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Uncovering sperm metabolome to discover

biomarkers for bull fertility
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Abstract

Background: Subfertility decreases the efficiency of the cattle industry because artificial insemination employs
spermatozoa from a single bull to inseminate thousands of cows. Variation in bull fertility has been demonstrated
even among those animals exhibiting normal sperm numbers, motility, and morphology. Despite advances in research,
molecular and cellular mechanisms underlying the causes of low fertility in some bulls have not been fully elucidated.
In this study, we investigated the metabolic profile of bull spermatozoa using non-targeted metabolomics. Statistical
analysis and bioinformatic tools were employed to evaluate the metabolic profiles high and low fertility groups.
Metabolic pathways associated with the sperm metabolome were also reported.

Results: A total of 22 distinct metabolites were detected in spermatozoa from bulls with high fertility (HF) or
low fertility (LF) phenotype. The major metabolite classes of bovine sperm were organic acids/derivatives and
fatty acids/conjugates. We demonstrated that the abundance ratios of five sperm metabolites were statistically
different between HF and LF groups including gamma-aminobutyric acid (GABA), carbamate, benzoic acid,
lactic acid, and palmitic acid. Metabolites with different abundances in HF and LF bulls had also VIP scores of
greater than 1.5 and AUC- ROC curves of more than 80%. In addition, four metabolic pathways associated
with differential metabolites namely alanine, aspartate and glutamate metabolism, β-alanine metabolism,
glycolysis or gluconeogenesis, and pyruvate metabolism were also explored.

Conclusions: This is the first study aimed at ascertaining the metabolome of spermatozoa from bulls with
different fertility phenotype using gas chromatography-mass spectrometry. We identified five metabolites in
the two groups of sires and such molecules can be used, in the future, as key indicators of bull fertility.
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Background
Fertility is the key to success for sustainability and eco-
nomics of the livestock system in both beef and dairy
cattle industries [1]. In cattle breeding, artificial insemin-
ation (AI) is the most common assisted reproductive
technology, and it employs ejaculates from genetically
superior sires to inseminate a large number of cows [2].
However, only around 50% of such inseminations result
in successful pregnancies, leading to considerable eco-
nomic losses [3, 4]. Some studies reported that a signifi-
cant percentage of reproductive failure (i.e., low numbers
of pregnant females) is caused by the low fertilizing
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capacity of the male gamete [5, 6]. The accurate evaluation
of bull fertility is currently attempted through routine ana-
lysis of semen, but such conventional analysis is unable to
determine a priori the full potential and actual fertility of
the sires [4, 7, 8]. In addition, conventional analysis of
semen has limited use for identification and prediction of
sub-fertile animals [9]. The molecular events linked to
sperm physiology are important because they serve as the
foundation for identification of indicators of the fertilizing
capacity of sires, improving the outcomes of AI [10].
The complex nature of events involved in fertilization

is affected by the fluctuating concentrations of macro-
molecules found in the spermatozoon itself [11, 12],
seminal plasma [13], and by the microenvironment of fe-
male reproductive tract [14]. At ejaculation, spermatozoa
become coated with seminal plasma proteins, and even
though the seminal fluid is diluted into the female
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reproductive tract, the effects of those molecules are
likely to be maintained as they quickly adhere to the
sperm surface. Several studies have reported that sem-
inal plasma proteins improve the fertilizing capacity of
sperm [15–19]. Furthermore, recent reports provide evi-
dence that the expression of microRNAs in bull sperm-
atozoa is associated with fertility outcomes [20, 21], and
proteomics approaches have also been used for the dis-
covery of potential fertility biomarkers. Metabolomics is
vitally important because low molecular weight com-
pounds may provide a clear picture of the regulatory
pathways within spermatozoa [22, 23]. Also, metabolites
are linked to physiological events through a cascade of
biochemical complex networks [24, 25] and also contrib-
ute to the definition of the phenotype of an individual
[25]. Growing evidence suggests that spermatozoa
metabolize a wide spectrum of exogenous substrates that
directly or indirectly regulate the signaling pathways in-
volved in sperm motility, hyperactivation, capacitation,
acrosome reaction, and sperm-oocyte fusion [26].
In recent years, studies using approaches in metabolo-

mics have revealed potential fertility biomarkers in the
seminal plasma of humans [27, 28], stallions [12], and
bulls [29]. In a recent publication, we reported the iden-
tification of 63 compounds in bull seminal plasma by
using gas chromatography-mass spectroscopy (GC-MS).
Fructose was the most abundant metabolites in the bo-
vine seminal fluid, followed by citric acid, lactic acid,
urea, and phosphoric acid [30]. A wide range of metabo-
lites has also been detected in spermatozoa from
humans [31–33], bulls [34], boars [35] and goats [36],
bringing evidence that both seminal plasma and sperm
metabolites could be meaningfully related to the fertility
of males. The present study was conducted to test the
hypothesis that metabolites of ejaculated sperm were as-
sociated with fertility scores of dairy bulls.

Results
Metabolome profile of bull spermatozoa
Twenty-two metabolites were structurally identified in
the bull spermatozoa, regardless of fertility phenotype of
the animals. As the full scan spectra of the metabolites
showed consistency in all samples, the retention time,
target ion, two quantitative ions, and chemical structure
of the derivative product of each metabolite were used
for the metabolite identification (Table 1). The NIST
Mass Spectral Search Program (NIST/EPA/NIH Mass
Spectral Library, Version 2.0) was also employed to iden-
tify all peaks in the chromatograms. An example of a
chromatogram of bull sperm metabolites is depicted in
Fig. 1. In our study, some eluting compounds in GC-MS
spectra could not be identified because of the limitation
of single quadrupole technology and the lack of spectral
information in the current databases.
The metabolites identified in samples of bovine sperm-
atozoa were categorized into eight major chemical clas-
ses, as determined by hierarchical clustering analysis:
organic acids/derivatives, fatty acids and conjugates, in-
organic acids and derivatives, carboxylic acids and deriv-
atives, amino acids, peptides/analogues, keto acids and
derivatives, steroids and derivatives, and carbohydrates/
carbohydrate conjugates (Table 1).
Organic acids/derivatives were the largest group of

metabolites identified in the bull sperm by GC-MS,
representing 31.81% of all metabolites in those cell types.
Detected organic acids/derivatives were lactic acid
(9.7E-04 ± 1E-03; 3.4E-03/0.016), oxalic acid (0.01 ± 4.3E-04;
9.1E-03/0.013), urea (5.9E-03 ± 8.2E-04; 1.1E-03/9.1E-03), ben-
zoic acid (1.2E-03 ± 8.6E-05; 9.9E-03/1.9E-03), carbonate
(5.7E-04 ± 1.4E-04; 3.5E-07/0.001) as well as carbamate
(0.05 ± 0.01; 0.044/0.057) and (0.14 ± 1E-03; 0.061/0.186).
The second largest group of sperm metabolites covered
a remarkable diversity of fatty acids (22.73%), including
nonanoic acid (4.5E-03 ± 4E-04; 2E-03/6 E-03), azelaic acid
(0.02 ± 2.4E-04; 1E-03/ 3E-03), oleic acid (0.33 ± 0.02; 0.256/
0.446), oleanitrile (5.9E-03 ± 5.5E-04; 0.018/0.035), and pal-
mitic acid (5.9E-03 ± 5.5E-04; 3E-03/8E-03). In addition,
there were three inorganic compounds, such as phos-
phoric acid, (0.2 ± 0.06; 0.065/0.82), borate (0.071 ±
9.3E-03; 0.033/0.12), and phosphine (0.14 ± 8.1E-03; 0.109/
0.176), making 13.64% of all metabolites detected by
GC-MS in the bull spermatozoa. Carboxylic acids and
derivatives (9.1%) including acetic acid (8.2E-04 ± 1E-04;
1.2E-04/0.002) and acetate (6.0E-03 ± 5.9E-03; 3.1E-03/9.1E-03)
were also identified. Amino acids such as gamma-
aminobutyric acid (GABA; 7.7E-03 ± 8.2E-03; 3.6E-03/0.01)
and L-serine (6.1E-04 ± 1E-01; 4.6E-05/1E-03) comprised 9.1%
of the bull sperm metabolite profile. Carbohydrates/
carbohydrate conjugates (4.54%) such as glycerol
(0.09 ± 4.7E-03; 0.075/0.123) as well as steroids and de-
rivatives (4.54%) such as cholesterol (7.1E-03 ± 9.4E-04;
3.7E-03/1.3E-02) were also detected. Furthermore, a
member of keto acids and derivative class (4.5%), 2-
ketobutyric acid (4.5E-04 ± 1E-04; 1.1E-04/1E-03), was
identified in bull spermatozoa (Table 1 and Fig. 2).
Oleic acid, phosphoric acid, phosphine, carbamate,

and glycerol were the most abundant metabolites in bull
spermatozoa (Fig. 3a). In contrast, the least abundant
metabolites were benzoic acid, acetic acid, L-serine, car-
bonate, and 2-ketobutyric acid (Fig. 3b). Based on the
analysis of variance, the abundance ratio of oleic acid in
the bull sperm was greater than those of phosphine (P =
0.0000009), carbamate (P = 0.000001), and glycerol (P =
0.00000002) (Fig. 3a). Moreover, the abundance ratio of
phosphine was greater than those of glycerol (P =
0.0001), and the abundance ratio of carbamate was
higher than those of glycerol (P = 0.003). In addition, the
relative abundance within the least predominant



Table 1 Metabolites identified in bull spermatozoa by GC-MS

Compounds RT TI QI 1 QI 2 Mean relative abundance
(± SD)

Min/Max values FC t-test
P-value

Amino acids, peptides, and analogs

GABA 11.40 147 73 174 7.7E-03 ± 8.2E-04 3.6E-03/0.01 1.61 0.023

L-Serine 13.19 147 73 103 6.1E-04 ± 1E-04 4.6E-05/1E-03 1.33 0.211

Carbohydrates and carbohydrate conjugates

Glycerol 12.62 147.2 73 205.2 0.09 ± 4.7E-03 0.075/0.123 1.04 0.390

Carboxylic acids and derivatives

Acetic acid 13.29 191 73 146.8 8.2E-04 ± 1E-04 1.2E-04/0.002 0.68 0.211

Acetate 10.10 147 73 155 6.0E-03 ± 5.9E-03 3.1E-03/9.1E-03 0.81 0.142

Fatty acids and conjugates

Nonanoic acid (C9:0) 13.94 117 73 202 4.5E-03 ± 4E-04 2E-03/6 E-03 1.01 0.246

Azelaic acid (C9H16O4) 20.51 317.2 73 201 0.02 ± 2.4E-04 1E-03/ 3E-03 1.09 0.397

Oleic acid (C18:1 n-9) 27.56 131.2 73 144.2 0.33 ± 0.02 0.256/0.446 0.99 0.481

Oleanitrile (C18H33N) 23.96 122.2 69.2 55 5.9E-03 ± 5.5E-04 0.018/0.035 1.05 0.395

Palmitic acid (C16:0) 23.54 313.4 73 117 5.9E-03 ± 5.5E-04 3E-03/ 8E-03 0.77 0.040

Inorganic compounds

Phosphoric acid 12.58 299 73 357 0.2 ± 0.06 0.065/0.82 0.73 0.228

Borate 6.59 221 73 157 0.071 ± 9.3E-03 0.033/0.12 0.91 0.366

Phosphine 9.53 116 73 204 0.14 ± 8.1E-03 0.109/0.176 0.93 0.390

Keto acids and derivatives

2-Ketobutyric acid 14.31 202.2 73 111.8 4.5E-04 ± 1E-04 1.1E-04/1 E-03 0.89 0.474

Organic acids and derivatives

Lactic acid 8.20 117 73 147 9.7E-04 ± 1E-03 3.4E-03/0.016 1.59 0.040

Oxalic acid 8.16 147 73 133 0.01 ± 4.3E-04 9.1E-03/0.013 1.02 0.403

Urea 11.83 147 73 189 5.9E-03 ± 8.2E-04 1.1E-03/9.1E-03 1.03 0.452

Benzoic acid 11.90 105 77 179 1.2E-03 ± 8.6E-05 9.9E-03/1.9E-03 1.46 0.034

Carbonate 12.32 191 73 199 5.7E-04 ± 1.4E-04 3.5E-07/0.001 1.00 0.493

Carbamate 7.651
8.019

147
174

73
73

204
198

0.05 ± 0.01
0.14 ± 1E-03

0.044/0.057
0.061/0.186

1.08
1.47

0.171
0.033

Steroids and steroid derivatives

Cholesterol 34.50 129.2 73 207.2 7.1E-03 ± 9.4E-04 3.7E-03/1.3E-02 1.03 0.442

RT Retention time, TI Target ion, QI Quantitate ion, SD Standard deviation, Min Minimum, Max Maximum, and FC Fold change. P-value is determined by the t-test
to determine the statistical differences in metabolite abundances between HF and LF groups. P-values that are < 0.05 are italicized
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metabolites had also displayed significant differences.
Bull spermatozoa had a greater abundance ratio of ben-
zoic acid as compared with L-serine (P = 0.0001), car-
bonate (P = 0.0008), and 2-ketobutyric acid (P =
0.000009), as shown in Fig. 3b.

Associations between sperm metabolites and bull fertility
Partial Least Square-Discriminant Analysis (PLS-DA)
analysis was assessed to determine the contribution of
metabolites for the separation of high fertility (HF) and
low fertility (LF) groups. PLS-DA two-dimensional score
plots of sperm metabolites demonstrated that HF and
LF phenotypes of bulls were separated from each other
in two distinct clusters with a small overlap (Fig. 4). The
first two components (1 and 2) explained 20.6 and 16.0%
of the variance in the data set, respectively. In addition,
the first five components explained 75.6% of the total
variance. The metabolites that contributed most to the
separation of LF and HF groups were GABA, carbamate,
benzoic acid, and lactic acid. The performance charac-
teristics of this multivariate model were R2 = 0.428 and
Q2 = 0.874, respectively.
The Variable Importance in Projection (VIP) score

based on the PLS-DA model represents the potential of
the metabolite as a biomarker (Fig. 5) and those vari-
ables with VIP score greater than 1.5 were considered
important towards the classification model. Five metabo-
lites had VIP scores > 1.5, including GABA (VIP = 2.01),



Fig. 1 Representative chromatogram of metabolites from spermatozoa bulls. Peaks of GABA, carbamate, benzoic acid, lactic acid, and
heptadecanoic acid (internal standard) are indicated
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carbamate (VIP = 1.88), benzoic acid (VIP = 1.86), lactic
acid (VIP = 1.81), and palmitic acid (VIP = 1.50). Al-
though our results also indicate that differences in me-
tabolite abundance are not consistent between fertility
groups (Fig. 6), the abundance ratios of five sperm me-
tabolites were statistically different between LF and HF
groups (Fig. 6): GABA, carbamate, benzoic acid, lactic
acid, and palmitic acid, as determined by univariate stat-
istical analysis (Table 1).
The correlation matrix shows positive (red) and nega-

tive (blue) associations between the abundance ratios of
the metabolites in HF and LF bulls (Fig. 7). Thus,
Fig. 2 Number of metabolites per chemical class. Metabolites identified in
amino acids, peptides/analogs, carbohydrates/carbohydrate conjugates, fat
and inorganic compounds, carboxylic acids and derivatives
phosphoric acid was inversely associated with oleic
acid (r = − 0.64), phosphine (r = − 0.67), oxalic acid
(r = − 0.61), glycerol (r = − 0.82), urea (r = − 0.73), and
oleanitrile (r = − 0.76). Phosphine had a positive asso-
ciation with acetic acid (r = 0.50), nonanoic acid (r =
0.73), oxalic acid (r = 0.71), and glycerol (r = 0.64). In
addition, carbamate was positively correlated with
benzoic acid (r = 0.75) and glycerol abundance was
related to that of oxalic acid (r = 0.59), carbamate
(r = 0.83), urea (r = 0.62) and oleanitrile (r = 0.66). L-
serine had positive correlation with carbonate (r =
0.61) and negatively linked to azelaic acid (r = − 0.78)
bull spermatozoa according to their chemical classes, defined as
ty acids, steroids/steroid derivatives, keto acids and derivatives, organic



Fig. 3 Abundance ratios of the most and least predominant metabolites present in bull spermatozoa. a Abundance ratios of the five most abundant
metabolites such as oleic acid, phosphoric acid, phosphine, carbamate, and glycerol. b Abundance ratios of the five least metabolites identified as benzoic
acid, acetic acid, L-serine, carbamate, and 2-ketobutyric acid. The abundance ratio of the metabolites was calculated by dividing the abundance of target
ions of metabolites by that of target ion of the internal standard. Error bars represent standard error of the mean. P< 0.05 was considered significant
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in the bovine sperm. L-serine had also a negative as-
sociation with azelaic acid (r = − 0.78) whole GABA
was positively correlated with carbamate (r = 0.94)
and benzoic acid (r = 0.74).

Diagnosis evaluation of the biomarkers
Multivariate ROC analyses were used to assess the sensi-
tivity and specificity of the potential biomarkers of bull
fertility. By analyzing the data, we demonstrated that all
the area under the receiver operating characteristic
(ROC) curve (AUC) of the sperm metabolites ranged
from 0.52 to 0.92. Metabolites with an AUC > 80% were
carbamate (AUC = 0.92; P = 0.005), GABA (AUC = 0.84;
P = 0.001), benzoic acid (AUC = 0.84; P = 0.006), and lac-
tic acid (AUC = 0.80; P = 0.008; Fig. 8).
Functional biochemical pathway analysis
Metabolic pathway analysis was performed to evaluate
the most relevant pathways associated with differential
metabolites in the sperm of HF and LF bulls. The differ-
ential metabolites encompass four biochemical path-
ways, which may reveal the metabolic mechanisms
within spermatozoa that might affect fertility. The meta-
bolic pathways were alanine, aspartate and glutamate
metabolism (P = 0.04), β-alanine metabolism (P = 0.045),
glycolysis or gluconeogenesis (P = 0.05), and pyruvate
metabolism (P = 0.05), as shown in Fig. 9.

Discussion
Characterization of the sperm metabolic signatures is a
powerful approach that can potentially lead to the



Fig. 4 Partial-Least Squares Discriminant Analysis (PLS-DA) scores
plot of metabolite profiles generated by GC–MS analysis of bull
spermatozoa from high (HF) and low fertility (LF) bulls. Plots showed
a clear cluster distinction between HF (n = 5) and LF (n = 5) groups.
Supervised PLS-DA was obtained with 2 components. The explained
variances are shown in parentheses

Fig. 5 Variable importance in projection (VIP) scores of spermatozoa
metabolites in high (HF) and low fertility (LF) bulls. The selected
metabolites were those with VIP > 1.5. Heat map with red or green
boxes on the right indicates high and low abundance ratio,
respectively, of the corresponding metabolite in HF and LF bulls. VIP
score was based on the PLS-DA model. GABA (VIP = 2.01), carbamate
(VIP = 1.88), benzoic acid (VIP = 1.86), lactic acid (VIP = 1.81), and
palmitic acid (VIP = 1.5)
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development of biomarkers for male fertility. In the
present study, we investigated the metabolic profiles of
spermatozoa from bulls with high vs. low fertility status
using non-targeted metabolomics as well as statistical
and bioinformatics tools. Results presented here are an
important foundation to further understand the mecha-
nisms by which metabolites of spermatozoa may affect
fertility outcomes and to help to predict the fertilizing
potential of sires.
Metabolites play key roles in sperm physiology and

are related to differences in male fertility phenotypes
[31–33, 37]. Recently, NMR- and GC-MS-based stud-
ies showed that pathways for nucleoside, amino acid,
and energy metabolism were disturbed in astheno-
zoospermic men [32], and that metabolites found in
human spermatozoa are associated with semen pa-
rameters [37]. In this study, our analyses by GC-MS
revealed that the majority of metabolites of bovine
sperm are organic acids and derivatives, followed by a
group of fatty acids and conjugates. Organic acids are
produced by the breakdown of amino acids and fatty
acids, and the degradation of such metabolites gener-
ates energy substrates for tricarboxylic acid (TCA)
cycle and respiratory chain [38]. The presence of or-
ganic acid suggests that bull spermatozoa have active
energy metabolism [8, 39, 40]. In addition, organic
acids play crucial roles during anabolism by providing
C-atom backbones [38]. Studies have previously re-
ported the presence of organic acids in human
spermatozoa [31, 32] and seminal plasma of bulls [30]
and humans [27, 41, 42]. Fatty acids, in turn, are in-
volved in the structural organization of the sperm
membranes, energy metabolism, and signaling mole-
cules [12, 43, 44]. The enzymatic machinery for beta-
oxidation is present in human spermatozoa [45, 46],
suggesting that sperm may obtain energy also through
the oxidation of fatty acids [47]. Several types of fatty
acids have also been reported in seminal plasma of
humans and bulls [27, 30, 31].
The most predominant metabolites of the bull sperm-

atozoa were oleic acid, phosphoric acid, phosphine, car-
bamate, and glycerol; whereas benzoic acid, acetic acid,
L-serine, carbonate, and 2 ketobutyric acid were among
the least abundant metabolites. Oleic acid (C18:1 n-9) is
the most abundant monounsaturated fatty acids of the
plasma membrane of ejaculated stallion [48], boar [49],
and ram spermatozoa [50]. Oleic acid is negatively
linked to sperm motility and concentration in humans
[51–53]. In addition, high levels of oleic acid have been
reported to increase lipid oxidation [53], leading to dis-
orders in sperm membrane metabolism in men [27]. On
the other hand, addition of oleic acid maintains bull
sperm viability and lowers the production of reactive
oxygen species (ROS) in vitro [54]. The high content of



Fig. 6 Abundance ratio of five differential metabolites in spermatozoa from high and low fertility bulls. (a) GABA (P = 0.023), (b) Carbamate (P =
0.033), (c) Benzoic acid (P = 0.035), (d) Lactic acid (P = 0.040), and (e) Palmitic acid (P = 0.040) were significantly different between high (HF) and
low (LF) bulls
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oleic acid in bovine sperm suggests its contribution to
reduce ROS production [54] and to generate energy for
sperm hyperactivation [55]. Phosphoric acid was the sec-
ond most abundant metabolite in bull spermatozoa. In
normal sperm cells, phosphoric acid is produced by the
breakdown of ATP in a reaction catalyzed by inorganic
pyrophosphatase (PPA1) [56]. PPA1 catalyzes the hy-
drolysis of one molecule of inorganic pyrophosphate
(PPi) to two molecules of phosphoric acid, leading to the
release of energy in form of adenosine triphosphate
(ATP). The transport of PPi from spermatozoa to the
seminal plasma may be regulated by a transmembrane
protein, called progressive ankylosis protein (ANKH). In
mammals, PPA1 is present in the post-acrosomal sheath
of the sperm head and in the distal part of sperm acro-
some. The energy produced from the conversion of PPi
to phosphoric acid could be used for sperm motility and
for acrosomal function during sperm-zona penetration
[57, 58]. In addition, inorganic phosphate resulted from
the hydrolysis of ATP positively affect both motility and
fertilizing capacity of human sperm [59]. Thus, high
levels of inorganic phosphate in bull spermatozoa may
be required to maintain sperm motility status and to
achieve normal fertility.
Our GC-MS-based analyses indicated that carbamate

is the fourth most abundant metabolite of the bovine
spermatozoa with the second highest VIP score. Carba-
mate was first reported in seminal plasma from healthy
and asthenozoospermic men [27]. However, it is new the
description of carbamate in bull spermatozoa as well as
its higher abundance in sperm from HF bulls. Endogen-
ous carbamate is generated by the interaction of cellular
carbon dioxide (CO2) with an NH2 group of primary
and secondary amines [60, 61] when the concentration



Fig. 7 Heatmap visualization of Pearson’s correlations among metabolites present in bull spermatozoa. The scale is based on colors from red
(positive) to blue (negative) representing associations between the relative abundance of bull sperm metabolites that related to each other in
the groups
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of CO2 increases [62]. The formation of carbamate influ-
ences the function of hemoglobin as well [63]. Although
the importance of carbamate in sperm physiology is un-
known, we can speculate that the spermatozoon, like
other cells, employs several mechanisms to maintain the
cell pH [64]. Therefore, carbamate formation might be
an important mechanism by which spermatozoa regulate
their intracellular pH.
The principal inhibitory neurotransmitter in the adult

brain, GABA, was found with greater abundance in
spermatozoa from HF sires and it had the highest VIP
score. The key enzyme in the synthesis of the GABA,
glutamate decarboxylase, and GABAA/GABAB receptors
were previously identified in human spermatozoa [65].
GABA has been also detected in seminal plasma and
spermatozoa from humans [66], as well as in seminal
plasma of bulls [30]. GABA induces capacitation of
spermatozoa from bulls [67, 68], rats [69], and rams [70]
and acrosome reaction of bovine sperm [68]. The high
abundance of GABA in the sperm of HF bulls may be
explained by the roles described above, and in sperm hy-
peractivation [71]. In the present work, abundance ratios
of GABA and carbamate were positively associated, and
this may be related to the fact that carbamate modulates
GABAA receptor [72]. Moreover, a positive link was also
found for GABA and benzoic acid in bull spermatozoa.
A previous in vitro study reported that benzoic acid
increases efflux of glutamate [73] and levels of benzoic
acid may regulate sperm function since GABA is formed
by decarboxylation of L-glutamate [74]. The abundance
ratios of benzoic acid were increased in spermatozoa of
HF bulls as compared to LH sires. The presence of ben-
zoic acid was reported in seminal plasma of bulls [30]
and asthenozoospermic and normozoospermic men [27]
as well as in spermatozoa from asthenozoospermic and
normozoospermic men [32]. A recent study reported a
positive correlation between the abundance ratios of
benzoic acid and sperm counts in rats [75], suggesting
that benzoic acid plays a role in male fertility.
Lactate is an important energy source for bull, human,

stallion, and boar spermatozoa [8, 46]. The production
of lactate by the bull sperm occurs mainly through gly-
colysis and mitochondrial oxidative phosphorylation
(OxPhos) [8, 45, 47, 76]. Multivariate statistical analysis
conducted in the present study demonstrated that lac-
tate was one of the metabolites contributing to fertility
phenotype with the fourth highest VIP associated with
HF bulls. Greater lactate abundance in HF bulls suggests
that these animals utilize anaerobic glycolysis more effi-
ciently than LF sires [8, 77]. It is well-known that sperm
mitochondria compensate for decreased energy produc-
tion by increasing lactate yield under hypoxia. The effi-
cient glycolysis is dependent on either endogenous or
exogenous pyruvate, which indirectly feeds the



Fig. 8 Receiver operating characteristic curves based on PSL-DA analysis models. a GABA (AUC: 0.84; P = 0.001), b Carbamate (AUC: 0.92; P =
0.005), c Benzoic acid (AUC: 0.84; P = 0.006), and d Lactic acid (AUC: 0.80; P = 0.008). AUC: Area under curves
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accelerated glycolysis with nicotinamide adenine di-
nucleotide (NAD+) through the lactate dehydrogenase-
mediated conversion of pyruvate to lactate [8, 76]. The
oxidation of NAD+ in the electron transport chain gen-
erates the ATP molecules by oxidative phosphorylation
[8]. Thus, when high energy is required for sperm motil-
ity and other events, spermatozoa efficiently metabolize
glycolysable substrates to yield ATP [8, 46]. In fact, the
inhibition of lactate dehydrogenase blocks sperm capaci-
tation in bulls [78], humans [79], mice [80], and goats
[81]. Therefore, the level of lactate in sperm could be
considered as an early indicator of bull fertility [82].
Palmitic acid (C16:0), another metabolite found in bull

spermatozoa, had the fifth highest VIP score associated
with LF animals. This is consistent with previous studies
showing increased levels of palmitic acid in infertile men
[27, 83, 84] and in asthenozoospermic semen as com-
pared to normozoospermic ones [85]. Another study re-
ports that high palmitic acid in seminal plasma from
asthenozoospermic men indicates a disorder in sperm
membrane metabolism [27].
The importance of lipid metabolism for the produc-

tion of energy for spermatozoa has been discussed in
previous studies [43]. Our analytical methods allowed
the detection of considerable amounts of nonanoic acid
and azelaic acid in bull spermatozoa. Nonanoic acid (C9:
0), also known as pelargonic, is a 9-carbon chain fatty
acid, and it was previously reported in goat epididymal
sperm membrane [86] and mouse epididymal fluid [87].
The importance of nonanoic acid for sperm physiology
is still unknown, but it is possible that it contributes to
sperm maturation [87]. In addition, OR51E1, a known
receptor of nonanoic acid, was detected in the acrosomal
cap of human spermatozoa [88, 89], and activation of
OR51E1 with nonanoic acid led to the phosphorylation
of various protein kinases [90]. Also, OR51E1 level de-
creased upon acrosomal exocytosis [91], and such results
suggest that nonanoic acid is involved in acrosome



Fig. 9 Pathway analysis of differentially present metabolites in bull as determined by MetaboAnalyst 4.0. Each point represents one metabolic
pathway; the size of the dot is in positive correlation with the impaction of the metabolic pathway
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reaction, possibly by triggering protein tyrosine phos-
phorylation during sperm capacitation.
The present study reported for the first time the pres-

ence of azelaic acid (nonanedioic acid; C9H16O4) in bull
spermatozoa. Azelaic acid is a nine-carbon saturated ali-
phatic dicarboxylic acid, and it has been reported in tes-
tes of rats [92]. This metabolite was also found in mouse
[93] and human spermatozoa [31]. Azelaic acid is the
end product of linoleic acid peroxidation [94] and acts
as a ROS scavenger [95], protecting spermatozoa. More-
over, studies mention additional roles for azelaic acid in-
cluding inhibition of tyrosinases [96, 97], mitochondrial
enzymes [98], anaerobic glycolysis [98], mitochondrial
oxidoreductase activity, and DNA synthesis [99]. A study
showed evidence that the incubation of mouse sperm in
fructose-containing media resulted in a high concentra-
tion of azelaic acid in sperm when compared with
glucose-containing media [93]. Given that azelaic acid
modulates the activity of glycolytic key enzymes [100],
we hypothesize that this metabolite is essential for en-
ergy metabolism of the sperm cells.
We also evaluated the metabolic pathways of certain

molecules and their potential contributions to male fer-
tility. There were four significant pathways associated
with differential sperm metabolites including alanine, as-
partate and glutamate metabolism, β-alanine metabol-
ism, glycolysis or gluconeogenesis, and pyruvate
metabolism. Alanine, aspartate, and glutamate are linked
to amino acid metabolism. As amino acids play key roles
in multiple cellular processes, they influence the meta-
bolic activity of the spermatozoa [101]. The GABA is in-
volved in sperm motility, acrosome reaction, and
fertilization in human spermatozoa [102]. Thus, we as-
sume that as spermatozoa of HF animals have more
GABA their fertility rate increases. Another amino acid-
related pathway identified in bull sperm was β-alanine
metabolism. β-alanine is structurally intermediate be-
tween alpha-amino acid (glycine, glutamate) and GABA
neurotransmitters [103], and β-alanine is a ubiquitous
amino acid correlated with the TCA cycle. In fact, both
TCA intermediates and amino acids have been found as
part of the metabolomic profile of bull seminal plasma,
as recently described by Velho et al. [30]. The glycolysis
consists of a series of biochemical reactions to generate
energy in the form of ATP [77]. Glycolytic metabolite
such as lactate was significantly elevated in spermatozoa
from HF bulls as compared to LF animals, suggesting
that the maintenance of intracellular energy status is es-
sential for sperm function. Considering the pathways an-
alyzed in the present study, pyruvate metabolism is
crucial for understanding the contributions of OxPhos
for the fertilizing capacity of spermatozoa [45]. Bull
spermatozoa also rely on OxPhos to maintain sperm
functions [77]. A recent study showed that pyruvate is
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the most important source of energy for stallion sperm
[8] and that the impairment of sperm mitochondrial
ultrastructure may affect male fertility [104].
Although the sample size represents a limitation of the

present study, the sensitivity of the GC-MS approach,
together with the bioinformatic tools, enabled us to
construct a metabolomics analytical model of sperm
from bulls with different fertility phenotypes. Metabo-
lites with different abundances in bulls of high and
low fertility (GABA, carbamate, benzoic acid, lactic
acid, and palmitic acid) are potential biomarkers of
bull fertility.
Conclusions
The metabolomic signatures of bull spermatozoa ad-
vance our current understanding of the multifactorial
and complex processes related to the physiology of male
fertility. The present study uncovered vital pieces of in-
formation about sperm metabolites for diagnosing male
fertility. In addition, because of the strong similarities in
physiology and genetics between cattle and other mam-
mals, including humans and endangered mammals, the
knowledge generated in the present investigation can be
applied to enhance reproductive biotechnology of other
species.
Methods
Study design
Metabolomic analysis of bull spermatozoa with two dis-
tinct and reliable fertility phenotypic scores was per-
formed by GC-MS. Univariate and multivariate
statistical models were employed to identify key differ-
ences between the two groups, HF (n = 5) and LF (n = 5)
bulls. Statistical and bioinformatics tools were also used
to identify potential biomarkers of bull fertility.
Table 2 Fertility scores of mature Holstein bulls. High fertility (HF) b
as low fertility (LF). Fertility score of each bull was expressed as the p
conception rate of all bulls. Probit.F90 software was used to estimate

Bull # Fertility status Number of breedings Conception rates dif

1 HF 5293 5.42

2 HF 825 5.1

3 HF 2032 4.8

4 HF 2487 3.59

5 HF 5751 3.56

6 LF 1604 −3.75

7 LF 2276 −4.06

8 LF 967 −4.49

9 LF 5603 −6.76

10 LF 674 −10.61
Determination of fertility phenotypes of dairy bulls
In the current study, the field fertility data were collected
for the evaluation of fertility scores of mature Holstein
bulls (Table 2), as previously described by Peddinti et al.
[105]. Fertility data were obtained from the Alta Advan-
tage Program (Alta Genetics, Inc., Watertown, WI,
USA), which periodically updates results from AI in the
partnering herds [105]. The conception rates were con-
firmed in the field by either ultrasound or veterinary pal-
pation. The method used for the calculation of bull
fertility was similar to the one employed in previous in-
vestigations [17–19, 29]. Factors that influenced the fer-
tility of sires such as environmental and herd
management were adjusted using a model previously de-
scribed [106, 107]. The average conception of breeding
records and conception rates was calculated using the
Probit F90 software [108]. The bulls were selected with
conception rates of two standard deviations above and
below the average conception rates of the population of
sires available in Alta Genetics database. When bulls had
percent differences in their conception rates above aver-
age, we defined them as “HF”; in contrast, if sires had
percent differences in their conception rates below aver-
age, we designated them as “LF” (Table 2).

Sperm collection and preparation
Semen samples from 10 mature Holstein bulls with
different fertility scores were provided by Alta Genet-
ics (Watertown, WI, USA). All animals were raised
under the same management conditions and received
the same nutrition. Ten ejaculates, one per bull, were
collected using an artificial vagina and spermatozoa
were separated from seminal plasma by centrifugation
(700 g, 4 °C, 10 min). Then, the pellet containing
spermatozoa was washed twice (700 g; 4 °C; 15 min.)
with cold phosphate-buffered saline (PBS) and further
aliquoted (100 μl) into a new 2 ml Cryotube® (Sigma-
ulls were designed from 1 to 5 and bulls 5 to 10 were grouped
ercent difference of its conception rate from the average
bull fertility

ference from average (%) Std of difference Conception rates (%)

2.02 45.3

1.90 40.4

1.79 40.3

1.34 45.7

1.33 39.8

−1.40 35.7

−1.52 37.8

−1.68 34.4

−2.52 34.6

−3.96 23.3
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Aldrich, St Louis, MO, USA). Following the second
centrifugation, spermatozoa were snap-frozen in liquid
nitrogen and transported to Mississippi State Univer-
sity (MSU). At MSU, snap-frozen spermatozoa were
stored at − 80 °C until preparation for GC-MS ana-
lyses. The metabolomic profiles of the seminal plasma
obtained from the same bull semen samples have
been reported in our previous publication [30].

Chemicals and materials
GC-MS grade chemicals and solvents were all purchased
from Sigma Aldrich in the highest purity available.
Phosphate-buffered solution (137 mM NaCl, 2.7 mM
KCl, 8 mM Na2HPO4, and 2mM KH2PO4; pH 7.4) was
purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Amber glass vials (2 ml) with 300 μl fixed in-
sert were obtained from Agilent Technologies Inc.
(Santa Clara, CA, USA).

Metabolite extraction
Sperm metabolites were isolated from bull spermatozoa as
previously described by Paiva et al. [31], with modifica-
tions and a schematic overview of the sperm metabolite
extraction is presented in Fig. 10. In summary, snap-
frozen sperm (2 × 107 cells) were thawed in a water bath
at 37 °C for 30 s. The thawed spermatozoa were suspended
in a mixture of 8ml of methanol and 1ml of ultrapure
water, followed by addition of 150 μl of heptadecanoic acid
(1mg/ml in methanol) as the internal standard. In
addition, sperm suspension was subjected to five freeze/
Fig. 10 Overview of extraction steps used for the preparation of sperm sam
Methods section for full details
thaw cycles. Each cycle consisted of freezing sperm cells
in liquid nitrogen vapor for 30min. and subsequent thaw-
ing at room temperature for 30min. Following freeze/
thaw cycles, the cell suspension was sonicated in an ultra-
sonic bath at 25 °C for 30min. at 120W and 40 kHz
(Fisher Scientific™ CPXH5 Series Ultrasonic Baths; Pitts-
burgh, PA, USA), followed by ultracentrifugation (40,000 g,
4 °C, 20min.) using an OptimaTM L-90 k and Type 70 Ti
Rotor (BECKMAN COULTER Life Sciences, Brea, Califor-
nia, USA). The supernatant was filtered through a 0.2 μm
nylon membrane (Fisher Scientific, Lenexa, KS, USA) and
the filtrate was evaporated under a stream of high-purity
nitrogen gas (TurboVap® LV evaporator; Biotage,
Charlotte, NC, USA) at 40 °C. An aliquot of methanol
(1 ml) was added to dissolve metabolites. The metab-
olite extracts were subsequently transferred into a 2
ml amber vial and evaporated to dryness again with
high-purity nitrogen gas at 40 °C.
The dried extracts were resuspended in 50 μl of meth-

oxyamine hydrochloride (20 mg/ml in pyridine) vortexed
vigorously for 1 min, and further heated in a water bath
at 70 °C for 1 h. The samples were then derivatized by
adding 100 μl N, O-Bis(trimethylsilyl)trifluoroacetamide
with 1% trimethylchlorosilane (BSTFA + 1% TMCS) and
heated in a water bath at 70 °C for 1 h. The final deriva-
tives were transferred into a new 2ml amber glass vial
with a 300 μl fixed insert for GC-MS analysis. A quality-
control sample for the experiment was prepared by pool-
ing equal volumes of sperm extract samples to ensure
that the detection of metabolites was consistent.
ples for GC-MS analysis. Drawings are not to scale, see Materials and
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Gas chromatography-mass spectrometry (GC-MS) analysis
Screening of the untargeted sperm metabolites was per-
formed using GC-MS as previously described by Velho
et al. [30], with modifications. Briefly, metabolite deriva-
tives were separated and detected using an Agilent
7890A GC System coupled to an Agilent 5975C inert XL
MSD with triple-axis mass detector, an Agilent 7693
Series Autosampler, and a DB-5MS capillary column
(30 m × 0.25 mm i.d. × 0.25 μm film thickness; Agilent
Technologies). An aliquot of the derivatized mixture
(1 μl) was injected into the inlet heated at 270 °C with a
1:10 split ratio. Standard septum purge was carried out
after sample injection at 3 ml/min, and helium carrier
gas was at 1 ml/min constant flow rate. Transfer line,
ion source, and quadrupole were heated at 260 °C,
200 °C, and 150 °C, respectively. The oven was pro-
grammed initially at 80 °C for 2 min., followed by 10 °C/
min., ramped up to 180 °C, 5 °C/min. to 240 °C, 20 °C/
min. to 290 °C, and 10 min. Maintenance at 290 °C.
Ionization was performed in an electron impact mode at
70 eV. Masses were scanned for a full spectrum from m/
z 30 to 600 at 10,000 amu/s and 20 scans/s (m/z 0.2 step
size). The solvent delay time was 5 min.

Data processing, calculations, and statistical analysis
Sperm metabolites were identified by their retention time
as well as one target and two quantitative ions, in com-
parison with mass spectra of authentic standards and mass
spectra in the NIST mass spectral library. Abundances of
the target ions of metabolites were divided by the abun-
dance of target ion of the internal standard (heptadecanoic
acid), and the ratios were used for statistical analysis. Iden-
tified compounds were categorized based on their chem-
ical classifications using Human Metabolome Database
version 3.6 (HMDB; www.hmdb.ca/) [109, 110]. Statistical
analysis was carried out using MetaboAnalyst 4.0 Web
service (http://www.metaboanalyst.ca). MetaboAnalyst is a
comprehensive web-based tool designed to help users eas-
ily perform metabolomic data analysis, visualization, and
functional interpretation [111]. Sum and auto-scaling nor-
malized each compound. Univariate analysis (t-test) was
used to determine if differences in metabolite abundances
in spermatozoa of HF and LF sires were significantly
different.
Multivariate analysis was applied to provide additional

information for the interpretation of the data. The PLS-
DA defined the separation metabolome of sperm from
HF and LF bulls. Potential biomarkers were identified
according to the significance of their contributions to
variable classification in the PLS-DA model, which was
determined by the VIP score. The VIP score summarizes
the contribution that a variable makes to the model, and
it is calculated as the weighted sum of the squared cor-
relations between the original variable and the PLS-DA
components. The weights correspond to the percentage
variation explained by the PLS-DA component in the
model. The number of terms in the sum depends on the
number of PLS-DA components found to be significant
in distinguishing the classes. In the present study, we
considered metabolites with VIP > 1.5 as potential bio-
markers associated with bull fertility. The ROC analysis
was applied to examine the specificity and sensitivity of
the biomarkers. The area under the ROC curve was cal-
culated to assess the effectiveness of the potential bio-
markers. A guide for assessing the performance of
metabolites as a biomarker based on its AUC is as fol-
lows: AUC of 0.9 to 1.0 = excellent, 0.8 to 0.9 = good, 0.7
to 0.8 = fair, 0.6 to 0.7 = poor, and 0.5 to 0.6 = fail [112].
Pearson’s method was used to analyze the correlation
between metabolites. Significance for statistical analyses
was set at 0.05.

Functional biochemical pathway analysis
Differential metabolites were also evaluated by using
metabolic pathway analysis (MetPA) [113, 114]. For this
analysis, we uploaded the differential metabolites select-
ing the ‘Bos taurus’ library. The default ‘hypergeometric
test’ and ‘Relative Betweenness Centrality’ for pathway
enrichment and pathway topological analyses, respect-
ively, were selected. Kyoto Encyclopedia of Genes and
Genomes (KEGG) metabolic pathway was also employed.
All matched pathways were visualized by plotting the
−log(p) values from pathway enrichment analysis on Y-
axis and pathway impact values from pathway topology
analysis on X-axis [114]. The node color was based on its
p-value and the node radius was associated with their
pathway impact values. Metabolic pathways with p-value
< 0.05 and false discover rate values of 0.7 were screened
as pathways of interest.
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