) reported 
multiple QTL for each phylum and pleiotrophy with 
several QTL among microbial taxa. Golder et al. (2018) 
also reported genetic associations with the metabolome, 
specifically with rumen function.

The intent of our study was to evaluate variation in 
rumen conditions that resulted from routine commer-
cial feeding management, not to impose a rumen dis-
turbance or intervention. We anticipated, based on the 
incidence of acidosis in early-lactation cattle reported 
by Bramley et al. (2008), that 10% of our sampling 
population would be acidotic. Classification of cattle 
using the discriminant analysis and the K-means cluster 
analysis methodology of Bramley et al. (2008) resulted 
in 24.0% of the cows classified in the high, 24.2% in the 
medium, and 51.8% in the low-risk acidosis groups for 
this study. Differences in rumen metabolomics, bacte-
rial taxa, and milk composition were evident between 
the acidosis groups (Golder et al., 2023). Thus, our 
incidence of acidosis and separation of characteristics 
of cattle between the 3 acidosis risk groups is sufficient 
to evaluate genomic associations.

Our findings suggest that responses to changes in 
the rumen could be host-specific. This is supported by 
associations between the host genome, metabolome, 
and microbiota described under rumen disturbance 
conditions in cattle on the same diets (Weimer et al., 
2010; Weimer et al., 2017). Those authors demon-
strated the capability of the rumen to rapidly revert to 
pre-exchange VFA concentrations within 24 h, and for 
microbial composition to revert more variably over a 
greater period after near-total exchange of rumen fluid. 
Ruminal microbial homeostasis was restored within 14 
d in sheep with acidosis induced by an oligofructose 
challenge, regardless of rumen fluid transplantation 
from clinically healthy sheep; however, the rebound 
from the dysbiotic state was faster in the transplanted 
sheep (Liu et al., 2019). Breed of cattle also influences 
the rumen community (Clemmons et al., 2019; Li et 
al., 2019a,b).

The number of associated markers for the rumen me-
tabolome and microbiota measures were considerably 
lower than those reported in the pilot study by Golder 
et al. (2018). This is expected, because the population 
from the current study was larger and more diverse in 
genetics and herd-level environmental factors includ-
ing diet and management, thereby reducing the risk of 

type I error. Golder et al. (2018) had large numbers of 
significant markers for both lactate isomers in a pre-
acidosis challenge period and for the ratio of acetate to 
propionate within 4 h of an acidosis challenge. In con-
trast, no markers were identified for these parameters 
in the current study, suggesting that these variables 
have a relatively smaller association with host genomics 
in wider populations.

The only marker associated with the acidosis risk 
groups was for the low-risk group, the group that repre-
sented most of the cows and which could indicate cows 
with suboptimal rumen function (Bramley et al., 2008; 
Golder et al., 2023). It is possible that a genetic con-
struct associated with less optimal rumen function may 
reflect maintenance of a more diverse rumen population 
(Golder et al., 2023) that favors herd and individual 
survival under differing dietary and management sys-
tems. The positional candidate genes identified for the 
low-risk group are primarily involved in protein path-
ways and signal transduction. The N-myc and STAT 
interactor, often referred to as the NMI gene, is in-
volved in transcription events in tumor growth (Pruitt 
et al., 2016). The gene TNF α induced protein 6 is an 
immunomodulatory protein produced in inflammatory 
diseases and is involved in mediating macrophage plas-
ticity and inhibits neutrophil migration and produc-
tion of proinflammatory cytokines (Dyer et al., 2016; 
Mittal et al., 2016). The lack of identified markers for 
the high- and medium-risk acidosis groups may reflect 
the size and characteristics of these populations and 
requires further investigation. Despite the breadth of 
research in the field of ruminal acidosis several ques-
tions remain surrounding its pathogenesis. Several 
markers and a QTL were associated with the acidosis 
eigenvalue in Golder et al. (2018), but none of the genes 
in the QTL overlap with those in the QTL from the 
current study. The acidosis eigenvalue is a comparable 
measure to what we termed the high-risk group in the 
current study. The Planctomycetaceae from the Planc-
tomycetes phylum are gram-negative and associated 
with the global carbon and nitrogen cycles (Wiegand 
et al., 2018), with a QTL containing genes involved in 
sulfotransferase activity and protein-related functions.

Milk production traits are among the 36 traits cur-
rently included in the various breeding evaluation in-
dexes for individual dairy breeds across the world (Cole 
et al., 2021). We demonstrated links with only fat yield 
and protein percentage, perhaps reflecting the small 
population size and range of herds sampled. Environ-
mental and management effects create herd-level factors 
that influence genetic evaluations (Dunne et al., 2018). 
Wallace et al. (2019) found that a heritable subset of 
the core rumen microbiota influenced cow productivity 
and emissions. Associations between milk production 
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and milk components with bacterial taxa have also 
been made (Lima et al., 2015), as well as correlations 
between the relative abundance of taxa and production 
outcomes (Jami et al., 2014). In contrast, we did not 
observe any pleiotropy between milk production traits 
and any other measure.

The identification of an overlapping genetic region 
of NTN4 for several bacterial families, from a range of 
phyla and inconsistent in Gram stain, may be of inter-
est and supports the notion of redundancy of function 
among bacterial taxa. This region was also associated 
with the phyla Firmicutes and Bacteroidetes and the 
short-chain fatty acid butyrate. This gene may also 
be prevalent because it has several functions such as 
promoting neurite extension, regulating pulmonary air-
way branching, vasculogenesis patterning, endothelial 
proliferation in pathological angiogenesis, and negative 
regulation of vascular branching in the retina; it also 
inhibits osteoclast differentiation and is involved in 
tumor metastasis (Enoki et al., 2017; Xu et al., 2017). 
The current known functions do not suggest a direct 
link to butyrate production. Butyrate is usually the 
VFA with the third-highest concentration, after acetate 
and propionate, and is not highly diagnostic for acido-
sis (Golder et al., 2012). The indicators that were the 
most diagnostic, valerate and propionate (Bramley et 
al., 2008; Golder et al., 2012), were not associated with 
any markers.

The pleiotropy between the Prevotellaceae, S24-7, 
and Streptococcaceae families and isobutyrate for the 
ATP2CA1 gene, which is involved in the ATPase secre-
tory pathway for Ca2+ transport, is also interesting, as 
there is no immediate link to isobutyrate.

Golder et al. (2018) reported very few significant mark-
ers for the 2 most prevalent bacterial phyla, Firmicutes 
and Bacteroidetes, but both had more than one marker 
in the current study. The overlap in putative regions 
between the families suggests redundancy of function, 
as previously mentioned. The Streptococcaceae, Leuco-
nostocaceae, Lactobacillaceae, Carnobacteriaceae, and 
Acidaminococcaceae families that had an overlapping 
QTL are lactic acid-producing bacteria (Al Jassim et 
al., 2005; Bergey et al., 2011; Kauter et al., 2019); thus 
it is logical that they have an association with rumen 
disturbance and have genomic regions in common. One 
of the genes in this QTL has already been discussed, 
NTN4, the LYRM7 gene in human cells; it is involved 
in mitochondrial complex III assembly (Sánchez et al., 
2013). Although HINT1 is a protein-coding gene for 
histidine triad nucleotide binding protein 1 (HINT1), 
which is involved in tumor suppression and may have a 
role in the treatment of neuropsychiatric diseases (Jung 
et al., 2020).

CONCLUSIONS

Genome-wide associations with the rumen metabo-
lome, microbial taxa, and milk protein percentage were 
present across a wide geographical and management 
range of herds, as hypothesized, but not with an acidot-
ic risk status. This suggests that markers for the rumen 
environment exist, but not for acidosis susceptibility. 
The variation in pathogenesis of ruminal acidosis in the 
small population of acidotic cattle, and the dynamic 
nature of the rumen as cows cycle through a bout of ac-
idosis, may have precluded the identification of markers 
for acidosis susceptibility. Despite a limited sample size, 
this study provides evidence of interactions between the 
mammalian genome, the rumen metabolome, ruminal 
bacterial, and milk protein percentage.
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