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Introduction

Successful reproduction is fundamental to dairy production systems. Efficient reproduction
underlies herd replacement rates, milk production efficiency and genetic progress, with poor
fertility contributing to increased artificial insemination costs, veterinary involvement, and
involuntary herd culling (Lucy, 2001; Walsh ef al., 2011). Collectively, reproductive inefficiency
is estimated to cost the global dairy industry approximately $65 billion annually, corresponding to
anet loss of roughly $259 per cow per year (Rasmussen et al. 2024). Both in the United States and
globally, declining reproductive performance has persisted despite advances in nutrition, health
management, and breeding technologies, underscoring the continued importance of improving
female fertility outcomes (Lucy, 2001; Butler, 2003).

Female fertility encompasses a cow’s ability to resume estrous cycles after calving, conceive,
maintain pregnancy and successfully deliver live calves (Royal ef al., 2000). Unlike male fertility
traits which are often easier to measure and manage, variance in female fertility is biologically
complex and influenced by genetic factors, physiologic changes, health status, and environmental
factors and their interactions (Berry et al., 2014). Phenotypic indicators such as times bred (TBRD)
and days open (DOPN) have become widely used to evaluate female reproductive efficiency. Like
other fertility traits, TBRD and DOPN remain difficult to improve due to their multifactorial nature
and delayed expression. Increasing evidence suggests that disruptions in metabolic homeostasis
during early postpartum may precede and contribute to impaired reproductive performance later
in lactation (Butler, 2003; Wathes et al., 2007). Relatively few studies have characterized systemic
metabolic profiles associated with key fertility traits, particularly during the early postpartum
period in dairy cows (Wathes et al., 2014).

Metabolomics offers a powerful systems-level approach to characterize metabolic phenotypes and
identify biomarkers associated with complex traits such as female fertility. The objectives of this
study were to identify differentially abundant metabolites and retrieve the biological pathways and
potential biomarkers associated with TBRD and DOPN female fertility traits in Jersey and Holstein
cows during the early postpartum transition period.

Materials & Methods

Animal and Study Design. The study consisted of 70 transition dairy cows of Jersey (n=26) and
Holstein (n=44) breeds, from the California Polytechnic State University Dairy Unit in San Luis
Obispo, CA. Data were collected between October 2021 and June 2023 at four times spanning the
prepartum and early postpartum periods. A total of 271 blood samples were collected across

sampling points. This animal study protocol was approved by the Institutional Animal Care and
Use Committee (IACUC) of California Polytechnic State University (protocols #2007 and #2116).

Health Monitoring and Management. During the first five weeks following calving, cows were
evaluated by a veterinarian and monitored for the occurrence of ketosis, mastitis, and/or metritis.
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Cows with one or more of these conditions were recorded in the dataset, while cows without any
health disorders were classified as healthy. Throughout the study, all cows were housed in the
same pens and managed under identical conditions including diet, milking schedule, and routine
health checks. Reproductive management was standardized across the herd, and cows were bred
using a Double-Ovsynch synchronization protocol prior to each artificial insemination (Al) service.

Fertility Trait Definitions and Classification. Phenotypic fertility and health data were obtained
using DairyComp 305 (Valley Agricultural Software, Tulare, CA), a herd management system
widely used in commercial dairy operations. Fertility traits evaluated in this study included DOPN,
defined as the number of days from calving to subsequent conception, and TBRD, defined as the
total number of Al services required for conception. Both traits were treated as continuous
numerical variables with lower values indicating higher fertility. Cows were categorized into high-,
medium-, or low-fertility groups separately for each of the two fertility traits. High- and low-
fertility categories were defined as values below or above one standard deviation from the
population mean, respectively. Based on these criteria, cows were classified for days open as high
fertility (< 76 days; n= 13 cows), medium fertility (77-158 days, n=37 cows), or low fertility (=159
days, n= 20 cows). For times bred, high fertility was defined as one Al service (n= 27 cows),
medium fertility as two to four services (n= 34 cows), and low fertility as greater than or equal to
five services (n=9 cows). Cows were classified independently for each trait.

Blood Sampling and Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis. Blood
samples were drawn from the coccygeal vein and collected at four time intervals relative to
calving: one (t1), two (t2), three (t3), and four (t4) weeks postpartum. Serum samples were sent to
the Carver Metabolomics Core (University of Illinois Urbana-Champaign Roy. J. Carver
Biotechnology Center, Champaign, IL) for metabolomic analysis. There, metabolomic profiling
was performed using liquid chromatography-mass spectrometry (LC-MS) as an untargeted
approach for metabolite detection. Quality control for the LC-MS analysis included calibration
and equilibration of the instruments, sequence randomization, and utilization of control samples.

Statistical and In Silico Functional Analyses. Metabolomic profiles were analyzed using a mixed
linear model implemented in PROC MIXED in SAS (Version 9.4; Sas Institute Inc., Cary, NC).
Statistical analyses were performed for each metabolite and each postpartum sampling time point
for 133 metabolites. The linear mixed model was fitted as follows:

y = u+ Fertility Group + Health Status + Breed + Age at Calving + Error
where y is the metabolite concentration. Fertility group classifications (high, medium, low) were
modelled independently for each fertility trait (DOPN or TBRD). Least squares means were
estimated for fertility group effects. Metabolites with a nominal p-value < 0.05 were considered
significantly associated with fertility group at a given timepoint for a given trait. Significant
metabolites were subsequently subjected to biological, pathway, network, and enrichment analyses
using MetaboAnalyst (version 6.0; https://www.metaboanalyst.ca) to identify enriched metabolic
pathways, network, and biological processes associated with fertility related metabolites.

Results & Discussion

Differentially abundant metabolites associated with fertility traits. A total of 133 metabolites
were identified and passed quality control. These metabolites were used in the downstream
analyses. For TBRD, a total of 37 metabolites were found to be significant (P < 0.05) across the
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four timepoints. Of those 37, lauroylcarnitine and methyl linolenate metabolites were consistently
associated with times bred across at weeks 2, 3 and 4 postpartum (Table 1). For DOPN, 26 total
metabolites were found to be significant (P < 0.05) across the four timepoints of data collection.
Of those, six metabolites were consistently associated with days open across at least two sampling
time points (Table 1).

Table 1. Most significant metabolites by sampling week for time bred (TBRD) and days open
(DOPN) female fertility traits.

Trait | Metabolite Week(s) | P-value (s)'
TBRD | Lauroylcarnitine t2, 13, t4 | 0.0474 (12), 0.0213 (13), 0.0213 (t4)
TBRD | Methyl linolenate t2, 3, t4 | 0.0287 (t2), 0.0061 (t3), 0.0061 (t4)
DOPN | 1-(1Z-Octadecenyl)-sn-glycero-3- | t3, t4 0.0162

phosphocholine
DOPN | 2-(5-Oxovaleryl) t3, t4 0.0269

phosphatidylcholine

DOPN | 5-Methylcytosine hydrochloride t3, t4 0.0365
DOPN | N-(4-Bromophenyl) acrylamide t3, t4 0.0328
DOPN | Oleoyl-L-carnitine t3, t4 0.0208
DOPN | Tetradecanedioic acid t3, t4 0.0347

! P-values represent the fixed effect of fertility group (high, medium, low) from mixed linear models.

In Silico Functional Analyses. Enrichment analysis in MetaboAnalyst of significant metabolites
associated with both times bred and days open across weeks 1-4 postpartum revealed several key
biological pathways. The most significantly enriched pathway was propanoate metabolism, which
showed the highest enrichment ratio and lowest p-value among all pathways, with beta-alanine
and 2-Hydroxybutyric acid contributing to this pathway. Pathway analysis of metabolites
significantly associated with TBRD and DOPN, conducted in MetaboAnalyst using the Bos taurus
(KEGG) pathway library, identified several metabolic pathways with varying degrees of statistical
significance and pathway impact.

Propanoate metabolism was found to be correlated to the metabolites beta-alanine and 2-
hydrodybutanoic acid, and exhibited the highest statistical significance, with the largest —log10(P)
value, but a low pathway impact score. Pyrimidine metabolism and tryptophan metabolism also
showed relatively high —logl10(P) values with low to moderate pathway impact. Beta-alanine
metabolism had the highest pathway impact score among all pathways, despite a comparatively
lower —log10(P) value. Pathway impact values range from near zero to approximately 0.4, while
—log10(P) values ranged from approximately 0.4 to over 2.0, as shown in the pathway analysis
overview (Figure 1).

This study detected distinct metabolites associated with fertility groups across multiple postpartum
time points for both traits, supporting the hypothesis that early postpartum metabolic variation is
linked to later reproductive performance. Across the four postpartum sampling weeks, a greater
number of metabolites were associated with times bred than days open, and relatively few
metabolites were consistent across multiple time points. This temporal variability is consistent
with the dynamic physiological and metabolic changes that occur during the transition period and
could suggest that fertility-associated metabolic signals may be transient and time-specific, rather
than persistent across early lactation.
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Figure 1. Pathway impact and significance of metabolic pathways associated with fertility across

weeks 1-4 postpartum. Color reflects level of significance (P-value) of enrichment, and the circle size indicates
the score of importance of the metabolite in this pathway.

Conclusions

This study identified distinct and temporally variable metabolic signatures for TBRD and DOPN
fertility traits, with some overlap across sampling time points, reflecting the dynamic nature of
postpartum metabolism. Several metabolites were shared between fertility traits, suggesting
common metabolic processes influencing reproductive efficiency. Enrichment and pathway
analyses further demonstrated that fertility-associated metabolites were involved in pathways
related to energy, amino acid, and nucleotide metabolism. Further exploration of the basis for these
pathway effects may help in developing better management practices to improve fertility.
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