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Bull fertility impacts herd fertility, but accurately predicting male fertility from sperm characteristics 
is difficult once extremes are removed. The objectives of this study were identification, relative 
quantification, and comparison of sperm head plasma membrane (HPM) proteomics in bulls of differing 
bull fertility index (BFI). HPM from one fresh ejaculate from 16 Holstein bulls (8 each high and low 
fertility) was extracted, digested and assessed by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). The MS spectra were aligned to UniProtKB mammals, identified, and characterized by 
Spectrum Mill. Mass Profiler Professional statistical analysis of the 22,117 total proteins identified 
in all bulls, after database search, revealed 67 proteins [unique plus homologous, 1% false discovery 
rate] whose abundance differed at least 2-fold (differentially abundant proteins, DAPs) between 
the 3 bulls each with highest and lowest BFI [high fertility (HF) BFI 105.66 ± 0.54 > low fertility (LF) 
BFI 91.33 ± 1.44; p < 0.01]. Gene ontology assigned the 48 DAPS increased in HF to sperm-specific 
function and fertility-related mechanisms, and the 19 HF-decreased DAPs primarily to catalytic and 
transporter activity. Meta analysis and linear regression each confirmed that the BFI of the 6 HF/LF 
bulls significantly correlated to the DAPS (regression r2 = 0.65 to 0.97, p ≤ 0.05), but importantly in the 
16-bull population, linear regression found that 38 of the HF-increased DAPS positively correlated to 
BFI (r2 = 0.29 to 0.66; p ≤ 0.05), and 4 of the HF-decreased DAPS negatively correlated (r2 = 0.26 to 0.44; 
p ≤ 0.05). In summary, this study identified HPM proteins with important roles in sperm fertilization and 
significant correlations with bull fertility.
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ATP5J2	� ATP synthase subunit d
BFI	� Bull fertility index
CASA	� Computer-assisted sperm analysis
DAPs	� Differentially abundant proteins
DNAI1	� Dynein axonemal intermediate chain 1
ELSPBP1	� Epididymal sperm-binding protein 1
FDR	� False discovery rate
GO	� Gene ontology
GPX4	� Glutathione peroxidase 4
HF	� High fertility
HPM	� High-performance membrane
LC/MS	� Liquid chromatography/mass spectrometry
LC-MS/MS	� Liquid chromatography-mass spectrometry/mass spectrometry
LF	� Low fertility
LDHA	� L-lactate dehydrogenase A chain
MPP	� Mass profiler professional
MCODE	� Molecular complex detection
MS	� Mass spectrometry
ND	� No data/not detected
NME5	� Non-metastatic cells 5, protein expressing
NRR	� Non-return rate
NT5C1A	� 5’-Nucleotidase, cytosolic IA
NT5C1B	� 5’-Nucleotidase, cytosolic IB
OGC	� Observed gene count
ODF1	� Outer dense fiber protein 1
PATHER	� Pathway analysis through hidden entities and relationships
PCA	� Principal component analysis
PKA	� Protein kinase A
PPI	� Protein-protein interaction
RAB2A	� Ras-related protein Rab-2 A
RAB2B	� Ras-related protein Rab-2B
RIBC2	� RIB43A-like with coiled-coils protein 2
ROPN1L	� Rhophilin associated tail protein 1-like
ROS	� Reactive oxygen species
RSPH6A	� Radial spoke head component 6 homolog A
SPATA19	� Spermatogenesis-associated protein 19
STRING	� Search tool for the retrieval of interacting genes/proteins
SUCLA2	� Succinate-CoA ligase ADP-forming subunit beta
TPI1	� Triosephosphate isomerase
TPTE	� Tyrosine-protein phosphatase
UniProt	� Universal protein resource
UniProtKB	� Universal protein resource knowledgebase
ZAN	� Zonadhesin
ZPBP1	� Zona pellucida-binding protein 1
ZPBP2	� Zona pellucida-binding protein 2

Reproductive efficiency of the male includes the ability of sperm to fertilize oocytes1 which necessitates motility, 
functional mitochondria, DNA decondensation, and an active and intact sperm plasma membrane2, so sperm 
can reach, recognize, bind to and fuse with the oocyte. All these events are essential for successful fertilization 
and any defect can cause sub-fertility or infertility1.

More than 70% of dairy cows are bred by artificial insemination (AI) using frozen semen from genetically 
superior bulls, but only 50% of inseminations result in successful pregnancies. One accepted measure of dairy 
bull fertility is the percentage of cows not returning to estrus after insemination (non-return rate, NRR), after 
adjustment for various management factors (e.g., age of cow, number of parities, herd, etc.), and other variables3. 
Bull fertility Index (BFI) is calculated from the adjusted NRR from thousands of inseminations per bull and 
hundreds of bulls contribute to the population average BFI of 1004,5. Diagnosing bull fertility is essential in 
the breeding industry to optimize male fertility and reduce pregnancy failures6. Since assessing bull fertility 
by natural mating or AI is time consuming, expensive and retrospective, a laboratory test of raw semen that 
efficiently economically and reliably predicted fertility would be highly valuable. Current methods include sperm 
structural and functional parameters such as sperm kinetic parameters by CASA, sperm oocyte penetration 
assay, semen biochemical compounds, acrosome and plasma membrane integrity, mitochondrial membrane 
potential, and sperm DNA fragmentation7 However, none of these is sufficiently accurate and repeatable in 
predicting in vivo bull fertility7,8.

Omics approaches, including proteomics, may hold the key for accurate diagnosis of male infertility9. Various 
proteomics studies have been performed to identify protein biomarkers in whole bull sperm associated with 
fertility by comparing whole sperm from high versus low fertility bulls in buffalo10, cattle4 and boar11. Studies to 
characterize the semen proteome have also been done in frozen bull semen12, in Bos taurus seminal plasma7,13, 
fresh7 and frozen whole sperm14,15 and sperm surface proteins16. These studies have, however, been limited by 
the smaller number of inseminations from bulls evaluated, and they lack in-depth analysis of sperm head plasma 
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membrane (HPM) and prediction of complex interactions among HPM proteins, which control sperm-oocyte 
binding and fertilization.

The plasma membrane of bull sperm has significant roles in progressive motility, fertilization, and transport 
of various ions across the membrane17. Capacitation of sperm in the female tract, a crucial process initiating 
actual fertilization, involves remodeling of the plasma membrane, predominantly the HPM, that primes sperm 
for acrosomal exocytosis (AE), binding to oocyte17 and various important physiological functions during 
fertilization18. The precise trigger for capacitation is not yet known.

The importance of the HPM in capacitation, AE, and sperm-oocyte interactions is well established17,18, but 
the HPM’s specific protein composition is unknown. Therefore, identification of a cohort of structural and 
functional sperm HPM proteins impacting the mechanism of fertilization would be unique, important, and 
necessary. The specific objectives of this proteomics analysis were the identification and relative quantification 
of proteins in sperm HPM from bulls of differing fertility, the elucidation of protein-protein interactions and 
extrapolating their cellular functions and biological pathways impacting bull fertility.

Results
The motility of the sperm from the two groups of bulls did not differ on collection at the facility (79 ± 1% for 
each group, n = 8 per group) or as measured by CASA at our laboratory (32.3 ± 4.8 = 34.9 ± 3.9% motile, HF = LF, 
p > 0.05).

Protein identification and complete interactome of HPM
The combined unique and common sperm HPM proteins from all 16 bulls totalled 22,117 after database search. 
The 3 bulls with the lowest fertility bulls (LF; BFIs 88–94) bulls had 4,040 total identified proteins (1,199 unique) 
and three bulls with the highest fertility (HF; BFIs 105–107) had 4,074 (1,156 unique), respectively. Of the 22,117 
bovine sperm HPM total proteins in all bulls, 4,273 could be annotated and Cytoscape software constructed a 
complete interactome (Fig. 1) whose complexity and connectivity manifested in 4,273 nodes (each an identified 
HPM protein annotated to mammals) and 27,473 edges (each indicating interaction).

Mass Profiler Professional (MPP) analysis compared the intensities of the annotated proteins in LF and HF, 
finding 67 proteins whose spectral intensities differed by at least 2-fold [differentially abundant proteins (DAPs); 
p < 0.05; false discovery rate (FDR) at < 1%]. Interestingly, all down-regulated DAPs occurred in one of the two 
major clusters found in the interactome (Fig. 1). The relationship of the 67 DAPs to BFI of the animals was 
confirmed by meta-analysis, as indicated in the heat map (Fig. 2), where the 67 DAPs demonstrated a well-
defined association with the fertility group/BFI.

Multivariate analysis of identified proteins
Multivariate analysis of the DAPs identified clear fixed clustering (Fig. 3, red and yellow circles) separating the 
two fertility groups. Principal component analysis (PCA) showed the 3-dimensional spread of the 67 DAPs 
differing between LF and HF bulls as did the spread of the average DAPs (Fig. 3a, b). Protein abundance, as shown 
by the dot size, also differed in both analyses. Heat maps were drawn for the 67 DAPs, separately representing 
the 48 DAPs that were increased in HF vs. LF (Fig. 4a) and the 19 that were decreased in HF vs. LF (Fig. 4b).

Identification of Sub-Networks with FC proteins
Cytoscape software visualized integrated sperm regulatory sub-networks for each of the sperm HPM DAPs 
with non-DAPs. Representative networks selected from these illustrate the identified sperm function networks 
(Fig. 5a-m, HF-increased DAPs; Fig. 6a-b, HF-decreased DAPs).

DAPs Protein-Protein interaction and STRING network
The STRING protein-protein interaction (PPI) network constructed on the setting “evidence based” and mapping 
7 database channels, found 24 connected nodes in the 48 DAPs increased in HF with 28 edges with significant 
PPI enrichment (p < 0.05; 9.21 × 10− 12; Fig. 7), representing both functional and physical protein associations. 
The network of the 19 DAPs decreased in HF was non-significant (PPI enrichment 0.177; p > 0.05), indicating no 
significant interaction among DAP nodes.

Identification of key proteins
The Molecular Complex Detection (MCODE) analysis of the HF-increased DAPs’ PPI networks shown in Fig. 7 
detected densely connected regions based on highest k-core of the vertex neighborhood. MCODE mapped three 
different clusters (Fig. 8; Table 1) with 12 key proteins in the HF-increased DAPs; no clusters were detected by 
MCODE in the DAPs decreased in HF.

Gene ontology functional analysis of daps (Molecular and biological Functions)
Gene ontology (GO) analysis by PANTHER databases detected functional enrichment of molecular functions 
of DAPs increased or decreased in HF (Fig. 9). Significantly more increased than decreased DAPs had binding 
functions (50.0 vs. 30.8%, p < 0.05, Fig.  9a, b), while more decreased proteins had catalytic activity than did 
increased proteins (61.5 vs. 40.0%, p ≤ 0.05). HF-decreased DAPs uniquely included transporter activity, while 
HF-increased proteins uniquely included molecular function regulation. STRING databases identified GO 
biological processes (Table 2) which included eight biological processes in the HF-increased proteins that were 
highly relevant and essential for sperm development and function, and eight biological processes in the HF-
decreased proteins that were relevant to catalytic enzymes and metabolic processes. The nucleoside triphosphate 
biosynthetic process was the one common process identified in both increased and decreased proteins.
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Relationship of daps to fertility measures
Linear regression first compared DAPs intensities identified with HF and LF bulls and their respective BFIs (n = 3 
each) and secondly compared these same proteins taking the intensities and BFIs from the entire population of 
all 16 bulls. Not surprisingly, regressions of the intensities of the 48 HF-increased DAPs to their BFIs in the HF 
and LF bulls were significantly positive (Table 3; r2 = 0.65 to 0.97, p ≤ 0.05), and the regressions of the HF’s and 
LF’s 19 HF-decreased DAPs intensities to their BFIs were all significantly negative (Table 4; r2 = 0.76 to 0.96, 
p ≤ 0.02).

Of greater interest were the outcomes of regressions testing the entire 16-bull population. The intensity of the 
DAPs identified in each bull were regressed against the full range of the 16 BFIs. Of the 48 HF-increased DAPs, 
10 were missing in 5–7 bulls with a range of BFIs and so eliminated from regression testing. The intensities of 
the remaining 38 HF-increased DAPs had a significantly positive relationship to BFI (Table 3, p ≤ 0.034), and of 
those, 10 had an r2 > 0.50 (p ≤ 0.026). All 19 HF-decreased DAPs were detected in all 16 bulls (Table 4), of which 
four DAPs had significant, negative, regressions to BFI (r2 = 0.27 to 0.44; p ≤ 0.05; two decreased DAPS had linear 
regressions p = 0.051).

The sub-networks of three HF-decreased DAPs with significant (p < 0.05) and negative r2 values, along with 
their PPIs detected in all 16 bulls are shown in Fig. 10a-c. The decreased DAP, sodium/potassium-transporting 
ATPase subunit alpha-4 (Fig.  10a) was connected to non-DAPs interacting partners sodium/potassium-
transporting ATPase subunit alpha-3, sodium/potassium-transporting ATPase subunit alpha-2, potassium-
transporting ATPase alpha chain 2, cilia- and flagella-associated protein 45, cAMP-dependent protein kinase 
catalytic subunit gamma, testis-specific serine/threonine-protein kinase 6, and phospholipid-transporting 
ATPase ABCA7. The cluster depicted in Fig. 10b was largely comprised of mitochondrial proteins: mitochondrial 

Fig. 1.  Complete interactome of sperm HPM developed by Cytoscape v3.8.2 of annotated proteins (n = 4,273) 
out of total proteins (22,117) in population of 16 Holstein Friesian bulls. This demonstrates the clustering and 
complexity of the identified proteins. Elliptical dots in red and green represent proteins differing in intensity by 
at least 2-fold between the three bulls with the highest fertility index and the three bulls with the lowest fertility 
index (red = up-regulated; green = down-regulated).
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chaperone BCS1 HF-increased DAP connected to the HF-decreased DAPs cytochrome b-c1 complex subunit 6, 
mitochondrial; and ATP synthase F (0) complex subunit B1, mitochondrial. In non-DAPs, the majority of the 
proteins were multiple isoforms of cytochrome b-c1 complex and NADH dehydrogenase. In Fig. 10c, the HF-
decreased DAP maestro heat-like repeat-containing protein family member 2B only interacted with non-DAP 
hydrocephalus-inducing protein homolog.

Discussion
Sperm HPM proteomics comparing high and low fertility Holstein bulls for the first time have provided 
significant new insights, first into processes in sperm fertilization and second into controllers of in vivo fertility. 
High fertility in bulls was strongly correlated with the presence of a cohort of structural and functional proteins 
whose abundance in sperm HPM differed significantly among bulls of differing fertility. Identified roles and 
molecular interactions of membrane proteins in sperm motility, sperm capacitation, AE, metabolism, signaling 
pathways, cytoskeletal structure and sperm oocyte recognition, and their relative abundance in high- or low-
fertility bulls have expanded our understanding of protein regulation of sperm membrane mechanisms active 
in fertilization.

Fig. 3.  PCA plots of 67 DAPs in HPM of bull sperm of low and high fertility (n = 3 per group). (a) Three-
dimensional hard cluster of 67 proteins (p < 0.05; FC ≥ 2) (b) average of DAPs. Red dots: High Fertile; yellow 
dots: Low Fertile; dot size: DAPs intensity. Red circle = High fertile cluster, yellow circle = Low fertile cluster.

 

Fig. 2.  Heat map showing meta-analysis of the HPM DAPs differing by ≥ 2-fold in spectral count between 
high- versus low-fertility groups (HF, LF; n = 3 per group) and their Bull Fertility Indices. The two vertical 
bars at the extreme left show Fertility Group (high, low), and Bull Fertility Indices (a scale of BFI is provided 
at bottom right below the heat map). Boxes between the vertical fertility bars and the heat map identify the 
individual bull (LF 1,2,3; HF 1,2,3) color-matched to Fertility Group (green LF, red HF). Heat map rows show 
individual bulls and heat map columns indicate protein accession numbers.
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Fresh ejaculates were obtained from 16 Holstein Friesian bulls whose rigorously determined BFIs allowed 
them to be divided into high (BFI > 101, n = 8) and low (BFI < 101, n = 8) fertility groups. The current research’s 
focus on the Bos taurus sperm HPM differed from previous proteomics studies of whole sperm15 and/or seminal 
plasma7, and allowed deep proteomics analysis on this membrane’s crucial roles in capacitation and sperm-egg 
fusion18.

Semi-quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS) identified 22,117 unique 
and homologous total proteins in all bulls aligned to the UniProt mammals database, which were rigorously 
validated by Spectrum Mill at both the peptide and protein level19. These identified HPM proteins displayed 
significant interactions as they clustered in their interactome (Fig. 1). Rigorous big data analytics identified 67 
DAPs in these bull sperm HPM proteins that differed in abundance by at least two-fold between the HF and 
LF bulls (Tables 2 and 48 HF > LF; 19 HF < LF). These DAPs were clearly fertility-related, aligning with field 
fertility in heat maps and PCA plots (Figs. 2, 3 and 4), and when these DAPs that were identified in the 6 bulls 
with extreme fertility were tested against the whole 16-bull cohort, many of them significantly correlated with 
the population’s fertility (Tables 3 and 4). The similar conclusions from two different types of statistical analyses 
affirmed the importance of these DAPS to fertility. Subsequent MCODE analysis provided insights into their 
roles and impact in sperm membrane pathways important to normal capacitation and fertilization, including 
energy production, motility, capacitation, acrosome reaction, and sperm-oocyte binding (Table 1), aligning 
with generic sperm quality measures attributed to some of these proteins (e.g., structure, metabolism, motility, 
capacitation, sperm-oocyte binding4,16.

DAPs in high-fertility HPM such as L-lactate dehydrogenase A chain (Fig. 5; Table 3) and spermatogenesis-
associated protein 19 (SPATA19) have been associated with energy and mitochondrial regulation21,22, reflecting 
the necessity of proper energy management for fertilization processes. The HPM is highly enriched in the head 
plasma membrane compared to whole sperm20, although both HPM and whole sperm having components and 
functions in common, since normal fertility obviously requires common cytoskeletal and structural proteins. 
SPATA19’s presence in the HPM may either be due to the small amount of mitochondrial membrane in HPM20 
or reflect the actual presence of SPATA19 in the plasma membrane of the sperm head; confirmation of location 
and elucidation of its significant positive association with in vivo fertility would be interesting to pursue. The 
down-regulated DAP disintegrin and metalloprotease 32 (ADAM 32), one of the ADAM family of membrane-
anchored proteins likely affecting cellular pathways, appeared to have a mild negative effect on fertility (Table 4) 
but did not impact male mouse fertility23. While a number of down-regulated DAPs like nucleoside diphosphate 
kinase homolog 5 (NME5) with its likely HPM role controlling antioxidant enzymes that protected sperm 
membrane lipids from peroxidative damage24, tended to negatively correlate with in vivo fertility (Table 4), 
any negative effects must be compensable, possibly through the extensive PPI networks (e.g., Fig. 6a) providing 
alternate controls.

Since sperm and membrane structure and dynamics inter-relate, involve cytoskeletal elements impacting 
both flagellar motility and membrane structure and are critically important for fertility25,26, it was expected 
that proteins involved in both motility and microtubule structure and assembly would be found in HPM. The 
DAPs DNAI1, RSPH6A, RIBC2, and SPATA19 were in higher abundance (Fig. 5) in HF bulls, indicating why 
mutation or absence of one or more of their genes caused sperm abnormalities and infertility27. Similarly the 
HF-increased DAPs actin capping proteins CAPZB, dynein DNAI1, and the microtubule protein RIB43A-like 
with coiled-coils protein 2 (RIBC2) that were significantly positively correlated with in vivo fertility (Table 3) 
have previously been noted as cytoskeletal elements causing dynamic HPM changes in capacitation and their 
absence was associated with various sperm abnormalities27,28.

Fig. 4.  Heat map of DAPs (p < 0.05; FC ≥ 2) in sperm HPM of Holstein Friesian bulls of LF, and HF (n = 3 per 
group). (a) up-regulated DAPs in sperm HPM of HF bulls. (b) down-regulated FC proteins in sperm HPM 
of HF bulls. Each row indicates accession numbers of every DAPs while every column shows individual bull. 
LF = low fertile and HF = high fertile bulls, respectively. A legend for color scale based on DAPs intensity is 
shown to the right of heat map.
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Sperm capacitation is a series of complex membrane-directed processes involving molecular re-organisations 
and signalling that induce changes in sperm structure and function. Capacitation is initially triggered11,29,30 
by incompletely-understood signals from different sources that activate signaling pathways which ultimately 
stimulate onset of AE. Clustering analysis provided insights into the mechanisms and pathways linking DAPs 
with capacitation. For example, the DAP acrosin binding protein (ACRBP) that was significantly correlated with 
in vivo fertility (Table 3) and was involved in capacitation30, clustered with heat shock protein (HSP4L) and non-
DAPs (Fig. 5c) like triosephosphate isomerase (TPI1), tyrosine-protein phosphatase (TPTE), atlastin-2 (ATL2) 
and succinate CoA ligase. ACRBP could impact capacitation through biochemical interactions with its clustered 
proteins, including TCP11 that facilitated the influx of calcium ions into the sperm head through calcium-
dependent signaling pathways inducing capacitation and the AE31. In addition, TCP11 possibly interacted with 
TPTE and its signal transduction pathways31, impacting cAMP-dependent signaling and ion transport. One 
cluster of HF-increased DAPs, ATP synthase F(0) complex subunit B1 (ATP5F1-Fig. 5m) and ATP synthase 
subunit d (ATP5H-Fig. 5l), were significantly correlated with BFI (Table 3) and formed networks (Fig. 5) with non-
DAPS such as AK5, AK7, ATP5D, ATP5J2, NT5C1A, NT5C1B, NME4 and NME8; these interactions influence 
the generation of ATP from ATP synthase while adenylate kinase interconverts adenine nucleosides32,33. Again, 
deeper elucidation of the exact roles and components of the HPM pathways in capacitation that are newly-
identified here (specifically, ATP synthesis pathway, adenylate kinase pathway, nucleotide metabolism pathway, 
nucleoside diphosphate kinase activity and calcium signaling pathways) could help understand critical controls 
of fertilization, since they are interconnected and collectively regulate sperm fertility by contributing to energy 
production, nucleotide metabolism, and signalling necessary for sperm motility, capacitation, and ultimately, 
successful fertilization in the sperm HPM.

Sperm fertility could be impacted by the actions of one or more of the HF-decreased DAPs that significantly 
inhibit fertilization: Na+⁄K+-ATPase α4, protein C9orf131 homolog, maestro heat-like repeat-containing protein 
family member 2B and mitochondrial chaperone BCS1. Na+⁄K+-ATPase α4’s subnetwork (Fig. 10a) interacted 
with its non-DAP isoforms Na+⁄K+-ATPase α2 and Na+⁄K+-ATPase α3 that may complement or inhibit α4’s effects. 
Na+⁄K+-ATPase α4 is most abundant in sperm tail where it is thought to stimulate motility and hyperactivation, 
supporting fertility34. Since α4 in the HPM correlated significantly with reduced fertility, α4 in the head 
membrane must interfere with normal capacitation, perhaps by interacting or competing with other α isoforms 
and misdirecting their signalling or transport activities. The cAMP-dependent PKA alpha was also negatively 
correlated with fertility and its isoform cAMP PKA gamma clustered with α4 ATPase, perhaps suggesting that 
competition between the two PKA isoforms, and between the ATPase isoforms, impacts normal capacitation and 
fertilization. This identification of specific HPM proteins with critical roles will facilitate untangling pathways 
and roles in energy, transporting, and/or signaling to identify the critical one(s) for fertilization.

Similar to α4 ATPase, the DAP ROPN1L previously was associated with axoneme integrity and sperm 
hyperactivation and PKA signalling pathway35–37, but unlike α4, ROPN1L in the HPM was associated with 
improved fertility (Table 3). This most likely involved PKA, since ROPN1L clustered with the DAP AKAP3 
(Fig. 5a, b) that induced signaling complexes38. Activating the proper PKA signalling pathway may be crucial 
for effective capacitation, as while greater amounts of ROPN1L supported fertility, greater amounts of the HF-
decreased DAP maestro heat-like repeat family member 2B (MROH2B) lowered BFI (Table 4), presumably 
through its known stimulation of excessive PKA signalling, premature capacitation and reduced fertility39,40. 
Thus ROPN1L, AKAP3, and MROH2B all point to the crucial nature of HPM-linked PKA signalling as a 
critically important control point in capacitation and fertilization.

Another potential molecular pair of DAPs may impact HPM-related fertility through substitution or 
competition, as proposed for the ATPases and PKAs. RAB2B was significantly increased in HF while RAB2A 
tended (p = 0.07) to be HF-decreased and many other non-DAP members of the RAB family clustered together 
in HPM (Fig. 6b: RAB10, 14, 37, 39 A, 43). RABs are small GTP-ases of approximately 20–40 kDa41; RAB2B 
was depleted in humans with unexplained fertilization failure42, RAB2A regulated vesicular transport to the 
developing acrosome during spermiogenesis43, and various RABs regulated capacitation-like physiological 
changes such as calcium release, EGFR interaction, regulation of phosphatidyl-inositol 3P levels44 and membrane 
transport45. The interactions of the DAPs, both those in higher and lower abundance in HF versus LF, and their 
interactions with those HPM proteins with which they cluster, are complex but clearly important to successful 
capacitation and fertilization.

The increased abundance of the antioxidant enzyme phospholipid hydroperoxide glutathione peroxidase 
in the HPM of HF bulls (GPX4; Fig. 5k) correlated positively with the population fertility. GPX4 prevented 
peroxidative damage of membrane lipids46 and prevented reactive oxygen species (ROS) from changing 
a cAMP-driven Tyr-P pathway47 needed for capacitation. GPX4 has also been found in sperm from high 
fertility bulls48 and in human sperm anterior membranes and post-acrosomal membranes48; it maintained 
cytoskeletal integrity49 and was involved in fertilization50. It is interesting that MCODE linked GPX4 to lactate 
dehydrogenase A (LDHA; Fig. 8), which was noted as a possible male contraceptive51. Therefore membrane-
bound dehydrogenase and peroxidase may be inter-related in control of sperm fertility.

Sperm-oocyte binding is a multi-step function of the HPM, and a number of DAPs implicated in these 
processes were identified (Fig. 5). Several of the HF-increased DAPs ACRBP and HSPA4L and the non-DAPs 
in their clusters [zona pellucida-binding protein 1 (ZPBP1), ZPBP2, zonadhesin (ZAN) [65], acrosin (ACR), 
epididymal sperm-binding protein 1 (ELSPBP1), mitochondrial (SUCLA2), ODF1, ROPN1] have possible roles 
in AE and sperm-oocyte interactions. ACRBP was elevated in capacitated boar spermatozoa, stimulated release 
of acrosin from the acrosome and sperm-egg binding and was suggested as a potential biomarker of fertility60. 
Clustering ACRBP with ZPBP2, ZPBP1, ACR, ZAN mediated sperm-ZP interactions52 and absence of ZPBP2’s 
caused male subfertility due to defects in sperm-ZP interactions53.
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Thus, HPM proteins identified here play roles in every aspect of the dynamic sperm membrane changes that 
initiate and control capacitation, sperm-oocyte binding, and fertilization.

Conclusions
This first meticulous in-depth proteomics analysis of sperm HPM in Holstein Friesian bulls found their rigorously 
measured field fertility significantly correlated to the amount of DAPs identified by mass spectrometry-based 
proteomics analysis. Of the over 20,000 proteins identified, only 67 differed by at least two-fold between high 
and low fertility bulls, with over 40 of these proteins significantly correlated to the wide range of in vivo fertility 
of 16 bulls. This unique identified orchestra of proteins participated in various key roles in sperm motility, 
capacitation, oocyte recognition, metabolism, signaling pathways and cytoskeletal structure, and overall cast 
light on the proteins that regulate bovine sperm fertility.
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Materials and methods
Semen
Fresh double ejaculates were obtained from 16 Holstein Friesian bulls (semen was gifted by Semex, Guelph, ON, 
Canada) with known field fertility, classified as average-to-high fertility (ATH, BFI > 100; n = 8) and average-to-
low fertility (ATL, BFI < 100; n = 8) based on the international multi-factor BFI. The BFI is a Semex-calculated 
metric using NRR, sire conception rate, and Agri-Tech analyses, with an average BFI set at 100 based on > 1000 
inseminations per bull from several hundred bulls. Two ejaculates were collected from each bull, combined, and 

Fig. 5.  Sub-networks of selected up-regulated DAPs (p < 0.05; FC ≥ 2) proteins along with their IPPs (neighbor 
proteins in the interactome) showing different protein-protein interactions in each cluster. Ovals in red 
and green represent proteins differing in intensity by at least 2-fold between the three bulls with the highest 
fertility index and the three bulls with the lowest fertility index (red = up-regulated; green = down-regulated; 
blue = non-DAPs). DAPs in (a) were: Spermatogenesis-associated protein 19, Ropporin-1-like protein, RIB43A 
domain with coiled-coils 2, A-kinase anchor protein 3, Dynein intermediate chain 1, axonemal, Radial 
spoke head 6 homolog A in up-regulated and Nucleoside diphosphate kinase homolog 5 in down-regulated 
DAPs; (b) Acrosin-binding protein, Outer dense fiber protein 3, A-kinase anchor protein 3, Ropporin-1-like 
protein, Fibrous sheath interacting protein 2; (c) up-regulated DAPs: Acrosin-binding protein, Heat shock 
70 kDa protein 4 L; (d) up-regulated DAPs: Spermatogenesis-associated protein 19, Acrosin-binding protein, 
Ropporin-1-like protein, Outer dense fiber protein 3; (e) up-regulated DAPs: Outer dense fiber protein 3, 
Outer dense fiber protein 2, F-actin-capping protein subunit beta, down-regulated DAPs: cAMP-dependent 
protein kinase catalytic subunit alpha; (f) up-regulated DAPs: Adenylate kinase 8; ATP synthase F(0) complex 
subunit B1, mitochondrial, ATP synthase subunit d, mitochondrial; down-regulated DAPs: Adenylate 
kinase 9; (g) up-regulated DAPs: Phospholipid hydroperoxide glutathione peroxidase, mitochondrial; 
Lactate dehydrogenase A, down-regulated DAPs: Alpha-enolase; (h) up-regulated DAPs: F-actin-capping 
protein subunit beta; Outer dense fiber protein 2; (i) up-regulated DAPs: RIB43A domain with coiled-coils 
2, Ropporin-1-like protein, Dynein intermediate chain 1, axonemal, down-regulated DAPs; Nucleoside 
diphosphate kinase homolog 5; (j) up-regulated DAPs: Dynein intermediate chain 1, axonemal, Ropporin-1-
like protein, RIB43A domain with coiled-coils 2, Dynein light chain roadblock-type 2, Coiled-coil domain-
containing protein 151, Radial spoke head 6 homolog A; (k) up-regulated DAPs: Glutathione peroxidase 
6; (l) up-regulated DAPs: ATP synthase subunit d, mitochondrial, ATP synthase F(0) complex subunit B1, 
mitochondrial, Cytochrome b-c1 complex subunit 6, mitochondrial, Adenylate kinase 8; (m) Cytochrome b-c1 
complex subunit 6, Adenylate kinase 8, ATP synthase F(0) complex subunit B1, mitochondrial, ATP synthase 
subunit d, mitochondrial and down-regulated DAPs: Mitochondrial chaperone BCS1.

◂

Fig. 6.  Sub-networks of selected down-regulated DAPs along with their IPPs (neighbor proteins in the 
interactome) showing different PPI in each cluster. Ovals in red and green represent proteins differing in 
intensity by at least 2-fold between the three bulls with the highest fertility index and the three bulls with the 
lowest fertility index (red = up-regulated; green = down-regulated; blue = non-DAPs). (a) down-regulated DAP: 
Disintegrin and metalloproteinase domain-containing protein 32; (b) up-regulated DAP: Ras-related protein 
Rab-2B, down-regulated DAP: Ras-related protein Rab-2 A.
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those with ≥ 80% motile sperm were diluted to 60 × 106 spermatozoa per mL using egg yolk-free extender. The 
samples were shipped to our laboratory at the University of Saskatchewan, and their temperature was adjusted to 
room temperature (24 ± 1 °C) upon arrival. A 500 µL aliquot was then incubated at 37 °C for gradual warming 
and evaluated for motility kinetics using CASA Hamilton Thorne IVOS II (MA, USA). Ejaculates meeting 15–20 
°C temperature and demonstrating CASA motility were processed to obtain HPM once the ejaculate reached 
room temperature19.

Reagents and equipment
Disodium phosphate, sodium dihydrogen phosphate monohydrate, dextrose, 1.5 M sucrose, polyethylene glycol 
(40%), methanol HPLC grade, and trypsin were purchased from Thermo-Fisher Scientific (Unionville, ON, 
Canada) and percoll from GE Healthcare (Mississauga, ON, Canada). Potassium chloride, 20% dextran, sodium 
chloride were acquired from Sigma-Aldrich, (Oakville, ON, Canada). Milli-Q water obtained from water 
purification system Serv A Pure (MIUS) and MS-SAFE protease and phosphatase inhibitor cocktail from Merck 
KGaA (Darmstadt, Germany). Bicinchoninic acid protein assay kit including BSA were purchased from Thermo 

Fig. 7.  Visual mapping of up-regulated DAPs in HF sperm HPM, visualized onto a composite network based 
on predicted PPI network created using STRING v11.0 software together with a ‘Homo sapiens’ database. Each 
protein is symbolized as a node and associations as edges in different interactions between proteins (see legend 
for detail), based on the actions view of STRING v11.0. Thickness of the edges is based on confidence score.
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Fisher Scientific (Waltham, MA, USA). LC/MS grade water, and LC/MS grade acetonitrile, were purchased from 
Fisher Scientific, (Fair Lawn, NJ, USA), as were ammonium bicarbonate (ABC) buffer, trifluoroethanol (TFE) 
and iodoacetamide (IAA). Dithiothreitol (DTT) was purchased from MP Biomedicals (Solon, OH, USA). Strong 
cation exchange (SCX) Spin Tips sample preparation kit was purchased from Protea Biosciences (Morgantown, 
WV, USA), ammonium formate from Sigma (St. Louis, MO, USA) and trypsin from Pierce (Rockford, IL, 
USA). MS vials and Polaris-HR-Chip 3C18 were purchased19 from Agilent (Agilent Technologies Canada Ltd., 
Mississauga, ON, CA).

Isolation of sperm HPM
The HPM was obtained according to an established procedure19,20,54,55, performing all steps at room temperature 
unless specified otherwise. Briefly, the sample was centrifuged (Jouan CT 4.22; Jouan S.A., Saint-Herblain, 
France; 800 x g; 10 min), and pellets resuspended into phosphate buffered saline (PBS; 125 mM NaCl, 8 mM 
Na2HPO4, 2 mM NaH2PO4.H2O, 5 mM KCl, 5 mM dextrose) with repeated gentle aspiration, pooled to ~ 40 
mL and centrifuged (800 x g; 10 min). The resulting pellets were resuspended in PBS to 40 mL, layered onto 35% 
percoll (1:2 v: v; percoll: PBS) centrifuged (800 x g; 10 min), the supernatant discarded, and the pellet washed 

Clusters Protein Name Accession Number MCODE score

Cluster 1

UQCRH P00126

3.33
ATP5H P13620

ATP5F1 P13619

AK8 Q96MA6

Cluster 2

ROPN1L Q3T064

3.33
RIBC2 Q32LJ7

RSPH6A Q9H0K4

DNAI1 Q32KS2

Cluster 3

AKAP3 O77797

2.67
ACRBP Q29016

SPATA19 Q3SZQ3

ODF3 Q2TBH0

Table 1.  MCODE analysis of the daps increased in HF. MCODE Score: the cluster’s computed score which 
is defined as the product of the number of proteins (vertices) and the density in the complex subgraph (|V| 
x DC). The default threshold score is 0.2; values above threshold indicate that clusters are more densely 
connected.

 

Fig. 8.  The hub protein network developed by MCODE (tool in Cytoscape v3.8.2). Three clusters exist, based 
on densely connected regions in the STRING network of the up-regulated DAPs. Blue ovals show hub proteins 
in cluster 1 having 4 nodes and 10 edges; yellow ovals show hub proteins in cluster 2 with red ovals (hub 
proteins in cluster 3) having 4 nodes and 8 edges; green ovals are IPPs connected to the hub proteins. The three 
small clusters of green ovals at the bottom are up-regulated DAPs not interacting with hub proteins.
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twice with PBS (800 x g, 10 min). The final pellet was subjected to nitrogen cavitation in a cell disruption Parr 
cavitation unit (Parr instrument company, IL, USA) introducing nitrogen gas over 90 s to a final pressure of 650 
psi, holding for 10 min and then releasing pressure over 90 s. Finally, the cavitate was centrifuged at 800 x g for 
10 min. Phase partition tubes were prepared by mixing 3.94 g 20% dextran (1:5 g: g; dextran: water), 1.97 g 40% 
PEG (1:2.5 g: g; PEG: water), 0.19 g PBS (in 1000 mL water), 2.42 g 1.5 M sucrose (in 100 mL water), covering 
and keeping in fridge overnight. The resulting supernatant was layered onto four phase partition tubes. Tubes 
were mixed by inversion 20 times, centrifuged (800 x g; 10 min), and the top portion harvested. This portion 
was layered onto four fresh phase partition tubes, mixed, and centrifuged as before. The final top layers were 
centrifuged (206,000 x g; 30 min; 5 °C), the pellets resuspended in PBS, pooled, and centrifuged (206,000 x g; 
20 min; 5 °C). The final pellet (HPM) was scraped out into a hand-held homogenizer by stepwise adding 200 µL 
PBS, and homogenized. To inactivate endogenous proteolytic and phospholytic enzymes that degrade the HPM 
proteins, and their activation states, MS-SAFE protease and phosphatase inhibitor cocktail was added (1.33 mL 
per mg of HPM). The samples were homogenized, aliquoted into Eppendorf tubes, covered with nitrogen gas, 
snap frozen in liquid nitrogen, and stored at -80 °C19.

Protein digestion
HPM protein concentration was determined by bicinchoninic acid analysis using the BioTek ELx808 (BioTek- 
Instruments Inc., VT, USA) multi detection plate reader (wavelength 562 nm) and BSA as the standard 

Term ID Up/Down Term Description OGCa BGCb Strength FDRc

GO:0007283 Up spermatogenesis 9 490 0.8 0.003

GO:0019953 Up sexual reproduction 10 764 0.7 0.005

GO:0009142 Up nucleoside triphosphate biosynthetic process 4 103 1.2 0.018

GO:0003341 Up cilium movement 3 61 1.3 0.043

GO:0007286 Up spermatid development 4 137 1.0 0.043

GO:0009123 Up nucleoside monophosphate metabolic process 5 262 0.9 0.043

GO:0009141 Up nucleoside triphosphate metabolic process 5 246 0.9 0.043

GO:0022414 Up reproductive process 11 1350 0.5 0.043

GO:0009132 Down nucleoside diphosphate metabolic process 5 56 1.9 2.36E-06

GO:0009142 Down nucleoside triphosphate biosynthetic process 5 103 1.7 1.07E-05

GO:0009165 Down nucleotide biosynthetic process 6 291 1.3 4.50E-05

GO:0009206 Down purine ribonucleoside triphosphate biosynthetic process 4 86 1.7 0.001

GO:0006754 Down ATP biosynthetic process 3 39 1.9 0.006

GO:0009435 Down NAD biosynthetic process 3 51 1.8 0.009

GO:0009152 Down purine ribonucleotide biosynthetic process 4 189 1.3 0.001

GO:0019674 Down NAD metabolic process 3 66 1.7 0.001

Table 2.  Functional enrichment analysis from GO of daps increased or decreased (Up/Down) in HPM of high 
vs. Low fertility Bulls - Biological Process. a = Observed Gene Count; b = Background Gene Count; c = False 
Discovery Rate.

 

Fig. 9.  Classified sperm HPM proteins that differ by ≥ 2-fold (DAPs) between bulls with high and low fertility 
(HF vs. LF; n = 3 bulls per group), analyzed for Molecular Functions with PANTHER database. (A) DAPs 
down-regulated in HF vs. LF; (B) DAPs up-regulated in HF vs. LF. *Molecular functions significantly different 
between groups.

 

Scientific Reports |        (2026) 16:15930 12| https://doi.org/10.1038/s41598-025-34626-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


DAPs

Linear Regression: DAP Intensity 
to BFI

n = 6 n = 16

Accession # Protein Name r2 p-Value r2 p-Value

Q2T9U2 Outer dense fiber protein 2 0.904 0.004 0.493 0.002

O77797 A-kinase anchor protein 3 0.882 0.006 0.424 0.006

Q2TBH0 Outer dense fiber protein 3 0.704 0.037 0.430 0.006

Q32LJ7 RIB43A-like with coiled-coils protein 2 0.700 0.038 0.451 0.004

Q9N2J2 Phospholipid hydroperoxide glutathione peroxidase 0.882 0.005 0.661 0.001

A6QLU1 Glycerol-3-phosphate dehydrogenase, mitochondrial 0.885 0.005 0.554 0.001

Q32KS2 Dynein intermediate chain 1, axonemal 0.794 0.017 0.368 0.013

P79136 F-actin-capping protein subunit beta 0.836 0.011 0.468 0.004

P00669 Seminal ribonuclease 0.717 0.033 0.341 0.018

P17697 Clusterin 0.793 0.017 0.346 0.017

Q86TE4 Leucine zipper protein 2 0.896 0.004 0.387 0.010

Q2T9T0 Protein phosphatase 1 regulatory subunit 32 0.773 0.021 0.338 0.018

P19858 L-lactate dehydrogenase A chain 0.978 < 0.001 0.560 0.001

Q2T9 × 5 Uncharacterized protein C7orf61 homolog 0.759 0.024 0.230 0.1 < p > 0.05

P00727 Cytosol aminopeptidase 0.955 0.001 0.432 0.006

P35662 Cylicin-1 0.652 0.052 0.294 0.030

Q3SZT6 Protein Flattop 0.712 0.035 0.491 0.003

Q3T064 Ropporin-1 0.885 0.005 0.564 0.001

P13619 ATP synthase F (0) complex subunit B1, mitochondrial 0.793 0.017 0.432 0.006

Q6ZQR2 Cilia- and flagella-associated protein 77 0.881 0.006 0.437 0.005

Q5CZC0 Fibrous sheath-interacting protein 2 0.906 0.003 0.581 0.001

Q29016 Acrosin-binding protein (Fragment) 0.828 0.012 0.370 0.012

Q96MR6 Cilia- and flagella-associated protein 57 0.654 0.051 0.537 0.001

P13620 ATP synthase subunit d, mitochondrial 0.878 0.006 0.320 0.022

P00126 Cytochrome b-c1 complex subunit 6, mitochondrial 0.775 0.021 0.283 0.034

Q3SZR5 Protein FAM166C 0.861 0.008 0.302 0.028

A7MBH5 Coiled-coil domain-containing protein 151 0.922 0.002 0.016 > 0.1

Q0VFZ6 Coiled-coil domain-containing protein 173 0.837 0.011 0.015 > 0.1

Q32P85 Dynein light chain roadblock-type 2 0.889 0.005 0.287 0.032

Q9H0K4 Radial spoke head protein 6 homolog A 0.842 0.010 0.190 0.1 < p > 0.05

Q3SZQ3 Spermatogenesis-associated protein 19, mitochondrial 0.959 0.001 0.479 0.003

Q8WUD1 Ras-related protein Rab-2B 0.930 0.002 0.780 < 0.001

Q9Z280 Phospholipase D1 0.788 0.018 0.057 0.1 < p > 0.05

O95757 Heat shock 70 kDa protein 4 L 0.793 0.017 0.004 > 0.1

Q6P2I7 Endogenous Bornavirus-like nucleoprotein 2 0.788 0.018 0.023 > 0.1

A6NG13 Alpha-1,3-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase-like protein MGAT4D 0.781 0.020 0.029 > 0.1

O94810 Regulator of G-protein signaling 11 0.914 0.003 0.323 0.022

P17156 Heat shock-related 70 kDa protein 2 0.933 0.002 0.339 0.1 < p > 0.05

Q96MA6 Adenylate kinase 8 0.934 0.002 0.326 0.021

Q9C0F0 Putative Polycomb group protein ASXL3 0.924 0.002 0.556 0.021

Q60698 Ski oncogene 0.927 0.002 0.489 0.004

O43451 Maltase-glucoamylase, intestinal 0.931 0.002 0.255 0.055

Q63647 Proline-rich nuclear receptor coactivator 1 0.933 0.002 0.343 0.017

E1BBQ2 Probable G-protein coupled receptor 158 0.925 0.002 0.553 0.022

Q9P217 Zinc finger SWIM domain-containing protein 5 0.871 0.007 0.531 0.026

P59796 Glutathione peroxidase 6 0.922 0.002 0.221 0.1 < p > 0.05

P56965 N(G), N(G)-dimethylarginine dimethylaminohydrolase 1 0.929 0.002 0.557 0.021

O08876 Krueppel-like factor 10 0.929 0.002 0.353 0.020

Table 3.  Regression analysis of HF-increased daps intensities on BFI (n = 6 & n = 16). r2 = r-square, BFI = Bull 
Fertility Indexes, Accession # = Accession number of DAPs derived from UniProt database.

 

Scientific Reports |        (2026) 16:15930 13| https://doi.org/10.1038/s41598-025-34626-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


protein19,56. Triplicates from each HPM were digested into peptides using in-solution trypsin digestion protocol57. 
Briefly, samples were normalized at a concentration of 5.0 µg/µL using ABC buffer. Protein denaturation was 
achieved with TFE. Disulfide bonds were reduced using DTT, followed by alkylation with IAA. After drying and 
removal of impurities, samples were resuspended in ABC and digested with trypsin19. The digestion process was 
completed the next morning, and samples were dried and stored at -80 °C for subsequent SCX fractionation19,57.

Strong cation exchange peptide fractionation
Peptide fractionation using SCX Spin Tips was incorporated to enhance sample resolution prior to MS/MS 
analysis19,57,58. From each animal’s HPM, 9 fractions were acquired. Briefly, the SCX Spin Tip column was 
conditioned, trypsin-digested HPM peptides reconstituted in 100–200 µL of SCX reconstitution solution (pH 
< 3, adjusted with formic acid), loaded on the SCX Spin Tip column, and centrifuged at 4000 x g for 6 min19. 
The Spin Tip column was then eluted using a solution of ammonium formate in 10% acetonitrile in stepwise 
increasing strength (20, 40, 60, 80, 100, 150, 250 and 500 mM, respectively; 150 µL each; pH ~ 3). A total of 9 
fractions, including the flow through fraction, were acquired and stored at -80 °C until MS analysis19,58,59.

Tandem mass spectrometry analysis
Dried SCX fractions containing tryptic peptides were vortexed, centrifuged, and subjected to LC-MS/MS analysis. 
An Agilent 6550 iFunnel Q-TOF mass spectrometer (Agilent Technologies, Mississauga, ON, CA) coupled with 
liquid chromatography instrumentation60 was used (Agilent Technologies, Mississauga, ON, CA)19,60. Reversed 
phase chromatographic separation of peptides was achieved by employing an Agilent HPLC-Chip; G4240-62030 
chip cube, Polaris-HR-Chip 3C18 containing a 360 nL enrichment column and a 75 μm × 150 mm analytical 
column (Agilent Technologies, Mississauga, ON, CA); both columns were packed with Polaris C18, 180Å, 3 μm 
stationary phase for improved peptide resolutions and peak capacity. Peptide fractions were loaded onto the 
enrichment column with a specific solvent composition, followed by separation on the analytical column using 
a linear gradient program. Mass spectra were acquired in positive ion mode with defined parameters, including 
mass range and scan rate19. Auto MS/MS was performed with a set threshold for precursor ion selection and 
exclusion19,57,60.

Database search and analysis
MS/MS spectra were obtained and searched against a Mammals species protein database (Swiss Prot, UniProt 
release 2020_06) using the Agilent Spectrum Mill search engine. The search parameters included trypsin as the 
enzyme for protein digestion, specific cleavage rules, and fixed modification of cysteine (carbamidomethylation). 
Variable modifications were applied in four stages, incorporating various post-translational modifications. 
Validated hits from each stage were used for subsequent searches19. The Spectrum Mill validation was performed 
at both peptide and protein levels with 1% FDR and peptide sequence length57. Furthermore, each identified 
DAP underwent manual validation using MassHunter software with a mass difference cutoff ∆m < 10 PPM to 

Down-Regulated DAPs

Linear Regression of DAPs intensities 
to BFI

n = 6 n = 16

Accession# Protein Name r2 p-Value r2 p-Value

P0CB32 Heat shock 70 kDa protein 1-like -0.953 0.001 -0.235 0.1 < p > 0.05

Q9WV27 Sodium/potassium-transporting ATPase subunit alpha-4 -0.939 0.001 -0.272 0.039

P61019 Ras-related protein Rab-2 A -0.912 0.003 -0.187 0.1 < p > 0.05

Q9XSJ4 Alpha-enolase -0.967 < 0.001 -0.192 0.1 < p > 0.05

Q6B857 Cilia- and flagella-associated protein 20 -0.895 0.004 -0.231 0.1 < p > 0.05

Q4R3W4 Adenylate kinase 8 -0.955 0.001 -0.197 0.1 < p > 0.05

Q5JRX3 Presequence protease, mitochondrial -0.954 0.001 -0.241 0.1 < p > 0.05

Q99MH5 Nucleoside diphosphate kinase homolog 5 -0.912 0.003 -0.186 0.1 < p > 0.05

P00517 cAMP-dependent protein kinase catalytic subunit alpha -0.913 0.003 -0.246 0.051

Q3V0E1 Uncharacterized protein C9orf131 homolog -0.949 0.001 -0.440 0.007

Q7Z745 Maestro heat-like repeat-containing protein family member 2B -0.920 0.003 -0.253 0.047

Q8K410 Disintegrin and metalloproteinase domain-containing protein 32 -0.930 0.002 -0.245 0.051

Q5TCS8 Adenylate kinase 9 -0.769 0.022 -0.188 0.1 < p > 0.05

Q07113 Cation-independent mannose-6-phosphate receptor -0.905 0.004 -0.223 0.1 < p > 0.05

Q3ZBD7 Glucose-6-phosphate isomerase -0.841 0.010 -0.173 > 0.1

E1BNQ4 ATP-dependent (S)-NAD(P)H-hydrate dehydratase -0.871 0.007 -0.133 > 0.1

Q8NDM7 Cilia- and flagella-associated protein 43 -0.887 0.005 -0.221 0.1 < p > 0.05

Q8SPU8 Dehydrogenase/reductase SDR family member 4 -0.931 0.002 -0.067 > 0.1

Q5E9H5 Mitochondrial chaperone BCS1 -0.842 0.010 -0.266 0.049

Table 4.  Regression analysis of HF-decreased daps intensities on BFI (n = 6 & n = 16). r2 = r-square (in negative 
values), BFI = Bull Fertility Indexes, Accession # = Accession number of DAPs derived from UniProt database.
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ensure accuracy. A comparison was made between the identified proteins in ATH (n = 8) and ATL (n = 8) bulls. 
Proteins present in both groups were categorized as common proteins, while proteins exclusive to one group 
were considered unique to that fertility group19.

Statistical analysis and protein network analysis
For this study, three bulls with the highest BFI were labeled as high fertility (HF; BFI of 105,105,107), and three 
with the lowest BFI were designated as low fertility (LF; BFI of 88,92,94). HF and LF were statistically compared 
with t-tests using MPP software; statistical rigour was enhanced by applying the Benjamini and Hochberg 
correction with an FDR threshold of < 1%, and a p-value cutoff of < 0.05. Proteins were classified as increased 
or decreased in HF relative to LF based on a fold change of ≥ 2 in spectral intensities between the compared 
groups. The resulting 67 differentially abundant proteins were manually validated using Mass Hunter software19.

To enhance data interpretation, accession numbers of significant DAPs from multiple species were converted 
into homologous proteins of Homo sapiens for further protein-protein interaction (PPI) and networking 

Fig. 10.  Sub-networks of selected down-regulated DAPs along with their IPPs (neighbor proteins in the 
interactome) showing different PPI in each cluster (n = 16). Ovals in red and green represent proteins differing 
in intensity by at least 2-fold between ATH (n = 8) and ATL (n = 8) bulls (red = up-regulated; green = down-
regulated; blue = non-DAPs).
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analysis. Subnetworks of HF-increased or HF-decreased DAPs with all identified non-differentially abundant 
proteins (non-DAPs) in high-fertility HPM were constructed using Cytoscape. PPI networks among DAPs 
were generated through STRING analysis, which provides known and predicted PPI. A Cytoscape analysis was 
performed to construct a complete interactome of HPM. The most significant clusters within the DAPs’ STRING 
PPI networks were identified using the molecular complex detection (MCODE) plugin in Cytoscape19.

Linear regression analysis was conducted with SAS statistical software (SAS; version 9.3; SAS Institute, Inc 
Cary, NC) on the intensities of the DAPs relative to BFI. The analysis was first performed for the HF and LF 
groups (n = 3 per group) and then for the entire population19 of bulls (n = 16). The deterministic model used was 
y = a + bx, where a = intercept and b = slope of the regression line.

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository [61] with the dataset identifier PXD047294 and are available from the corresponding 
author on reasonable request.
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