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Abstract

Puberty to sexual maturity marks a key transition in boar reproductive development, yet the
molecular and functional changes that occur in semen during this transition remain poorly
described. In modern pig breeding, artificial insemination is central to breeding and genetic
improvement, and the ability to use boars as young as possible can reduce costs and accelerate
genetic gains. At present, decisions about when the boars are ready for semen collection rely
mainly on age and analysis of ejaculate volume, sperm concentration, motility, and
morphology, which do not fully capture the biological processes underlying maturation. This
thesis addresses these gaps by following Duroc boars longitudinally from puberty to sexual
maturity, with metabolomics, transcriptomics, and sperm quality assessments to uncover the
molecular and functional signatures of maturation. Semen samples were collected
longitudinally from individual boars through three maturation ages: at approximately 7 months,
6 weeks later, and finally 12 weeks after the initial sample collection. This longitudinal
approach eliminated inter-individual genetic variability while capturing the genuine
maturational period.

Across four studies, complementary approaches were applied to investigate different biological
layers, including targeted metabolomics, untargeted metabolomics, sperm functional
assessment, and transcriptomic profiling. Targeted metabolomics was used to quantify amino
acids and amines in sperm and seminal plasma, identifying glutamate, alanine, aspartate,
choline, and taurine in sperm as key metabolites that changed significantly with age and may
serve as potential biomarkers of sexual maturity. Untargeted metabolomics expanded this
analysis, capturing thousands of features and highlighting pathways such as porphyrin
metabolism, taurine and hypotaurine metabolism, and glycerolipid metabolism, which were
significantly enriched during sexual maturation. Functional analyses showed that sperm
motility, acrosome integrity and viability, DNA integrity, and tolerance to semen storage all
improved significantly as boars matured. Several metabolites, including glutamate, cystine,
aspartate, taurine, and choline, were linked directly to these functional gains. Transcriptomic
profiling of sperm revealed dynamic changes in both coding and non-coding RNAs. A total of
60 genes and six miRNAs were identified as differentially expressed, which are associated with
key reproductive processes such as spermatogenesis and germ cell development. This provides
insights into the molecular mechanisms that drive functional improvements. Furthermore, an

integrated mRNA-miRNA analysis identified regulatory networks that could influence the



maturation process. Together, these findings provide the first comprehensive longitudinal
characterization of sexual maturation in boars.

This thesis contributes both to fundamental knowledge and applied value to the field of animal
reproduction. From a practical perspective, it establishes a basis for further research to develop
molecular biomarkers that can guide the usage of young boars in semen production and
breeding, thereby reducing non-productive days and accelerating genetic gain in breeding

programs.
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Sammendrag

Overgangen fra pubertet til seksuell modenhet markerer en viktig fase i réners reproduktive
utvikling, men de molekylaere og funksjonelle endringene som skjer i spermiene i denne
overgangsfasen er fortsatt begrenset beskrevet. I moderne svineavl er kunstig inseminasjon
sentralt for avl og genetisk framgang, og jo tidligere unge raner kan tas i bruk, desto sterre er
muligheten for & redusere kostnader og gke genetisk gevinst. Per i dag baseres beslutninger om
nar raner er klare for saduttak hovedsakelig pa alder og analyse av ejakulatvolum,
spermiekonsentrasjon, motilitet og morfologi, som ikke fullt ut fanger opp de biologiske
prosessene som ligger til grunn for modningen. Denne avhandlingen tar for seg disse
kunnskapshullene ved & folge Duroc-raner fra pubertet til seksuell modenhet, med bruk av
metabolomikk, transkriptomikk og sedkvalitetsanalyser for & avdekke de molekylere og
funksjonelle kjennetegnene ved seksuell modning. De samme individene ble fulgt gjennom tre
stadier: fra rundt 7 méneders alder, seks uker senere og tolv uker etter forste provetaking. Denne
longitudinelle tilneermingen eliminerer genetisk variasjon mellom individer og fanger opp den
reelle modningsprosessen.

Gjennom fire studier ble komplementare metoder brukt for & underseke ulike biologiske nivéer:
maélrettet metabolomikk, global metabolomikk, funksjonelle analyser av spermier og
transkriptomisk profilering. Mélrettet metabolomikk ble anvendt til & identifisere aminosyrer
og aminer som glutamat, alanin, aspartat, kolin og taurin i spermier som ble betydelig endret
med alder og kan fungere som biomarkerer for seksuell modenhet. Global metabolomikk
utvidet dette bildet, med tusenvis av paviste metabolitter og sentrale metabolske veier som
porfyrinmetabolisme, taurin og hypotaurinmetabolisme, og glyserolipidmetabolisme.
Funksjonelle analyser viste at motilitet, akrosomintegritet og levedyktighet, DNA integritet og
lagringstoleranse alle forbedret seg betydelig med alder. Flere metabolitter, inkludert glutamat,
cystin, aspartat, taurin og kolin, var direkte knyttet til disse funksjonelle forbedringene.
Transkriptomisk profilering av s@dprover fra seks riner viste dynamiske endringer 1 bide
kodende og ikke-kodende RNA, inkludert 60 differensielt uttrykte gener og seks miRNA
forbundet med prosesser som spermatogenese og kimcelleutvikling. En integrert mRNA-
miRNA analyse identifiserte dessuten regulatoriske nettverk som kan pavirke
modningsprosessen. Samlet gir disse funnene den ferste omfattende longitudinelle

karakteriseringen av seksuell modning hos réner.
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Denne avhandlingen bidrar bdde med grunnleggende kunnskap og anvendt verdi innen
reproduksjonsforskning pé gris. Vitenskapelig sett bidrar dette arbeidet til okt forstaelse av
reproduktiv biologi ved & identifisere sentrale metabolitter, gener og signalveier som styrer
modningen. Fra et praktisk perspektiv etablerer resultatene i denne avhandlingen et grunnlag
for videre forskning for utvikling av molekylare biomarkerer som kan brukes i utvelgelsen av
unge raner 1 avlsprogram, redusere ikke-produktive dager i sedproduksjonen og eke den

genetiske framgangen.
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1. Introduction

1.1 General introduction

The pig breeding industry relies heavily on artificial insemination (Al) to accelerate genetic
gain and improve production efficiency (Knox, 2016). Modern breeding programs increasingly
select boars at younger ages to reduce the generation interval and maximize genetic progress
(Kasinathan et al., 2015). However, using sexually immature boars can compromise semen
quality and field fertility, creating conflict between genetic goals and reproductive performance
(Schulze et al., 2014).

Sexual maturity represents a critical transition in boar reproductive development. Unlike
puberty, which marks the onset of spermatogenesis, sexual maturity indicates when boars
produce semen of adequate quality for commercial use (Flowers, 2022). This distinction has
profound implications for Al centers, where non-productive days from immature boars
represent significant economic losses (Lopez Rodriguez et al., 2017).

Despite decades of research in reproductive biology, our understanding of the molecular
changes during boar sexual maturation is limited. Current industry practices rely on empirical
observations and age-based criteria rather than objective biological markers (Dyck et al., 2011;
Lopez Rodriguez et al., 2017; Schulze et al., 2014). In addition, most of these studies were done
with older boars (Borg et al., 1993; Hensel et al., 2023; Xu et al., 2024). This knowledge gap
limits optimal utilization of young boars and hinders efforts to accelerate genetic improvement.
This thesis addresses these limitations through a comprehensive molecular characterization of
sexual maturation in Duroc boars. By employing metabolomics, transcriptomics, and sperm
quality assessments, the aim of this thesis was to understand the biological transition and
signatures of boar sexual maturation. These findings could advance fundamental reproductive
biology and provide essential knowledge for the pig breeding industry, enabling further

research to optimize the use of younger boars.
1.2 The pig breeding industry and artificial insemination

Global pork production reached 125.1 million tonnes (Mt) in 2024, up from 124.5 Mt in 2023
and 122.5 Mt in 2022 (FAO, 2024, 2025). Pig meat accounted for roughly 33% of the global
meat consumption of 399.4 Mt in 2024, making it the planet’s second most-eaten animal meat

(FAO, 2025). This massive industry depends on efficient breeding systems that balance genetic
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improvement and sustainability with reproductive performance. Over the past five decades, pig
breeding has transformed from small-scale family operations to integrated, technology-driven,
sophisticated programs utilizing advanced genetic technologies (Neeteson-van Nieuwenhoven
etal., 2013).

Modern swine breeding programs generally employ three-tier pyramidal structures: nucleus
herds create genetic progress, multiplier farms generate a large number of replacement females,
and commercial herds finish pigs for slaughter (Dekkers et al., 2011). Production can be
organized by one-site, two-site, or three-site systems that separate breeding, nursery, and
finishing stages, improving health and management (Harris, 1999). Some companies operate
nucleus-multiplier farms, such as the Hypor facility in Mexico, which houses both pure line
(nucleus) and great-grandparent (multiplier) stock on the same site (Hoggan, 2021). Despite the
structural differences, all systems maintain the same directional flow of elite genetics from
nucleus to market pigs. Elite genetic flow from nucleus herds through Al, which enables rapid
dissemination of superior traits. This system concentrates selection intensity on relatively few
elite boars, making reproductive efficiency vital for industry-wide genetic progress (Knox,
2016).

Artificial insemination, the process of breeding females with collected semen, was explored in
various species during the early 20" century. Russian scientist Ivanov was a pioneer, initiating
experimental Al in pigs in the early 1900s (Foote, 2002). Throughout the 1930s, Soviet
researchers, including V. Milovanov, conducted extensive studies on boar semen collection and
dilution. The first field trials of Al in pigs were reported in 1931 in Missouri, U.S. Later, Al in
pigs started in Japan in 1948 and in Western Europe in the 1950s (Foote, 2002). Similarly,
Denmark founded its first boar Al station (Hatting) in 1963 (Jakobsen & Danielsen, 2020). In
Norway, Norsvin was founded in 1958 as Norway’s farmer-owned pig breeding cooperative.
Soon thereafter, Norway began commercial Al for swine, and genomic selection has been
implemented since 2012 (Topigs Norsvin, 2025).

Artificial insemination has revolutionized pig breeding by enabling one boar to sire thousands
of offspring annually. Use of liquid-stored semen allows a single high-index boar’s semen to
be collected twice weekly, producing around 20-40 traditional Al doses or 40-60 low semen
doses per ejaculation. This means that one boar could inseminate around 2000 sows per year
(Knox, 2016; Roca et al., 2016). Artificial insemination not only raises selection intensity but
also improves biosecurity, i.e., laboratory processing, health screening, and hygienic
distribution, which reduces the probability of transmitting venereal or systemic pathogens

compared to natural mating (Knox, 2016). Artificial insemination now dominates sow breeding:
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it covers over 97% matings in the United States (USDA, 2025), more than 98% in the
Netherlands (Feitsma, 2017), above 90% in Germany (BRS, 2023), almost 100% in Sweden
(Stenberg et al., 2023), and the clear majority in Norway (98%), Spain (95%), France (95%)
and Denmark (95-98%) (Innoreports, 2007; Riesenbeck, 2011; Vangen & Sehested, 1997).
Genomic selection further accelerates genetic gain by enabling accurate ranking of animals at
younger ages. Boars can now be genetically evaluated before reaching sexual maturity
(Meuwissen et al., 2016). It has been reported that genomic selection shortens the effective
generation interval from ~1.9 years to ~1.7 years, which translates to ~30% more genetic gain
per year when all nucleus piglets are genotyped (Lopez et al., 2016; Ostersen, 2020).

Each boar in an Al center represents a substantial investment in genetics, housing, management,
and daily operations. A report published by Michigan State University in 1996 assumed US
$1500 to purchase an on-farm Al boar, US $2500 for a higher-index sire for a small commercial
stud, and US $0.50 per day for maintenance and miscellaneous other routine costs for
management (Johnson, 1996). Considering the present year 2025 and taking into account
inflation costs, the annual costs for maintaining one boar would be much higher. Non-
productive days from sexually immature boars directly impact profitability, as these animals
consume resources without marketable semen doses. The economic pressures intensify with
genomic selection, where rapid generation turnover maximizes genetic gain. Across large
commercial Al operations, optimizing boar utilization could yield substantial annual savings.
In Norway, costs exceed 15,000 NOK plus maintenance for the pigs from buying the piglets
until they reach the test station (E. Nordbye, personal communication, September 2, 2025).
Missing just 1 month of output from a high-index sire can mean hundreds of elite doses lost
(Knox, 2016). Therefore, breeding companies want semen from the young high-index boars as
soon as possible, as selection indexes are available early and there is a strong economic
incentive to reduce ‘“age-at-first collection” while staying within physiological limits.
Physiological data, however, show that commercial-grade ejaculates are not obtained
consistently until > 8 months of age. Collections taken earlier, average of 4.5 to 8§ months of
age, are reported to have lower sperm concentration, ejaculate volume, motility, and higher
morphological defects, and therefore fail quality-control thresholds for commercial use

(Schulze et al., 2014).



1.3 Sexual maturation in boars

Puberty in the boar is defined as the point at which sperm first appear in the seminiferous tubules
and the boar becomes capable of impregnating a female (FlorCruz & Lapwood, 1978). Sexual
maturity is reached later, once semen volume, sperm output, sperm motility, sperm
morphology, and libido stabilize (Knox, 2024). Duroc boars are reported to reach sexual
maturity at around 9 months (Ding et al., 2016).

Spermatogenesis drives this transition and is regulated by the hypothalamic-pituitary-gonadal
axis. The hypothalamus secretes gonadotropic-releasing hormone (GnRH), which stimulates
the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the
anterior pituitary gland (Rey, 2021). FSH stimulates Sertoli cells in the seminiferous tubules to
proliferate and support developing germ cells, partly by producing essential factors and
nutrients. LH targets Leydig cells to produce testosterone, which is crucial for maintaining
spermatogenesis and enabling the function of Sertoli cells (Rey, 2021). Spermatogenesis begins
with spermatogonia on the basement membrane of each seminiferous tubule, progresses
through mitosis, meiosis I and II, and ends with elongated spermatids released as spermatozoa
into the tubule lumen. A complete cycle of spermatogenesis in a boar takes about 40 days. The
process of sperm development begins in the seminiferous tubules but reaches completion within
the epididymis. The epididymis serves two important functions: it facilitates sperm maturation
and also acts as a sperm storage reservoir. Sperm cells only acquire their ability to swim and
fertilize an egg after traveling through the epididymis. The tail of the epididymis contains a
particularly dense concentration of sperm and serves as the primary storage location for

approximately 80% of fully developed sperm cells (Franga et al., 2005; Tauson, 2020).
Pre-pubertal stage (birth to 4-5 months)

In the months leading up to puberty, young boars are in a pre-pubertal (juvenile) stage. During
this period, testes are growing and differentiating but have not yet started producing sperm.
Histologically, seminiferous tubules are developing, they lengthen and widen, and a lumen
begins to form as the boar approaches puberty. For example, size of the seminiferous tubules
increases from approximately 30% in early piglet life (3 weeks) to roughly 70% at around 5
months, reflecting the growth of sperm-producing tissue (Cameron, 1987). Testis growth rate
was recorded highest in boars (Landrace x Duroc) between 100 and 130 days (Allrich et al.,
1982). Similarly, it has been reported that in Duroc, the diameter of seminiferous tubules starts

to increase from 1 month, continues to grow slowly between 4 weeks and ~16 weeks, and the



growth accelerates from 16 weeks onwards (Zheng et al., 2022). Zheng et al. (2022) have also
reported that spermatozoa and seminiferous lumen were histologically visible only after 5
months in Duroc boars. During the pre-pubertal phase, boars have low circulating testosterone
levels (Gong et al., 2021). This phase is characterized by rapid testicular growth and cellular

maturation without actual sperm production or sexual activity.
Puberty onset (around 5-6 months)

Most domestic boars, including Duroc, reach the pubertal threshold at approximately 5 to 6
months of age, although there is variation with genetics, nutrition, and breed. For instance,
Chinese Meishan boars mature at an earlier age. Chinese Meishan boars were reported to show
detectable sperm in the seminiferous tubules as early as 2.5 months and attain puberty earlier
than Duroc as shown in Figure 1: at 75 (2.5 months) days Chinese Meishan boar tubules contain
luminal sperm, while Duroc boar at 75 days only show spermatogonia; by 270 days (9 months)
duroc boars display sperm along with primary spermatocytes, secondary spermatocytes, and
spermatids (Ding et al., 2016; Zheng et al., 2022). During the pubertal phase, boars undergo a
surge of reproductive hormones and testicular activation that triggers spermatogenesis.
Testosterone production in the testis rises markedly (~10 to 16 ng/mL) at around 5 to 6.3 months
(160-190) days, with an increasing number of Leydig cells (Allrich, 1983; Allrich et al., 1982).
This increase in testosterone drives the development of secondary sexual characteristics and
mating behavior. Correspondingly, boars around 5-6 months old begin to show increased libido
and sexual behavior (Flowers, 2008).

Physiologically, the onset of puberty is marked by the completion of key testicular maturation
steps. By about 4 months of age (110-130 days), the testes contain early germ cells
(spermatocytes and round spermatids), but spermatozoa are still absent. Then, by approximately
5 months (150 days), detectable spermatozoa appear in the seminiferous tubule lumen (Zheng
et al., 2022). Around 5-6 months (160-190 days), the weight of testis also increases (Allrich et
al., 1982), and boars are first capable of producing ejaculate containing sperm. However, these
initial ejaculates are usually of small volume and variable quality. At this age, when boars first
begin producing semen (around 6 months old on average), an average ejaculate volume is only
about 220 mL, considerably lower than that of a mature boar. Early ejaculates also have lower
sperm counts (~50 billion). These parameters improve rapidly after puberty as boars age

(Mottais, 2022).



Figure 1: Testis histology of Duroc (a, c, and e) and Meishan boars (b, d, and f) at different
developmental stages. Sections are stained with hematoxylin and eosin. Nuclei appear blue to purple,
and cytoplasm appears pink. Labels: SfT- seminiferous tubule, SC- Sertoli cell, IC- interstitial Leydig
cell, Sg- spermatogonia, PS- primary spermatocyte, SS- secondary spermatocyte, ST- spermatid, Sz-
spermatozoon. The picture was reprinted from “Histological and transcriptome analyses of testes from
Duroc and Meishan boars,” by Ding, H., Luo, Y., Liu, M., Huang, J., & Xu, D., 2016, Scientific Reports,
6, 20758. https://doi.org/10.1038/srep20758. CC BY 4.0.
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Post-pubertal development and sexual maturity

From 6-7 months onward, the boar is fertile, but fertility continues to improve. Testicular
development continues at a rapid rate during this period. After puberty, the seminiferous tubules
and testes grow further in size and mass. Testicular and epididymal weight doubles between 6
months and 8 months (FlorCruz & Lapwood, 1978), and the size of the testes increases until
boars reach 18 months of age, while daily sperm output rises (Knox, 2024) directly correlating
with enlarged testis. The level of testosterone also increases from 130 days onwards, reaches
its peak during the period of 190-220 days, and then declines from 250 days. The level of
estradiol hormones increases during this period (190-250 days) (Allrich et al., 1982). Ding et
al. (2016) reported histological observation of primary spermatocytes, secondary
spermatocytes, and sperm in testis of 270 days old Duroc boars, which were absent in 75 days
old Duroc boars as illustrated in Figure 1.

Semen volume, total number of sperm, and total motile sperm counts increase from 8-9 months
and reach a plateau around 19-24 months (Knecht et al., 2017). As boars mature, ejaculate
volume rises from an average of ~220 mL at puberty (6 months) and stabilizes at about 300 mL
by 20 months of age. Sperm concentration gradually increases from 280 million/mL (first
ejaculate) to about 320 million/mL around the 20" month. Similarly, total sperm output in an
ejaculate reaches ~100 billion in fully mature boars (Mottais, 2022). Al studs start weekly
collections from 8 to 9 months (Huang et al., 2010; Knox, 2024). The distinction between
puberty and sexual maturity matters in Al centers. Even though pubertal boars can produce
semen, the quality is generally unsuitable for commercial distribution, and the advisable age of
boars for semen collection is >8 months with > 75% motility (24 hr) and < 20% morphologically

abnormal sperm (Schulze et al., 2014).
Duroc boars

Duroc pigs originated in the United States in the mid-19™ century from crossing the Red Jersey
and New York “Duroc” lines. The modern breed is recognized globally as a red-haired, lop-
eared terminal-sire line noted for robustness and meat quality (National Swine Registry, 2023).
In Norwegian breeding lines, Norwegian Duroc has been reported to have a lower proportion
of motile and progressively motile sperm, as well as higher sperm concentration compared to

Norwegian Landrace (Tremoen et al., 2018).



Figure 2: Young Norwegian Duroc boar from the Norsvin breeding nucleus. © 2025 Norsvin SA.

Used with permission.

The Norwegian Duroc breed (Figure 2) has been integrated into breeding programs of Norsvin
SA since the 1990s. Initially, the Duroc line focused primarily on production and meat quality
characteristics, with litter size added to the breeding objectives only recently. Current breeding
goals encompass production traits (feed consumption and growth), carcass quality, meat
quality, litter size, and animal health and robustness (Jochems, 2022). Today, the line
contributes terminal sire genetics to the Topigs Norsvin TN Duroc program, with nucleus

testing of around 5000 boars per year at the Delta Norway (Karlsson-Drangsholt, 2024).
1.4 Sperm quality parameters

1.4.1 Traditional evaluation methods

Conventional sperm evaluation includes sperm concentration, motility, and morphology
assessments. In addition, many Al stations have started to use objective analysis methods,
including computer-assisted sperm analysis (CASA) and flow cytometry, to reduce subjectivity
and inter-observer variation (Ayad et al., 2021; Comhaire & Vermeulen, 1995; Dougherty et
al., 1975).



Motility is an important predictor of reproductive performance. Immotile sperm are not able to
get across cervical mucus, while sperm with non-progressive (circular/rotatory) motility
struggle in the journey through the uterotubal junction (Blandau & Rumery, 1964; Tampion &
Gibbons, 1963). Fertility tends to decline when total motility falls below 60%, whereas 70-80%
motility defines a high-quality ejaculate (Flowers, 1997; Maside et al., 2023).

1.4.2 Computer-assisted sperm analysis (CASA)

CASA systems couple phase-contrast microscopy with video capture and image-analysis
algorithms, tracking individual sperm movement patterns, calculating velocity, linearity, and
beat frequency. The measured kinematic parameters include velocity straight line (VSL, pm/s),
velocity curvilinear (VCL, pm/s), velocity average path (VAP, pm/s), amplitude of lateral head
displacement (ALH, um), beat cross frequency (BCF, Hz), straightness (STR, %), linearity
(LIN, %), and wobble (WOB, %). These parameters reveal subtle differences in swimming
patterns that manual evaluation misses (Dascanio, 2014).

Kinematic parameters for single cells can also be used to define distinct sperm subpopulations
within boar ejaculates, each demonstrating unique motility characteristics associated with
sperm quality and fertility outcomes (Quintero-Moreno et al., 2007). CASA has enhanced
sperm analysis by providing quantitative methods to evaluate sperm movement patterns and
their relationship to fertilization capacity (Tanga et al., 2021). However, we also need to
remember that CASA faces limitations related to differences in sample preparation, image
acquisition, and analytical parameters across different CASA systems (Hackerova et al., 2025;
Waberski et al., 2022). Therefore, laboratories must standardize their settings and calibration.
In routine practice, CASA is primarily used for motility assessment, whereas viability and
acrosome integrity are more robustly measured by flow cytometry. Consistent use of such tools

underpins accurate monitoring of boar sperm quality in breeding programs (Bonet et al., 2013).

1.4.3 Flow cytometric analysis

While CASA provides a detailed motility assessment, flow cytometry offers complementary
functional analysis, including plasma membrane integrity, acrosome integrity, and DNA
integrity (Myromslien et al., 2019; Narud et al., 2020). This technique combines hydrodynamic
focusing, laser excitation, and optical detectors to measure light scatter and fluorescence of
thousands of sperm in seconds (Mahfouz et al., 2009). Cell size is estimated by forward scatter,

side scatter, and granularity, which enables gating the sperm population and excluding debris
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even in unstained samples (Petrunkina et al., 2010). Fluorochromes add functional details and
can uncover biochemical traits that are often missed by routine microscopy or CASA (Elango
et al., 2022). Propidium iodide (PI), a DNA intercalator, is excluded by intact membranes, so
only membrane-damaged cells fluoresce red and are counted as non-viable (Graham et al.,
1990). Acrosomal status is assessed with lectins such as fluorescein-labelled peanut agglutinin
(PNA), which binds to galactose residues exposed when the outer acrosomal membrane is
compromised. Intact acrosomes remain non-fluorescent, while damaged ones emit fluorescence
upon laser excitation (Mortimer et al., 1987). Flow cytometry enables the collection of
multiparametric data on sperm viability and acrosomal integrity, providing a rapid and objective

complement to CASA for sperm evaluation (Pefia, 2015).
1.4.4 DNA integrity assessment

By applying the Sperm Chromatin Structure Assay (SCSA®), sperm DNA integrity and
chromatin structure can be assessed, which are the parameters that directly impact embryo
development and fertility. Damaged DNA in fertilizing sperm compromises fetal development
and offspring health (Evenson & Jost, 2001; Evenson, 2022). SCSA® measures chromatin
susceptibility to DNA denaturation following low-pH treatment with acridine orange, a DNA-
specific probe, combined with flow cytometry (Evenson & Jost, 2001; Evenson, 2022).
Acridine orange produces green fluorescence when bound to intact double-stranded DNA and
red fluorescence when attached to denatured single-stranded DNA. Flow cytometry analyzes
5000 sperm cells per sample, and this technique generates two clinically significant
measurements. The DNA fragmentation index (%DFI) represents the percentage of sperm with
detectable DNA strand breaks, while high DNA stainability (%HDS) measures the percentage
of sperm with abnormal chromatin structure caused by incomplete replacement of histones with
protamines during spermatogenesis. Elevated %HDS indicates faulty chromatin condensation

that may prevent proper gene expression during embryonic development (Evenson, 2022).
1.4.5 Applications of CASA and flow cytometry in the analysis of sperm

CASA and flow cytometry have been utilized in the study of motility, acrosome integrity and
viability in sperm of various species. In a study with Norwegian Duroc and Norwegian
Landrace boars, CASA-derived kinematics at collection (Day 0) and after 96 hr storage (Day
4) at 18°C were linked to field fertility (total number born, TNB). Motility declined with storage
in both breeds. Higher LIN at Day 0 and WOB at Day 4 were associated with higher TNB in
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Norwegian Landrace. On Duroc, a higher percentage of motile cells and greater ALH, along
with lower VCL at Day 0, and higher LIN at Day 4, were associated with higher TNB (Tremoen
etal., 2018). Xuetal. (2024) reported significantly lower viability, and compromised acrosome
in boars aged 5-6 years compared to boars aged 2-3 years, though progressive motility and
survival duration remained similar between these age groups. Tvrda et al. (2025) showed that
Duroc boars aged 8-12 months have significantly lower sperm motility, membrane and
acrosome integrity, and mitochondrial activity compared to adult boars aged 24-36 months.

In fertility studies of Norwegian Red bulls, CASA-derived motility parameters showed
significant correlations with field fertility (NR56), with high-fertility bulls demonstrating
superior hyperactive motility, average path velocity, and curvilinear velocity compared to low-
fertility bulls (Narud et al., 2020). Complementary flow cytometric analysis revealed that high-
fertility bulls had significantly higher proportions of viable sperm and acrosome-intact live cells
(Narud et al.,, 2020). Age-related maturation studies in young Norwegian Red bulls
demonstrated improvements in both motility and viability assessments, with bulls progressing
from 14 to 17 months showing enhanced hyperactive motility, increased curvilinear velocity,
and improved viability in frozen-thawed samples (Narud et al., 2022).

For SCSA®, species-specific fertility thresholds have been established through extensive
validation studies. In boars, %DFI values above 2.1% correlate with reduced litter size. When
this threshold was exceeded, Hampshire, Landrace, and Danish Large White boars produced
0.5, 0.7, and 0.9 fewer piglets per litter, respectively (Boe-Hansen et al., 2008). In bulls, fertility
ratings were significantly negatively correlated with both the %DFI (COMPat, r = -0.40, P <
0.01) and the standard deviation of DNA fragmentation (SDat, r = -0.58, P <0.01) (Ballachey
et al., 1987; Evenson, 2016). Stallions demonstrate reduced breeding success above 28% DFI,
while human male fertility risk increases significantly when %DFI surpasses 25-27% for both
natural conception and intrauterine insemination (Evenson, 2016). Human clinical applications
demonstrate SCSA’s diagnostic value across thousands of internationally analyzed samples.
Men with %DFI values exceeding 27% show poor intrauterine insemination success, producing
only four pregnancies from 87 inseminations (Evenson, 2016).

While these individual assessment techniques provide valuable information about sperm
function, in recent years, analysis of metabolomics and transcriptomics has contributed to
increased understanding and knowledge in reproductive biology (Figure 3) (Rodriguez-

Martinez et al., 2024).
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Figure 3: Evolution of semen analysis from traditional microscopy and colorimetry to computer-assisted
methods and omics-based biomarker discovery. The image is reprinted from “Reproductive physiology
of the boar: What defines the potential fertility of an ejaculate?”” by Rodriguez-Martinez, H., Martinez-
Serrano, C.A., Alvarez-Rodriguez, M., Martinez, E.A., & Roca, J., 2025, Animal Reproduction Science,
257, 107362. https://doi.org/10.1016/j.anireprosci.2024.107476. CC BY 4.0.

1.5 Metabolomic changes in semen

Metabolomics represents the systematic study of small molecular compounds present in
biological systems. These metabolites, typically weighing less than 1,500 Daltons, serve as final
products of cellular processes and provide direct insights into an organism’s physiological state.
This approach offers two distinct methodological strategies: targeted and untargeted analysis.
Targeted analysis provides absolute quantification of predetermined metabolite groups with
higher accuracy for selected compounds. Untargeted analysis employs a comprehensive
screening approach that detects measurable compounds within biological samples, capturing
both known and unknown metabolites. This makes untargeted metabolomics valuable for
discovering novel biomarkers without prior assumptions and understanding complex biological
processes (Ashokan et al., 2023).

Recent metabolomic studies in human, bull, stallion, and boar sperm and seminal plasma have
primarily focused on fertility and not sexual maturity (Blaurock et al., 2022; Castiglione Morelli

et al., 2021; Mateo-Otero, Fernandez-Lopez, Delgado-Bermudez, et al., 2021; Narud et al.,
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2022; Narud et al., 2020; Sangeeta et al., 2015; Velho et al., 2018). Research on bull seminal
plasma has identified several metabolites that distinguish between high- and low-fertility bulls,
including 2-oxoglutaric acid and fructose (Velho et al., 2018). Similarly, Menezes et al. (2019)
reported gamma-aminobutyric acid (GABA), carbamate, benzoic acid, lactic acid, and palmitic
acid as potential biomarkers of fertility identified in bull sperm. Furthermore, Narud et al.
(2020) reported that cysteine and glutamic acid showed inverse correlations with reproductive
success, while aspartic acid, leucine, and serine displayed positive associations with fertility as
indicated by 56-day non-return rates.

In donkey semen, phenylalanine levels in seminal plasma declined markedly as sperm motility
decreased, and it was entirely absent in cases of azoospermia. Multiple metabolites, including
alanine, carnitine, choline, citrate, creatine, glutamate, lactate, leucine, myoinositol, and
glycerophosphocholine concentrations were significantly reduced in azoospermic stallions.
Similarly, alanine, carnitine, choline, and leucine levels showed positive relationships with
sperm concentration (Castiglione Morelli et al., 2021). Research in human reproductive biology
has explored age-related metabolic alterations by examining seminal plasma composition
across different age groups, specifically comparing younger males (26-30 years) with older
males (45-54 years). These studies revealed significant disruptions in fundamental metabolic
processes, including alterations in the citric acid cycle, oxidative phosphorylation pathways,
and glutathione metabolism, illustrating the impact of aging on seminal plasma biochemistry
and reproductive capacity (Guo et al., 2023).

Studies focusing on boar reproductive metabolism have established connections between
specific metabolites and various aspects of sperm performance. Mateo-Otero, Fernandez-
Lopez, Delgado-Bermudez, et al. (2021) investigated the seminal plasma metabolome to find
in vivo biomarkers of fertility and found that lactate levels showed discriminative capacity for
farrowing rates, while carnitine, hypotaurine, sn-glycero-3-phosphocholine, glutamate and
glucose distinguished differences in litter size. Additionally, citrate, creatine, phenylalanine,
tyrosine, and malonate levels were predictive of stillbirths per litter. The study also found that
malonate and fumarate levels could discriminate gestation length differences. Additional
research identified glutamate, carnitine, and isoleucine as compounds linked to overall sperm
quality parameters, while leucine, hypotaurine, carnitine and isoleucine were found to influence
sperm's capacity for liquid preservation (Mateo-Otero, Fernandez-Lopez, Ribas-Maynou, et al.,
2021). In the metabolomics analysis of seminal plasma from Duroc boars with good and poor
preservation ability, Song et al. (2023) reported amino acids/peptides to be the most

discriminatory compounds, with enrichment of arginine and proline metabolism as well as other
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amino acid pathways. D-proline, arginine, L-citrulline, phenylalanine, leucine, DL-proline, DL-
serine, and indole were reported to be candidate biomarkers of liquid preservation ability (Song
et al., 2023).

Age-related metabolomic changes have also been documented across species. Argov-Argaman
et al. (2013) reported differences in lipid profiles in aging Holstein Friesian bulls between ~2-
year-old and ~7-year-old animals. Bulls at around 2 years were reported to have higher levels
of polyunsaturated fatty acids, omega-3 fatty acids, and docosahexaenoic acid in sperm and
seminal plasma as compared to bulls at 7 years. Zhao et al. (2023) identified L-arginine, L-
prolinamide, (R)-4-hydroxymandelate, glutathione, and homovanillic acid as key metabolites
in sexual maturation in chickens. Similarly, Yaxiao et al. (2025) have reported carnitine and
choline, along with 56 other metabolites, as potential biomarkers of sexual maturity in laying
hens (transition from 15 weeks to 22 weeks).

These studies demonstrate that metabolomics is a powerful tool for reproductive assessment.
However, comprehensive metabolomic characterization during boar sexual maturation remains

unexplored.
1.6 Sperm transcriptomics biomarkers in male reproduction

Transcriptomics involves studying the transcriptome, which is the entire set of RNA molecules
generated by the genome within a particular cell, tissue, or organism under specific conditions.
This technology examines gene expression patterns in cells and tissues, helping researchers
understand biological processes and find molecular markers (Kasimanickam et al., 2024).

Research has shown that spermatozoa contain functional RNA molecules, serving not only as
genetic carriers (Marta Godia et al., 2018; Gur & Breitbart, 2006). Boar spermatozoa contain
multiple RNA classes: messenger RNAs (mRNAs), micro RNAs (miRNAs), long noncoding
RNAs (IncRNAs), short noncoding RNAs (sncRNAs), small nucleolar RNAs (snoRNAs),
small nuclear RNAs (snRNAs), Piwi interacting RNAs (piRNAs), transfer RNAs (tRNAs),
ribosomal RNAs (rRNAs), mitochondrial ribosomal RNAs (MtrRNAs), and mitochondrial
transfer RNAs (MttRNAs) (Godia, Castello, et al., 2020; Godia et al., 2019; Godia, Reverter,
et al., 2020; Sa et al., 2024; Yang et al., 2009). Sperm RNA are reported to be associated with
sperm development and function (Jodar et al., 2013), key reproductive milestones such as
spermatogenesis, fertilization, post-fertilization oocyte activation, placental development, early

embryogenesis (Prakash et al., 2021; Selvaraju et al., 2018; Sendler et al., 2013), and
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reproductive success (Godia, Castello, et al., 2020; Godia, Reverter, et al., 2020; Yang et al.,
2009; Zhang et al., 2021).

Initial analysis of boar sperm identified fragmented RNA transcripts encoding
spermatogenesis-related proteins (protamine 1 (PRM1), protamine 2 (PRM2)) and embryonic
development factors (sperm-specific antigen 2 (SSFA2), sestrin 1 (SESNI)) (Yang et al., 2009).
Advanced RNA sequencing technology later detected 4,436 genes in boar sperm, including
mitochondrial transcripts and essential spermatogenesis regulatory elements like PRMI and
ornithine decarboxylase antizyme 3 (0OAZ3) (Godia et al., 2019; M. Godia et al., 2018).
Comparative transcriptomic analysis identified over 500 differentially expressed genes and
over 100 miRNAs between fresh and frozen-thawed boar sperm (Dai et al., 2019). Research
comparing high fertile and low fertile boars also revealed over 500 differentially expressed
genes (347 upregulated and 174 downregulated) (Alvarez-Rodriguez et al., 2020). High-fertility
boars showed enhanced expression of motility-related genes, including cation channel sperm
associated auxiliary subunit gamma (CATSPERG) (Alvarez-Rodriguez et al., 2020). Fraser et
al. (2020) identified FOS (Fos proto-oncogene, AP-1 transcription factor subunit), NFATC3
(nuclear factor of activated T cells 3), /TGAL (integrin subunit alpha L), EAF2 (ELL associated
factor 2), BAMBI (BMP and activin membrane bound inhibitor), PTPRU (protein tyrosine
phosphatase receptor type U), PTPN2 (protein tyrosine phosphatase non-receptor type 2), ND6
(NADH:Ubiquinone Oxidoreductase Core Subunit 6), and ACADM (acyl-CoA dehydrogenase
medium chain) to be upregulated in boar sperm with poor freezability. In ram sperm, protein-
coding genes such as SPEM] (spermatid maturation 1) and SPEM?2 (spermatid maturation 2)
are implicated in spermatid to spermatozoa maturation, sperm motility, and the acrosome
reaction (Urefa et al., 2022).

Studies on non-coding RNAs have reported differential miRNA expression associated with
sperm morphology, function, and quality (Curry et al., 2011). Analysis of morphologically
abnormal or poorly motile sperm revealed altered expression of several miRNAs, particularly
miR-22 and let-7 family members (let-7a, let-7d, let-7e) (Curry et al., 2011). Maturation from
epididymis to ejaculation involves 15 differentially expressed miRNAs in Landrace boars. This
maturation process reduces expression of let-7 family members and ssc-miR-26a while
increasing ssc-miR-19b and ssc-miR-34c expression. These miRNAs target genes that control
cell-cycle regulation and apoptosis (Chang et al., 2016). Tissue-specific analysis reported that
15% of miRNAs are co-expressed across testis, epididymis, and sperm (Luo et al., 2015).
Martinez et al. (2022) identified four miRNAs (miR-1285, miR-92a, miR-34c, miR-30) that
differ between ejaculated and epididymal sperm, and four other miRNAs (miR-182, miR-1285,
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miR-191, miR-96) that showed different abundances between high and low fertility boars.
Interestingly, a recent study by Godia, Reverter, et al. (2020) has reported links between sperm
quality parameters and gene expression, identifying abundant mRNAs (PRM1, OAZ3, DNAJBS
(Dnal heat shock protein family (Hsp40) member BS), TPP2 (tripeptidyl), TNP1 (transition
protein 1)) and miRNAs (ssc-miR-30d, ssc-miR-34c, ssc-miR-30c-5p, ssc-miR-191, let-7
family, ssc-miR-425-5p) associated with 25 different sperm quality measures.

These studies show that transcriptomics offers valuable insights into the biology and fertility of
boar spermatozoa. However, research investigating transcriptomic changes during sexual
maturation remains limited. The transition from puberty to sexual maturation represents a
critical developmental window, yet the molecular mechanisms underlying this process remain

poorly understood.
1.7 Knowledge gaps and research rationale

Despite advances in reproductive biology, knowledge gaps remain in understanding boar sexual
maturation. To our knowledge, no studies have comprehensively described the metabolomic
and transcriptomic changes that occur during the transition from puberty to sexual maturity.
Existing metabolomics research in boar semen is focused on fertility (Mateo-Otero, Fernandez-
Lopez, Delgado-Bermudez, et al., 2021) and liquid preservation (Mateo-Otero, Fernandez-
Lopez, Ribas-Maynou, et al., 2021), leaving the maturation window unexplored. This
knowledge gap also extends to experimental design approaches. There is a lack of longitudinal
studies tracking individual boars through this maturation timeframe. Most existing studies on
sperm functional parameters examined boars only after they attained sexual maturity. Repeated
sampling from the same individuals would reveal true developmental trajectories rather than
population averages (Sullivan, 2008).

Breed-specific information is also scarce, particularly for commercially important lines like
Duroc. Many studies on boar reproduction have studied mixed breeds, i.e., pooled samples from
several breeds together, such as Landrace, Large White, Yorkshire, and other cross-breeds
(Knecht et al., 2017; Tsakmakidis et al., 2012). Given documented breed differences in puberty
and maturation timing (Ding et al., 2016), targeted research on specific breed is essential.
From an applied perspective, the pig breeding industry needs objective biomarkers for assessing
sexual maturity to complement conventional assessments of sperm quality and physical
characteristics. Currently, breeding centers rely primarily on chronological age and basic semen

parameters to determine when young boars are ready for semen collection. Molecular
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biomarkers could enable precise management of young boars. Identifying metabolites or genes
that indicate sexual maturity would provide a more precise basis for informed management
decisions, such as collection timing. This would help to minimize non-productive days while
ensuring semen quality meets commercial standards.

In addition, characterizing key molecules and pathways would deepen our understanding of
reproductive biology. Such insights could inform strategies to accelerate maturation or enhance
sperm quality and optimize the productive use of young boars. Earlier productive use would
reduce generation intervals and accelerate genetic gain (Samoré¢ & and Fontanesi, 2016).
Economic and genetic assessment support this, with Wuensch et al. (2000) reporting that
introducing boars to breeding straight after their performance testing increased monetary
genetic gain by about 5.5% and profit by roughly 13%.

Our study addresses these knowledge gaps through a detailed longitudinal molecular
characterization of boars during puberty to sexual maturity transition. We apply targeted and
untargeted metabolomic profiling, alongside transcriptomic analyses and sperm quality
assessments in the same cohort of boars followed longitudinally from puberty to sexual
maturity. We correlate targeted metabolomic profiles with sperm quality parameters, thereby
linking molecular changes to functional outcomes. These findings would advance our
understanding of boar sexual maturation and could inform practical application in commercial

breeding practices.
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2. Aims of the thesis

Sexual maturity represents an important transition in boar reproductive development. The pig
breeding industry relies on artificial insemination (Al) in their breeding programs. Optimal
utilization of young boars in breeding can enhance genetic gain and reduce costs associated
with non-productive days at Al centers. Despite advances in reproductive biology, more
knowledge of the molecular landscape during sexual maturation in boars is needed.
Understanding metabolomic changes, gene expression changes, and functional sperm quality
during the critical window of transition from puberty to sexual maturity represents both
fundamental research necessity and a practical requirement. Therefore, the overall aim of this
thesis was to characterize molecular and functional signatures of sexual maturation in Duroc
boars through longitudinal analysis of semen from puberty to sexual maturity, thereby

advancing knowledge of reproductive biology.

The following objectives were outlined:

e To identify amino acid and amine biomarkers of sexual maturity by examining
metabolic changes in boar sperm and seminal plasma using targeted LC-MS/MS
analysis (Paper I).

e To characterize the global metabolomic landscape of sexual maturation through
untargeted metabolomic profiling of boar sperm and seminal plasma, identifying key
metabolites and pathways changing during this critical reproductive transition (Paper
10).

e To evaluate functional sperm quality parameters during sexual maturation and
investigate their correlation with amino acids and amines concentrations (Paper III).

e To examine sperm transcriptomic landscape during sexual maturation through
comparative analysis of total RNA and miRNA expression profiles between pubertal
and sexually mature boars and explore molecular mechanisms and biological pathways

underlying sexual maturation (Paper IV).
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2.1 Overview of experimental approach

To address our objectives, we designed an integrated longitudinal study following the same
Duroc boars across three maturation time points during sexual maturation (Figure 4). This
approach combined metabolomics (targeted and untargeted), transcriptomics (total RNA and
miRNA), and conventional sperm quality assessment to investigate potential biomarkers of

sexual maturity from complementary molecular and physiological perspectives.
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Figure 4: Experimental design for investigation of sexual maturity biomarkers in Duroc boars. Semen
samples were collected from the same boars (n = 15 in Spring, » = 13 in Autumn) at three ages:
approximately ~ 7 months (Age 1), then 6 weeks later (Age 2), and again 12 weeks after the first
collection (Age 3). Analyses included total RNA isolation for transcriptomics (total RNA and miRNA
sequencing), metabolomics analysis (targeted amino acids/amines and untargeted), and conventional
sperm quality assessment (motility and kinematic parameters, acrosome integrity and viability, DNA
fragmentation index). These complementary approaches aimed to characterize the signatures of sexual
maturity from both molecular and physiological perspectives. Created by the author in

https://BioRender.com
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3. Results: Summary of individual papers

Paper I: A metabolomic study uncovering key amino acids and amines in Duroc

boar semen as biomarkers of sexual maturity

The aim of this study was to investigate changes in amino acids and amines in Duroc boar
sperm and seminal plasma during the transition from puberty to sexual maturity. Semen was
collected from 15 Duroc boars longitudinally at three timepoints: approximately 7 months, 8.5
months, and 10 months. Targeted LC-MS/MS analysis was used to quantify amino acids and
amines in sperm and seminal plasma separately. Multivariate analysis showed a clear separation
between sperm and seminal plasma, indicating significant differences in their metabolic
compositions. We observed pronounced age-dependent changes in amino acid and amine
concentrations in sperm between samples of 7 months and 10 months, with 8.5 months showing
more overlap with 10 months, suggesting it as a transitional phase. Seminal plasma showed
more subtle shifts in metabolite concentrations with age compared to sperm. In sperm,
glutamate, alanine, aspartate, and choline were identified as top contributors to age group
classification (VIP scores > 1.5). Fifteen amino acids showed significant pairwise differences
across age groups (adj P < 0.05). Glutamate, aspartate, and taurine concentrations decreased
significantly with increasing age, particularly between 7 months and 8.5 months and between
7 months and 10 months of age. Alanine and choline levels also decreased significantly with
age. In seminal plasma, alanine and glycine were the key contributors to age group classification
(VIP scores > 1.5). Only glutamate and taurine showed significant pairwise decreases with age.
Glutamate was the most predominant metabolite in both sperm and seminal plasma. Moreover,
glutamate exhibited the highest significant positive correlation between boar sperm and seminal
plasma (r = 0.79), suggesting metabolic interactions. Pathway analysis identified alanine,
aspartate and glutamate metabolism, histidine metabolism, tyrosine metabolism, tryptophan
metabolism, arginine metabolism, and taurine and hypotaurine metabolism to be strongly
associated with age. The study concluded that these robust differences between amino acid and
amine concentrations could be potential biomarkers for assessing sexual maturity in boars.
These findings are initial steps towards optimizing the use of younger boars in breeding
programs, potentially through screening or targeted dietary interventions to improve semen

quality and enhance genetic gain.
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Paper II: Untargeted metabolomics reveals changes in boar sperm and seminal

plasma metabolites associated with sexual maturity

This study aimed to characterize the comprehensive semen metabolome during boar sexual
maturation using an untargeted metabolomic approach and to identify key metabolites and
pathways associated with sexual maturation. Semen samples were collected from 15 Duroc
boars longitudinally at three time points: approximately 7 months, 8.5 months, and 10 months.
Sperm and seminal plasma were separated and analyzed using hydrophilic interaction and
reversed-phase liquid chromatography coupled with high-resolution quadrupole time-of-flight
mass spectrometry to capture a wide range of metabolites. A total of 4,491 features were
identified, with 92 metabolites successfully annotated. Amino acids, peptides and analogues
constituted the most abundant metabolite class, followed by fatty acid esters. Principal
component analysis revealed that younger boars (7 months) displayed a greater metabolomic
variability compared to older boars (8.5 and 10 months). Partial least squares discriminant
analysis demonstrated effective age group classification with high accuracy (0.76-0.87) and
strong predictive capability (Q*> = 0.64-0.80) across both analytical methods. In sperm, eight
metabolites showed significant temporal changes (adj P < 0.05), with L-glutamic acid and
decanoyl-L-carnitine decreasing, while homoisovanillic acid and N-(1,3-Thiazol-2-
yl)benzenesulfonamide increased with age. Seminal plasma analysis revealed 17 metabolites
with significant changes in abundance, including increases in 1-formylpyrrolidine-2-carboxylic
acid and myo-inositol, and decreases in glycerophosphocholine and glyceric acid.
Homoisovanillic acid emerged as a key discriminating metabolite in both sperm and seminal
plasma. Random forest analysis ranked L-glutamic acid, homoisovanillic acid, and N-(1,3-
Thiazol-2-yl)benzenesulfonamide as top contributors for age classification in sperm, while
homoisovanillic acid, 1-formylpyrrolidine-2-carboxylic acid, and glyceric acid were most
important for age classification in seminal plasma. Pathway analysis identified porphyrin
metabolism, taurine and hypotaurine metabolism, and glycerolipid metabolism as significantly
enriched in sperm, while glutathione and nitrogen metabolism were prominent in seminal
plasma. The study provides the first comprehensive metabolomic characterization of boar
semen during sexual maturation, establishing foundational knowledge for future reproductive

biology research and breeding program applications.
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Paper III: Influence of sexual maturity on sperm quality in Duroc boar

This study assessed sperm functional parameters during sexual maturation in Duroc boars and
investigated their relationships with amino acids and amines concentrations measured by
targeted metabolomics analysis. Semen samples were collected from 28 Duroc boars
longitudinally at approximately 7 months of age, with follow-up collections 6 weeks and 12
weeks after the first sampling. Sperm motility, kinematic parameters, acrosome integrity and
viability were assessed on the day of collection and after five days of storage at 18°C using
CASA and flow cytometry. The DNA fragmentation index was measured using the SCSA® on
five-day stored samples. Amino acids and amines concentrations in sperm and seminal plasma
from 15 boars, as in Paper I, were correlated with sperm quality parameters using repeated
measures correlation analysis. Overall motility, rapid progressive motility, and acrosome intact
live sperm increased significantly (adj P < 0.05) as boars matured from around 7 to 10 months.
Mature boar samples displayed superior tolerance for storage, maintaining higher sperm quality
after five days compared to younger boars. Cystine, glutamate, aspartate, choline, and taurine
showed significant negative correlations with progressive motility and positive correlations
with rapid non-progressive motility. Age-related improvements in most of the sperm quality
parameters remained consistent across spring and autumn cohorts, validating the robustness of
maturation effects. These findings demonstrate that sperm quality continues to improve beyond
initial reproductive capability in Duroc boars, with significant enhancements in motility,
acrosome integrity, DNA integrity, and storage resilience occurring between ~7 and ~10
months of age. The identified relationships between specific amino acids and sperm
functionality provide new insights into the biochemical basis of sperm quality during sexual
maturation, offering potential applications for developing precise assessment tools to optimize

the utilization of younger boars in breeding programs.
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Paper IV: Sperm transcriptome dynamics from puberty to sexual maturity in

Duroc boar

This study investigated transcriptomic changes in sperm during sexual maturation through
longitudinal RNA sequencing analysis of Duroc boars. Semen samples were collected from six
Duroc boars at approximately 7 months (puberty) and 10 months (sexual maturity), enabling
paired comparison of the same individuals across the maturation transition. Sperm samples
underwent rigorous processing, including somatic cell lysis, confirmation of sperm cell lysis
via microscopic examination, and total RNA isolation using the miRNeasy Mini Kit. The
sequencing was conducted using the Illumina NovaSeq-6000 for total RNA-seq and the
NextSeq-500 for miRNA-seq, followed by bioinformatics analysis that included quality
control, alignment to the Sus scrofa reference genome (Sscrofa 11.1), and differential
expression analysis using DESeq2 with paired statistical modeling to account for repeated
measurements. Initial transcriptomic characterization showed 15,637 genes, of which 86.91%
were protein-coding genes and 11.56% were long non-coding RNAs. Differential expression
analysis identified 60 differentially expressed genes (adj P < 0.05, |log2FC| > 0.5). Sexual
maturation displayed mostly transcriptional activation, with 39 genes (65%) upregulated and
21 genes (35%) downregulated in mature boars. Hierarchical clustering revealed clear age-
dependent expression patterns, with samples clustering by age rather than by individual. Key
upregulated genes in mature boars included NCLN, RGS12, CIB2, FOXP4, PHCI, CDC25B,
and AKAPI. Prominent downregulated genes in mature boars encompassed HSP90AAI, FSIP2,
VDAC3, and ALMS1. miRNA analysis identified six differentially expressed miRNAs (adj P <
0.05, |logoFC| > 0.5) with five upregulated (ssc-miR-193a-5p, ssc-miR-574-3p, ssc-miR-126-
3p, ssc-miR-196a, ssc-miR-210) and one downregulated (ssc-miR-338) in sexually mature
boars. Integrated miRNA-mRNA analysis identified 17 regulatory pairs, including ssc-miR-
193a-5p targeting six downregulated mRNAs (MEDI3, ZNF644, ALMSI, TAXIBPI,
TMEM?260, EVI5) and three upregulated targets (CDC25B, FOXP4, BSN). Gene ontology
enrichment analysis revealed 11 significantly enriched biological processes (adj P < 0.05)
directly related to reproductive development, including germ cell development,
spermatogenesis, spermatid development, and male gamete generation, alongside four
molecular functions emphasizing protein kinase activities. The study establishes the first
comprehensive transcriptomic characterization of sperm RNA dynamics during boar sexual

maturation, providing molecular insights into reproductive development.
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4. Discussion

In this thesis, semen from Duroc boars was examined with different analytical approaches to
capture molecular and functional changes during the transition from puberty to sexual maturity.
Figure 5 provides a conceptual overview of this perspective, with a spermatozoon shown under
magnification to represent the closer investigation of its biology through analysis of

metabolites, transcriptomes, and sperm functional traits.

Figure 5: Conceptual illustration of a spermatozoon under magnification, representing the detailed
investigation carried out in this thesis, highlighting different analyses such as transcriptomics,
metabolomics, and sperm quality analyses to assess sperm biology from various perspectives. Created

by the author in https://BioRender.com

4.1 Methodological considerations

4.1.1 Experimental Designs
Rationale for Duroc boar selection

Duroc boars were selected for this study following practical discussions with Norsvin SA. For
this study, Landrace and Duroc boars were considered, and the latter was chosen since they
often stay longer than Landrace in the breeding station, which provided distinct advantages
for longitudinal research through extended periods of consistent semen production (Huang et

al., 2010; Kondracki & Gorski, 2025). In addition, Duroc boars represent a commercial breed
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in modern pig breeding (National Swine Registry, 2023), ensuring our findings would have
industry relevance, not only for Norsvin SA but also for other breeding companies worldwide.

Thus, Duroc boars were selected for this study.
Longitudinal design and age selection

We designed our study to work within Norsvin SA’s commercial boar management workflow.
The study design had the choice between boars of different ages using different individuals in
each group (cross-sectional design) or following the same individuals over time (longitudinal
design). The longitudinal approach was more demanding in terms of planning and logistics, as
it required careful coordination with breeding schedules and extended periods of sample
collection. However, it offered important advantages by eliminating the genetic variability
between individuals and capturing genuine differences associated with sexual maturation rather
than inter-individual differences (Caruana et al., 2015).

The timeline of semen collection follows three key stages. First, semen was collected from
boars that were in the isolation unit under quarantine and training for mounting and ejaculation
(~7 months, Age 1). After 6 weeks, when these boars were moved to the Al center (at Age 2),
a second sample collection was performed. To maintain consistent intervals, a final collection
was performed after another six weeks when the boars were already under regular commercial
semen collection (~10 months, Age 3). This design resulted in 3 age groups capturing a window
where boars are expected to transition from puberty to sexual maturity.

These six-week intervals between sampling were aligned with Council Directive 90/429/EEC,
which requires boars to undergo mandatory quarantine in isolation units for 6 weeks, during
which their health status is proven before they are moved to the AI center. During this
quarantine period, boars are trained for mounting behaviors, and they undergo health screening
through an “all in, all out” system. Semen collected during isolation cannot be used
commercially under Council Directive 90/429/EEC. Therefore, we did not have the opportunity
to obtain fertility data from boars at the youngest age (Age 1). The fertility data received from
boars of Age 2 and Age 3 were incomplete. It would have been interesting to link fertility data
to the parameters we analyzed. However, our study was specifically designed with the primary
aim of characterizing molecular and functional changes related to sexual maturity during the
transition from puberty to sexual maturity, making this constraint less limiting for our research
objectives. Nevertheless, it could have provided additional information regarding fertility.
Both the isolation unit and Al center were kept under consistent housing conditions, with

controlled ventilation, lighting, and temperature. All animals received a nutritionally balanced
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commercial diet for their age. Semen collection procedures were done with the gloved-hand
technique, with the same trained personnel conducting all collections. Boars were briefly moved
from their pens to a dedicated collection area following identical protocols at each time point.
These allowed us to capture genuine physiological changes while minimizing confounding
effects. Despite these carefully controlled conditions, the season could influence the results. To
address this consideration, samples from two seasons were included in the sperm quality study
(Paper III). Interestingly, the effect of age was observed consistently in both seasons, providing
evidence that the changes documented related to sexual maturity were robust to seasonal
variation. Therefore, we can reasonably assume that the effects observed in the spring season
for metabolomics and transcriptomics studies (Paper I, Paper 11, and Paper IV) would likely be
observed in other seasons as well. However, further studies are needed to confirm this. Ideally,
our metabolomic and transcriptomic studies would have benefited from including samples from
both seasons, but practical considerations, including cost limitations, constrained our sampling

design.
Sample size considerations

Paper I and Paper II followed the same 15 Duroc boars in metabolomics study, providing
repeated-measured analyses while remaining manageable for intensive laboratory work (Billoir
et al., 2015). Paper III required a broader approach, incorporating 28 boars across two seasons
to capture comprehensive data on sperm quality. We began sampling with 18 boars in the spring
cohort; however, three boars were culled for various reasons, as often happens in longitudinal
research with live animals (Pardon et al., 2012), resulting in a sample size of 15. The autumn
cohort started with 15 boars, and 13 boars completed all sampling. We accounted for expected
commercial culling practices in our initial sample size calculations. Paper IV’s transcriptomic
analysis focused on a subset of six boars from our original 15, recognizing that RNA sequencing
depth often compensates for smaller sample sizes (Conesa et al., 2016; Schurch et al., 2016).
Ideally, we could have had larger sample sizes here as well, but cost considerations influenced
our experimental design, particularly for comprehensive metabolomic and transcriptomic
analysis. Despite these sample size limitations, we observed statistically significant differences
across multiple parameters between samples from different age groups in all studies, including
the transcriptomic study, suggesting that our sample sizes were adequate to detect the biological

effects that we were investigating.
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4.1.2 Sample processing strategies

Several analyses had to be performed on the same day of the semen collection. For some
analyses (SCSA, metabolomics, transcriptomics), semen samples had to be stored for later
analysis. Thus, it required careful sample processing procedures for each method to ensure a
smooth workflow. All procedures were thoroughly tested in pilot experiments to optimize the
protocols and determine the number of samples that could be handled efficiently per day. Each
analytical platform required specialized handling: metabolomics needed immediate processing
and preservation of biochemical states (Smith et al., 2020), transcriptomics required pristine
RNA maintenance (Pang et al., 2020) and viable cells were necessary for sperm functional
assessments. Collected semen samples were transported from Norsvin SA’s facilities to our
laboratory in Hamar within 30 minutes in styrofoam containers to maintain ambient
temperature. Upon arrival at the laboratory, samples were immediately dedicated to the several
distinct sampling processes.

We received raw semen samples prediluted in an equal volume of extender from Age 1, as those
samples were not for commercial purposes. They were further extended in our lab immediately
upon arrival by diluting to a standardized concentration of 25 x 10° sperm per mL using
Androstar® Plus extender (Minitube, 84184, Tiefenbach, Germany), following the same
protocol as the breeding company (Norsvin SA). For Age 2 and Age 3, we received both raw

and diluted semen samples.
Sample processing for metabolomics

For metabolomics, fresh samples were handled immediately to separate sperm and seminal
plasma. We chose to work with raw semen rather than extended semen samples for
metabolomic analysis because extenders contain additives that could interfere with metabolite
detection and quantification. While washing with phosphate-buffered solution (PBS) might
have provided cleaner samples, we opted for direct processing without PBS washing to avoid
potential interference and metabolite loss during washing steps and to capture the natural
metabolomic state. The separation protocol used centrifugation at 600xg for 10 minutes at room
temperature (RT) for sperm. For seminal plasma, it was centrifuged at 600%g for 10 minutes at
RT, followed by high-speed clarification at 10,000xg at 4°C to ensure clean compartment
separation. A second centrifugation was performed on the seminal plasma as an additional step
to ensure the complete removal of sperm. Furthermore, to ensure the complete absence of sperm

in the seminal plasma sample, each seminal plasma sample was examined microscopically, as
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even minimal contamination with sperm could affect the metabolomic analyses. Both sample
types were snap-frozen in liquid nitrogen and stored at -80°C until analysis to preserve their
integrity throughout the study. This made it possible to analyze all the samples together at a

later stage when sampling was completed.
Sample processing for sperm functional assessments

For sperm quality assessments, extended semen samples were stored at 18°C, which is the
temperature the breeding company (Norsvin) uses for semen shipment. Motility analysis,
acrosome integrity and viability analysis were conducted using CASA and flow cytometry,
respectively, on the day of collection (Day 0) and after 5 days of storage (Day 5). We selected
a five-day storage period because Norsvin routinely uses samples stored for up to 4 days for
commercial purposes, and we wanted to test one additional storage day. The five-day timepoint
also aligned with our practical laboratory scheduling, allowing for processing during the week
while providing commercially relevant data. For DNA integrity analysis with SCSA, aliquots
of extended samples stored at 18°C were frozen on Day 5 at -80°C until analysis. We chose to
assess motility and viability on both Day 0 and Day 5 because these parameters are important
parameters associated with sperm quality (Fernandez-Lopez et al., 2022; Sutkeviciene et al.,
2009). DNA fragmentation index (DFI) was measured only on Day 5, because Norsvin had
analyzed DFI in boar sperm from Day 0 to Day 4 in previous studies on many samples
(Myromslien et al., 2019). Day 5 measurement provided new information beyond their existing
dataset. This approach was also more economical and practical when processing samples for
multiple analyses.

We selected these specific parameters (motility, acrosome integrity, viability, and DNA
integrity) for our study from among the numerous available sperm quality assessments based
on their practicality and established relevance to commercial breeding success. This choice

enabled us to efficiently process samples alongside metabolomic and transcriptomic analysis.
Sample processing for transcriptomics

Samples for transcriptomics analysis required the most careful handling due to RNA fragility
and contamination concerns (Goodrich et al., 2013). Raw samples were first washed with PBS,
then treated with somatic cell lysis buffer to eliminate somatic cells. This step was necessary
because sperm cells contain approximately 600 times less RNA than somatic cells (Zhao et al.,
2006), meaning that even minimal somatic cell contamination could overwhelm sperm-specific
RNA. After somatic cell lysis, we confirmed the absence of somatic cells in each sample

through microscopic examination. Only samples showing a complete absence of somatic cells
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proceeded to snap-freezing in liquid nitrogen. This validation step ensured the integrity of our

transcriptomic results.
Storage and preservation protocols

The standardized freezing and storage protocols across all samples ensured consistency
throughout our longitudinal study. Snap-freezing in liquid nitrogen provided instantaneous
preservation of biological states (Smith et al., 2020), while -80°C storage maintained long-term
stability (Haid et al., 2018; Smith et al., 2020). It allowed samples collected months apart to be
analyzed under identical conditions, which was essential for detecting genuine age-related

changes rather than storage artifacts.
4.1.3 Analytical Methodologies

In this study, different analytical platforms were employed to elucidate different aspects of the
same story: transition from puberty to sexual maturity, across multiple biological layers. It
began with targeted metabolomics to quantify amino acids and amines, considering their
importance in reproductive function (Endo et al., 2019; Hanley, 2023; Hosseini et al., 2022;
Lewis & Aitken, 2001; Li et al., 2023), then expanded to untargeted metabolomics to discover
novel metabolites. Sperm quality assessments provided biological functional changes, and we
investigated whether amino acids and amines have any correlation with changes in sperm
performance. Finally, transcriptomics revealed gene expression changes that potentially may
have driven these alterations. Each paper is focused on a single analytical method, rather than
attempting full integration across all platforms, because each platform generated extensive
datasets that required in-depth analysis. However, integrating sperm quality parameters with
targeted metabolomics was performed in Paper III to examine functional relationships. In future

studies, it would be interesting to combine transcriptomics and metabolomics data as well.
Targeted metabolomics

Our targeted approach investigated 26 amino acids and three amines in both sperm and seminal
plasma using LC-MS/MS. This focused analysis offered high sensitivity for these specific
compounds, enabled absolute quantification, and the detection of subtle changes in low-
concentration metabolites (Roberts et al., 2012). The analytical workflow involved methanol
protein precipitation, AccQ-Tag derivatization for amino acids, and analysis on an Agilent 1290

Infinity IT LC system coupled to an Agilent 6495 QqQ mass spectrometer operating in dynamic
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multiple-reaction monitoring (MRM) mode. This approach provided reliable quantification of

amino acids and amines for their comparison across samples of three ages.
Untargeted metabolomics

While targeted metabolomics examined expected compounds, untargeted metabolomics
explored the discovery of novel compounds (Di Minno et al., 2021). We cast a wider net with
dual complementary chromatographic approaches: reverse-phase chromatography for
hydrophobic metabolites and hydrophilic interaction liquid chromatography (HILIC) for polar
compounds (Haggarty et al., 2015). This approach ensured broad coverage of the metabolome.
The SIMPLEX extraction protocol efficiently extracted and preserved both lipophilic and
hydrophilic metabolites (Coman et al., 2016). Data-dependent acquisition with 0.5-second
cycle times captured both high- and low-abundance ions, while Bruker MetaboScape software
handled feature extraction, quality control, and NIST database annotation. This approach
revealed other novel metabolites, expanding our understanding of metabolic changes during
sexual maturation. However, there was a challenge in making sense of the thousands of features.
Untargeted metabolomics identified relative differences in metabolite abundance between
samples across age groups rather than providing absolute concentrations of metabolites in the
sample. This approach is ideal for discovering novel metabolic signatures; however, it poses
challenges for performing direct correlations with sperm functional traits, as it reveals
differences between groups but not the absolute concentration of each metabolite. Targeted
metabolomics is a logical follow-up to untargeted metabolomics to verify absolute changes in

metabolites due to age.
Sperm functional assessments

Computer-assisted sperm analysis (CASA) using the Sperm Class Analyzer® (Microptic SL,
Spain) provided detailed kinematic profiles, including velocity, linearity, straightness, wobble,
amplitude of lateral head displacement, and beat cross frequency (Dearing et al., 2014). Beyond
total motility percentages, CASA analysis allowed us to identify distinct sperm subpopulations
based on movement patterns (rapid progressive, rapid non-progressive, medium, and slow
motile sperm). This subpopulation analysis significantly increased the value of the functional
assessments by revealing how the swimming pattern was different between the ages and after
storage for five days. The identification of rapid progressive (RapidP) subpopulations was
particularly interesting, as these sperm might represent elite swimmers with superior fertilizing

potential, similar to what is observed in swim-up selected sperm and fresh bull sperm (Alm-
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Kristiansen, 2023). This was not just about whether sperm moved, but how they moved, with
different movement patterns.

Flow cytometry with triple staining (SYTO™ 60 Red Fluorescent Nucleic Acid Stain,
propidium iodide, PNA-Alexa Fluor 488) simultaneously assessed acrosome membrane
integrity and viability on the Beckman Coulter CytoFLEX platform (Beckman Coulter,
Fullerton, CA, USA). The SYTO™ 60 staining was included to ensure that only DNA-positive
cells were identified as sperm, preventing contamination from debris or other cell types that
could confound our viability and acrosome integrity measurements.

DNA integrity analysis using the Sperm Chromatin Structure Assay (SCSA®) with acridine
orange staining revealed both fragmentation and chromatin condensation status (Boe-Hansen
et al., 2005; Evenson & Jost, 2001). The SCSA® technique provided insights into chromatin
structural changes that occur during sexual maturation, measuring both DNA fragmentation
index (DFI) and high DNA stainability (HDS), which together provide an assessment of sperm

nuclear integrity and chromatin maturation status.
Transcriptomics

Working with sperm RNA presents unique challenges, primarily due to minimal RNA content
and the exceptional resistance of sperm to standard lysis protocols. During spermatogenesis,
spermatids lose most of their cytoplasm and hence have far less RNA content than somatic cells
(Hecht, 1998; Zhao et al., 2006). Sperm cells are notably resistant to standard guanidinium
thiocyanate-phenol-chloroform (AGPC) lysis mixtures such as Trizol or Qiazol (phenol and
guanidine thiocyanate) (QIAGEN, 2021), largely because disulfide-rich structures reinforce
their plasma membrane and nuclear chromatin (Roszkowski & Mansuy, 2021).

Mammalian sperm pose particular challenges due to their chromatin structure, characterized by
a high degree of DNA condensation, which makes in vitro studies difficult (Ribas-Maynou et
al., 2021). During spermatogenesis, histones are replaced with protamines, a process that
involves the oxidation of thiol (-SH) groups to disulfide (-SS-) bonds within and between
protamine molecules (Gosalvez et al., 2011). This forms a three-dimensional network of
disulfide bridges in the sperm chromatin, conferring high stability upon the sperm head that
creates extensively disulfide-crosslinked chromatin (Gosalvez et al., 2011). Notably, boar
sperm contain exclusively protamine 1, unlike species such as humans, mice, and horses that
possess both protamine 1 and members of the protamine 2 family (Corzett et al., 2002). Boar
protamine 1 is particularly distinct, as it possesses 10 cysteine residues per molecule, which is

the highest number among the mammalian species examined, including donkey (8), horse (7),
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human (6), goat (7), sheep (7), bull (7), white-tailed deer (7), and elephant (5) as reported by
Gosalvez et al. (2011). Ribas-Maynou et al. (2021) reported that porcine and bovine sperm
required longer lysis treatment for complete sperm DNA decondensation compared to human,
horse, and donkey sperm. The challenge of sperm lysis is also compounded by membrane
modifications that occur during epididymal maturation, during which sperm acquire additional
cholesterol and maintain an asymmetric lipid distribution to stabilize the membrane for
ejaculation (Gautier & Aurich, 2022; Nolan & Hammerstedt, 1997).

To overcome the challenge of lysis, we tested different combinations of several lysis reagents,
including Qiazol (Qiagen), buffer RLT (Qiagen), beta-mercaptoethanol, and tris(2-
carboxyethyl)phosphine (TCEP). We finalized the lysis protocol with the incorporation of
TCEP into the Qiazol lysis solution from the miRNeasy mini kit, followed by incubation at
56°C for 60 minutes to achieve complete lysis of sperm cells. TCEP maintains its disulfide
reducing capacity across a wide pH range (1.5-8.5), which enables complete disruption of the
covalent bonds that stabilize boar sperm structures, thereby facilitating efficient RNA release
(Roszkowski & Mansuy, 2021). Complete lysis was confirmed by microscopic examination for
each sample. Additional RNA quality validation included TapeStation analysis to assess RNA
integrity and confirming the absence of somatic cell contamination through non-detection of
18S and 28S rRNA peaks (Card et al., 2013; Yang et al., 2009). Furthermore, RNA quality was
assessed by PRMI1 TagMan™ Gene Expression Assay and RT-qPCR to verify absence of
genomic DNA contamination (Haug et al., 2024). These multiple validation steps were essential
as RNA-seq results depend on the quality of the input RNA.

Our transcriptomic approach involved both total RNA sequencing and miRNA sequencing to
capture both coding and non-coding elements of the sperm transcriptome. Library preparation
used rRNA depletion rather than poly-A selection to capture the diverse sperm transcripts.
QiaSeq FastSelect HMR reagents blocked rRNA during c¢cDNA synthesis, improving
sequencing efficiency by reducing dominance of ribosomal reads. NEBNext Ultra II Directional
Library preparation accommodated partially degraded RNA (RIN 2-6). NovaSeq-6000
sequencing with 150 bp paired-end reads provided the necessary depth and coverage for low-
abundance transcripts characteristic of sperm cells. To complement total RNA profiling,
miRNA libraries were built with QiaSeq miRNA library kit (Qiagen, Germany) and sequenced

on a NextSeq-500 instrument to ensure detection of small RNAs.
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4.1.4 Data Analysis

Our diverse analytical platforms created distinct challenges in data analysis that required
tailored approaches while preserving the repeated measures’ structure, treating each boar as its
own control, increasing power to detect subtle maturational changes (Sullivan, 2008). Paper I
(targeted metabolomics) yielded absolute concentration values for amino acids and amines,
while Paper II (untargeted metabolomics) generated relative intensity values for thousands of
detected features. Paper III had both percentage and count data with different distributions,
while Paper IV generated FASTA files and count matrices of genes.

Metabolomics data (Papers I and II) were handled in MetaboAnalyst 6.0 (Pang et al., 2024) and
R 4.4.2 (R Core Team, 2022). For Paper I, we evaluated normality and homogeneity using the
Shapiro-Wilk test and Levene’s test, respectively. We implemented repeated measures
ANOVA when data met normality assumptions and homogeneity of variance, while the
Friedman test was used for non-parametric situations to identify metabolites with significant
change across age groups. Paper II had thousands of relative intensity-based data, which
required careful normalization strategies based on the platform used to generate data (HILIC,
RP-Pos). We employed multivariate analyses including principal component analysis (PCA)
and partial least squares discriminant analysis (PLS-DA) to examine the distribution of the data.
For annotated metabolites, we used the /imma package in R (Ritchie et al., 2015) with age as a
fixed effect and boar identity as a block. This analysis identified metabolites that showed
significant age-related differences while accounting for repeated measures within the same
boar. MetaboAnalyst 6.0 provided metabolomics pathway analysis, integrating enrichment
analysis and pathway topology using Sus scrofa KEGG libraries (Pang et al., 2024). Paper I1I’s
sperm quality parameters posed distribution challenges. Percentage data required beta
regression with logit links, while count data required Gamma models with log links. The
glmmTMB package in R provided flexibility to handle these diverse distributions within a
mixed-effects framework (McGillycuddy et al., 2025).

The RNA-Seq analysis pipeline began with FastQC quality control (Andrews, 2010) and the
Trim Galore adapter trimming (Krueger, 2023), followed by HISAT2 alignment against the Sus
scrofa genome (Kim et al., 2019). FeatureCounts transformed aligned reads into count matrices
(Liao et al., 2013), while sSRNAbench handled small RNA annotation against multiple databases
(Aparicio-Puerta et al., 2019). Gene expression was conducted with the DESeq2 package in R
(Love et al., 2014) using a paired design with a 10-month vs a 7-month contrast. Gene Ontology

(GO) analysis was performed to provide insight into biological processes associated with age-
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related differences (Ashburner et al., 2000). With thousands of molecular features, the
Benjamini-Hochberg method controlled false discovery rates while maintaining reasonable

sensitivity (Ferreira & Zwinderman, 2006).

4.2 Transformations during sexual maturation

Our journey to understand the sexual maturity in Duroc boars began with a targeted
investigation into amino acid and amine concentrations, later expanded into untargeted
metabolomics and transcriptomics. It revealed how biological changes occur in boar semen

during the transition from puberty to sexual maturity.
Amino acids, amines, and their relationship with sperm functional traits

Glutamate emerged as the predominant metabolite driving age-related changes during sexual
maturity as identified in both targeted (Paper 1) and untargeted (Paper II) metabolomics
analyses. This is consistent with earlier findings by Brown-Woodman and White (1974), who
found that glutamate was the dominant metabolite in both sperm and seminal plasma
metabolomes. In our data, glutamate concentrations in sperm and seminal plasma declined
progressively from 7 months to 10 months, showing the highest variable importance in
projection (VIP) scores and significant correlations between sperm and seminal plasma (r =
0.79, adj P <0.05). L-Glutamic acid also ranked highest in mean decrease accuracy for sperm
by random forest analysis (Paper I1). Glutamate influences sperm motility through N-methyl-
D-aspartate receptor-mediated calcium signaling (Endo et al., 2019), guides sperm chemotaxis
(Frolikova et al., 2020), and regulates acrosome reactions, which are important for fertilization
(Momeni et al., 2021). However, excessive glutamate levels can compromise sperm quality and
mitochondrial integrity, as reported in mice and Drosophila (Kayode et al., 2020; Vedelek et
al., 2023). Consistent with this, Paper III showed that the glutamate concentrations in boar
sperm and seminal plasma were negatively correlated with both progressive motility and rapid
progressive motility. These findings suggest that the age-related decline in glutamate represents
a form of metabolic optimization rather than deficiency. This hypothesis could be tested in
future studies by supplementing glutamate in controlled experiments to assess its impact on
sperm function or by comparing glutamate levels across individual boars to see how they relate
to fertility outcomes.

Beyond glutamate, our analyses identified alanine, aspartate, choline, and taurine as metabolites
that declined significantly in sperm between 7 months and 10 months. Choline has been

reported as one of the potential biomarkers of sexual maturity in laying hens (Yaxiao et al.,

35



2025). Alanine, aspartate and glutamate metabolism, histidine metabolism, and tyrosine
metabolism were identified as significantly enriched pathways in boar sperm during sexual
maturation. These pathways collectively support energy metabolism, antioxidant defense, and
protein phosphorylation cascades essential for sperm function (Brosnan & Brosnan, 2020; Ijiri
et al., 2012; Massucci et al., 2013). In seminal plasma, the concentrations of glutamate and
taurine decreased significantly with maturity in boars, highlighting their importance in both
sperm and seminal plasma. Taurine protects sperm cells through antioxidant mechanisms (Li et
al., 2023), choline maintains sperm membrane integrity and supports motility (Hanley, 2023),
aspartate has been reported to enhance semen quality in rabbits and promotes testosterone
production in Leydig cells in mice (Macchia et al., 2010; Nagata et al., 1999) and tyrosine
supports sperm maturation in the epididymis by elevating cyclic adenosine monophosphate
(cAMP) (Lewis & Aitken, 2001).

Results from Paper III complemented these findings: in both sperm and seminal plasma,
aspartate, choline, and taurine concentrations were negatively correlated with progressive
motility and rapid progressive motility, while alanine correlated positively with %DFI. These
findings suggest that, rather than acquiring higher concentrations of these metabolites, mature
boars achieve superior sperm performance through optimized metabolic profiles.

Several other studies have also reported amino acids to be important metabolites in reproductive
metabolomics, often linked to fertility, liquid preservation ability, or sperm quality across boars
and bulls (Narud et al., 2022; Narud et al., 2020; Sangeeta et al., 2015; Song et al., 2023),
reflecting their central role in many biological processes. They function as energy substrates,
signaling molecules, antioxidants, and precursors for hormone synthesis. They also regulate
gene expression and metabolic pathways (Wu, 2009). In male reproduction, these compounds
have been linked to key functions, including sperm motility, the acrosome reaction, and the

modulation of antioxidant defenses.
Broader metabolome transformation

Paper II (untargeted metabolomics) revealed more than 4,000 metabolites in boar semen, the
most predominant being amino acids, followed by fatty acid esters. Untargeted metabolomics
expanded our understanding beyond amino acids, revealing complex changes across lipids,
antioxidant systems, and energy pathways. Notable findings included homoisovanillic acid,
which is involved in antioxidative functions (Tai et al., 2012), being the most important
metabolite that separates age classification in both sperm and seminal plasma. Interestingly, the

structurally related homovanillic acid has been reported as one of the key biomarkers of sexual
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maturity in chickens (Zhao et al., 2023). Other findings included a decline in decanoyl-L-
carnitine in sperm, linked to energy and fatty acid metabolism (Jeulin & Lewin, 1996), an
increase in myo-inositol, which supports motility and DNA integrity (Ghaemi et al., 2024), and
elevated levels of antioxidant compounds like 1-formylpyrroline-2-carboxylic acid and 7-
hydroxychromanone (Jia & Farrow, 2012; Matsugo & Nakamura, 2023) in the seminal plasma
of mature boars. Together, these metabolites reflect that there are changes in the antioxidant
defenses, energy metabolism, and fatty acid metabolism during sexual maturation.

Pathway analysis in sperm identified porphyrin metabolism, involved in heme biosynthesis,
and supporting cellular respiration (Yien & Perfetto, 2022), taurine and hypotaurine
metabolism, which contribute to antioxidant protection (Partyka et al., 2017), and glycerolipid
metabolism, which is essential for maintaining membrane integrity (Am-in et al., 2011), as key
processes underlying sexual maturation. In seminal plasma, glutathione metabolism and
nitrogen metabolism pathways were significantly enriched, supporting a protective
environment, such as antioxidant defense (Li, 1975; Song et al., 2023), which is required for
mature sperm function. These pathway enrichments provide additional knowledge beyond the
metabolite-level findings, highlighting how multiple biochemical systems interact during
maturation.

Multivariate assessment in both Paper I and Paper II showed that samples from younger boars
(Age 1) exhibited greater metabolomic variability than those from mature boars (Age 2 and
Age 3), with metabolites clustering by age. These findings may suggest that young boars are at
different phases of achieving maturation, and it stabilizes once they reach Age 2. This
stabilization suggests that metabolomic profiles can serve as potential markers of metabolic

maturity, providing additional insight into the transition from puberty to sexual maturity.
Sperm quality improvements

Sperm quality assessments revealed maturation-associated changes in functional parameters
between young and mature boars, with most changes stabilizing by 8.2 months. These shifts
included increases in acrosome integrity, viability, motility, progressive motility, and rapid
progressive motility, alongside decreases in medium motility, slow motility, and rapid non-
progressive motility in mature boars (Age 2 and Age 3). The sperm swimming pattern also
improves as boars age, as shown by our results, which include an increase in kinematic
parameters (linearity, velocity, and straightness). Collectively, these changes reflected
improvements in sperm quality and functional maturation in mature boars. Young boars

produced sperm with higher ALH and more erratic swimming patterns, while mature boars
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achieved more efficient linear trajectories. This shift suggests that sexual maturation involves
fine-tuning of swimming efficiency rather than simply increasing the proportion of motile cells.
While there are studies on comparing sperm quality traits such as motility, acrosome integrity
and viability across boar ages, they were mostly done on older males, pooled samples across
wide age groups, or with cross-sectional designs (Hensel et al., 2023; Xu et al., 2024), our study
is the first to report longitudinal changes in sperm quality traits at six weeks interval during

sexual maturation.
Enhanced storage tolerance with maturation

These maturational improvements were not only evident in fresh ejaculates but also in the
ability of sperm to withstand storage. While all semen samples showed a decline in sperm
quality after five days of storage at 18°C, the magnitude was most pronounced in the youngest
boars. Samples from Age 2 and Age 3 maintained superior acrosome integrity, viability,
motility, and kinematic parameters compared to Age 1 samples, suggesting that maturation

enhances the cellular mechanisms supporting sperm survival under stress conditions.
Differential expression of genes and enrichment of pathways during sexual maturation

Paper IV (Transcriptomic analysis) revealed that sexual maturation involves mostly
upregulation of genes, with 65% of differentially expressed genes showing upregulation in
mature boars. This activation suggests that sexual maturation represents an active process. Key
upregulated genes included NCLN (involved in membrane protein organization into lipid
bilayers) (McGilvray et al., 2020) , RGS12 (regulates calcium oscillation for oocyte activation)
(Ma et al., 2024), CIB2 (important for calcium homeostasis and spermatogenesis) (Patel et al.,
2015; Xu et al., 2020), FOXP4 (linked to spermatogonial stem cell development) (Luo et al.,
2023), PHC1 (associated with spermatogenesis) (Sisakhtnezhad & Heshmati, 2018), CDC25B
(linked to non-cycling function in sperm) (Teng et al., 2007), and AKAPI (involved in
mitochondrial energy production and spermatogenesis) (Reinton et al., 2000; Sang et al., 2021).
These genes collectively support membrane organization, calcium signaling, chromatin
remodeling, and energy metabolism, processes that are directly aligned with the functional
improvements documented in our sperm quality analyses (Paper III).

Downregulation of genes provided equally important insights. HSP90AAI, previously
associated with poor fertility in bulls (D'Amours et al., 2019), was significantly downregulated
in mature boars, suggesting optimization of protein folding mechanisms (Forsythe et al., 2001).
The FSIP2, VDAC3, and ALMSI genes, which are involved in sperm fibrous sheath,

mitochondrial function, and spermatogenesis (Arsov et al., 2006; Fang et al., 2021; Kwon et
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al., 2013), were also downregulated in mature boars. Overexpression of FSIP2 is linked to
abnormal tail and acrosome structure in mouse spermatozoa (Fang et al., 2021), supporting the
idea that downregulation prevents such defects. These patterns suggest that sexual maturation
not only activates genes but also suppresses genes associated with abnormal morphology or
impaired fertility, thereby fine-tuning sperm function during maturation.

Gene Ontology (GO) enrichment analysis revealed reproduction-related biological processes,
protein kinase activity, and membrane protein organization as key GO terms. This showed the
convergence of developmental processes, signaling pathways, and structural organization

during sexual maturation.
miRNA regulatory networks

miRNA analysis revealed coordinated regulatory mechanisms controlling sexual maturation.
Five of six differentially expressed miRNAs were upregulated in mature boars, including ssc-
miR-193a-5p (linked to sperm motility across species) (Kasimanickam et al., 2022; Li & Chen,
2021), ssc-miR-196a (evolutionarily conserved for spermatogenesis) (Madison-Villar &
Michalak, 2011), ssc-miR-126-3p (Sertoli cell function) (Tang et al., 2021), ssc-miR-574-3p
(linked to mitochondrial function and ATP generation) (Ma et al., 2020) and miR-210 (linked
to spermatogenesis) (Tang et al., 2016). This upregulation pattern may reflect increased
regulatory needs as boars mature. Larger, sexually mature animals likely require more complex
molecular control over both sperm development and the supporting functions of Sertoli cells.
We found that ssc-miR-196a is upregulated in mature sperm, which contrasts with a previous
study that reported ssc-miR-196a expression only in immature porcine testis of 1 month (Lian
et al., 2012). This suggests that miR-196a may have different roles during testicular
development versus sperm maturation. The upregulation of miR-126-3p in mature boars in our
study suggests promoting Sertoli cell proliferation (Tang et al., 2021), while miR-574-3p
controls mitochondrial energy production needed for sperm function (Ma et al., 2020).

Only ssc-miR-338 was downregulated in sperm samples of mature boars, which is linked to
spermatogenesis (Madison-Villar & Michalak, 2011). The integrated miRNA-mRNA analysis
identified 17 regulatory pairs, with three miRNAs (ssc-miR-193a-5p, ssc-miR-126-3p, and ssc-
miR-574-3p) targeting 2,459 unique genes. Many genes were targeted by multiple miRNAs,
potentially creating overlapping control systems that likely suggest redundant control

mechanisms for sexual maturation.
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4.3 Integrated understanding of sexual maturation

Sexual maturation in Duroc boars involves coordinated changes across metabolic, functional,
and transcriptional levels. The decline in amino acid and amines concentration paralleled
improvements in sperm function, while transcriptional changes supported enhanced membrane
organization, energy metabolism, and calcium signaling. This may suggest that sexual
maturation represents a systemic biological transition rather than isolated developmental
changes, as illustrated in Figure 6. Most sperm functional parameters stabilized in the second
age group, which is approximately 8 months (mean 8.2 months); some improvements continued
through 10 months. This suggests that sexual maturity extends beyond initial semen collection
readiness (Age 1). However, it is important to note that sperm quality at Age 1 was already
quite good, as these young boars produced motile, viable sperm that could potentially be used
commercially with adjusted protocols, such as increasing the sperm concentration per

insemination dose to compensate for any quality differences.
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Figure 6: Proposed integrated overview of sexual maturation in Duroc boars based on analyses of semen.
Metabolomic profiling (Papers I and II) showed a decline in key amino acids and amines in semen from
mature boars, such as glutamate, alanine, aspartate, choline, and taurine, alongside an increase in

homoisovanillic acid, with age-related enrichment of several pathways. Functional evaluation (Paper
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II) revealed significant improvements in sperm motility, progressive motility (PM), rapid progressive
motility (RapidP), acrosome intact live (AIL), velocity straight line (VSL), and straightness (STR),
while DNA fragmentation index (%DFI), high DNA stainability (%HDS), and rapid non-progressive
motility (RapidNP) decreased significantly in mature boars. Paper III also showed a significant
correlation between key metabolites identified in Paper I and sperm quality parameters, linking
metabolic shifts with functional outcomes. Transcriptomic analyses (Paper IV) showed upregulation of
genes supporting membrane organization (NCLN), calcium signaling (RGSI2, CIB2), germ cell
regulation (FOXP4, PHCI, CDC25B), and mitochondrial energy regulation (4KAP1I), while genes
linked to poor fertility or abnormal spermatozo structure (HSP90A4AAI, FSIP2, VDAC3, ALMSI) were
downregulated in samples from 10 months. Together, these findings highlight that sexual maturation is
a biological transition, driven by metabolomic remodeling, functional improvements, and transcriptomic

regulation, extending beyond the onset of puberty. Created by the author in https://BioRender.com

4.4 Implications, limitations, and future perspectives

4.4.1 Implications

This thesis provides the first longitudinal molecular and functional characterization of sexual
maturation in boars. It shows that maturation is not a simple switch but a coordinated process
involving the refinement of metabolite usage and pathways, the improvement of sperm quality
parameters, and the regulation of gene expression. From an applied perspective, the
identification of metabolites such as glutamate, alanine, aspartate, and choline, together with
their correlations to sperm function, provides a foundation for developing further research on
practical biomarkers of sexual maturity. Such biomarkers could support Al centers in
determining or optimizing collection timing, potentially shortening generation intervals and
accelerating genetic gain. The transcriptomic insights expand this view by identifying several
genes associated with membrane organization, calcium signaling, and energy metabolism, as
well as miIRNA-mRNA interactions during sexual maturation. Collectively, these contributions
strengthen the connection between fundamental molecular biology and applied pig production,

offering value both to science and the livestock industry.
4.4.2 Study limitations

Our study had relatively small cohorts of boars. These small cohorts enabled us to perform
detailed molecular analyses but may have limited our ability to detect subtle individual

variations. We studied only Duroc boars from Norsvin SA’s commercial breeding line. This
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ensured genetic consistency and practical relevance but restricts broader applicability across
different breeds and commercial Al operations.

An untargeted metabolomics approach revealed novel metabolites and pathways but left over
4,300 features unidentified due to current database limitations. This annotation challenge
potentially concealed valuable biological insights. Many of these unidentified and identified
features could represent novel biomarkers of sexual maturation that could be further validated
with a targeted metabolomics approach. Future studies could prioritize validating identified
metabolites through targeted approaches and correlating them with sperm functional parameters
and fertility. The integration of untargeted discovery with targeted validation, combined with
functional assessments, could reveal significant biological insights currently hidden within our
datasets.

In our transcriptomics study, we employed fold-change thresholds (Jlog2FC| > 0.5), which we
considered appropriate given the inherently low RNA abundance (600-fold less) in sperm cells
as compared to somatic cells (Zhao et al., 2006). Even modest expression changes could be
biologically meaningful in this context. However, this approach may have excluded
biologically relevant changes with smaller effect sizes. Reliance on human miRNA databases
for target prediction, necessitated by the limited pig-specific annotations, may have introduced
some limitations in our miIRNA-mRNA regulatory network analysis.

Moreover, the absence of field fertility data for Age 1 boars and the incomplete data for Age 2
and Age 3 boars prevented a direct correlation of whether the molecular changes we
documented translate to improved reproductive performance in the field. Nevertheless, our
comprehensive analyses consistently revealed improvements in motility, rapid progressive
motility, and acrosome integrity and viability, as well as their correlation with metabolite
optimization (declining glutamate, alanine, aspartate, choline, and taurine) in mature boars, and
supportive transcriptional changes (membrane organization, energy metabolism, and signaling
pathways). All are pointing towards genuine sexual maturation that likely translates to

reproductive advantages.
4.4.2 Future perspectives

Validation of our metabolomics and transcriptomics findings, along with sperm quality
parameters across various pig breeds and seasons, would help establish the generalizability of
the findings. Collaboration among multiple Al centers across different geographical regions

would help assess environmental influences on sexual maturation and broaden the practical
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relevance of our results. While six-week sampling intervals aligned with commercial practical
relevance, they might have missed developmental events between time points. Since sexual
maturation likely involves continuous rather than discrete changes, future studies could employ
continuous sampling to capture the full complexity of this biological process. However, such
intensive sampling protocols would require careful consideration of the costs and practical
challenges in commercial settings.

The lack of complete field fertility data in our study highlights a key area for future research.
Large-scale, longitudinal studies with increased sample sizes that account for commercial
culling practices would provide sufficient fertility data and would validate the significance of
metabolomics and transcriptomics signatures, as well as sperm quality parameters. Such studies
could follow boars from initial semen collection through seasons, correlating molecular profiles
with conception rates, litter sizes, and offspring viability. This fertility validation would enable
the development of practical screening protocols for identifying sexually mature boars ready
for commercial use, potentially reducing generation intervals and accelerating genetic progress,
with positive economic implications.

Our identification of glutamate, alanine, aspartate, and choline as key metabolic biomarkers,
along with their correlation with sperm function, suggests opportunities for developing rapid
and cost-effective assays to assess boar readiness. Practical implementation could involve
developing rapid assays for key metabolites like glutamate, enabling quick assessment of boar
readiness at Al stations. They also indicate research opportunities for targeted nutritional
interventions, such as amino acid optimization to potentially enhance sperm quality or
accelerate sexual maturation in younger boars. Similarly, the improved storage tolerance
documented in mature boars (Age 2 and Age 3) opens up research possibilities for exploring
age-specific semen preservation protocols that could better maintain semen quality from
younger animals. This might bridge the gap between early genetic selection goals and optimal
reproductive performance.

Other advanced molecular approaches, such as proteomics, genetics, and epigenetics, could
reveal additional biological layers of sexual maturity, enhancing our understanding at a
molecular level. An integrated analysis combining metabolomics, transcriptomics, and sperm
quality data could identify novel regulatory networks and biomarker combinations. As a
foundational first approach, our current study focused on individual analytical methods to
establish a baseline understanding of each biological layer, providing the necessary groundwork

for future integrated analysis.
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5. Conclusions

This thesis achieved its aim of characterizing the molecular signatures of sexual maturation in
Duroc boars through longitudinal analysis of metabolites, transcriptomes, and sperm functional
parameters, thereby advancing knowledge of reproductive biology.

Paper I identified key amino acid and amine biomarkers of sexual maturity through targeted
LC-MS/MS analysis. We discovered glutamate, alanine, aspartate, and choline as biomarkers
whose decline from 7 to 10 months characterizes the reproductive maturation. Pathway analysis
revealed alanine, aspartate and glutamate metabolism as key processes underlying sexual
maturation. These findings establish that sexual maturation involves metabolic refinement
rather than simple quantitative increases.

Paper II comprehensively characterized the global metabolomic landscape through untargeted
metabolomic profiling, establishing distinct metabolomic fingerprints. L-glutamic acid and
decanoyl-L-carnitine decreased while homoisovanillic acid increased with age. Porphyrin
metabolism, taurine and hypotaurine metabolism, glycerolipid metabolism, nitrogen
metabolism, and glutathione metabolism were significantly enriched pathways underlying
sexual maturation.

Paper 111 evaluated functional sperm quality parameters and their relationships with amino acids
and amines concentrations. We documented increased overall motility, progressive motility,
changed swimming patterns, improved DNA integrity, and increased storage tolerance, with
most parameters stabilizing after 8 months of age. The correlations between declining amino
acid concentrations and improved sperm performance validated the biological significance of
our metabolomic discoveries.

Paper IV profiled the sperm transcriptome landscape through a comparative analysis of total
RNA and miRNA expression profiles. We revealed upregulation of genes linked to membrane
organization, calcium signaling, and energy metabolism (NCLN, RGS12, CIB2, FOXP4,
AKAPI), alongside downregulation of genes involved in protein folding, sperm structure, and
mitochondrial function (HSP90AAI, FSIP2, VDAC3, ALMSI). The identification of miRNA
regulatory networks adds complexity to our understanding of sexual maturation.

Together, these studies show that sexual maturation involves coordination across metabolic,
functional, and transcriptional levels, rather than discrete shifts. Beyond providing fundamental
insights into reproductive biology, this thesis also identifies molecular and functional

biomarkers with potential value in pig breeding programs that require further research. This
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dual contribution of fundamental insights and applied value defines the broader significance of
the research and establishes a framework for future integrated studies in reproductive

development.
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ABSTRACT
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Metabolomic analysis of boar semen associated with sexual maturation is essential for improving
fertility management and breeding, with amino acids and amines playing key roles in the
reproductive process. This study aimed to explore changes in amino acids and amines in boar
spermatozoa and seminal plasma during puberty to sexual maturity and identify potential bio-
markers of sexual maturity. Semen was collected from the same 15 Duroc boars over time at
approximately 7 months (Age 1), 8.5 months (Age 2), and 10 months (Age 3). Liquid
chromatography-mass spectrometry was used to analyse amino acids and amines in spermatozoa
and seminal plasma separately. Multivariate analysis (PLS-DA) revealed pronounced age-
dependent changes in amino acids and amines in spermatozoa between Age 1 and Age 3, and
more subtle shifts in seminal plasma. Univariate analysis (Repeated measure ANOVA/Friedman)
revealed that glutamate and taurine had significant pairwise differences in seminal plasma
(P < 0.05). In sperm, 15 amino acids (glutamate, alanine, aspartate, choline, taurine, histidine,
methionine, tryptophan, leucine, cystine, tyrosine, arginine, lysine, valine and glycine) exhibited
significant pairwise differences (P < 0.05). VIP scoring (>1.5) prioritised glutamate, alanine,
aspartate, and choline as key contributors to the variations and pathway analysis implicated
alanine, aspartate and glutamate metabolism, and histidine metabolism linked to sexual maturity.
Our study highlights metabolic changes during sexual maturation, identifying potential bio-
markers for assessing reproductive maturity. These findings are initial steps toward optimising
younger boars’ usage in breeding, enhancing genetic gain, and reducing costs associated with
their non-productive days at Al centres.

1. Introduction

Boar fertility is a critical factor in the swine industry, as it significantly impacts pork production’s productivity, efficiency, and
profitability. Age is one of the key factors that influence the reproductive performance of a boar, where sexual maturity marks an
important milestone in their reproductive development (Sonderman and Luebbe, 2008). Domestic boars begin puberty around 5
months of age (Caires et al., 2008); however, they typically don’t reach full sexual maturity until about 7 months, with fertility
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generally improving as boars age from about 9 to 20 months (Singleton and Flowers, 2006). Specifically, Duroc boars reach sexual
maturity with a large number of spermatocytes in the seminiferous tubules at around 9 months of age (Ding et al., 2016). They are used
in breeding as semen donors from around the same age, i.e., 9 months following appropriate training and qualification (Huang et al.,
2010). Important changes occur in the reproductive system in boars from puberty to sexual maturity, with an increase in sperm
production, ejaculate volume, sperm motility, testosterone, and testicular size (Bonet et al., 2013; Maistrelli et al., 2022; Shostya et al.,
2023).

Semen comprises spermatozoa and seminal plasma, the latter consisting of fluids secreted by the rete testis, epididymis, and
accessory glands (Kasimanickam et al., 2019). Particularly in boars, the vesicular gland and bulbourethral glands contribute largely to
seminal plasma volume (Buckman et al., 2009). Seminal plasma plays a major role in sperm survival, transport in the female repro-
ductive tract, capacitation, establishment of the oviductal sperm reservoir, modulation of female immune response, and fertilisation
(Rodriguez-Martinez et al., 2011). The chemical composition of seminal plasma is distinct from other body fluids, characterised by
high concentrations of free amino acids, especially glutamic acid, and small peptides (Mann and Lutwak-Mann, 2012) in addition to
ions, carbohydrates, organic compounds, nitrogenous compounds, reducing substances, and reactive oxygen species scavenging en-
zymes (Chabory et al., 2010; Mann and Lutwak-Mann, 2012). The presence of free amino acids in seminal plasma is reported to be
crucial for sperm protection and progression in the female genital tract in humans (Silvestroni et al., 1979).

Metabolomics, the comprehensive analysis of molecular metabolites, has emerged as a powerful tool for investigating the me-
tabolites from biological samples and their alterations, elucidating pathways associated with physiological processes (Ashokan et al.,
2023). In recent years, metabolomics has been increasingly applied to study the metabolites in sperm and seminal plasma concerning
male fertility in various species, including bulls (Velho et al., 2018; Menezes et al., 2019; Memili et al., 2020; Narud et al., 2020),
humans (Blaurock et al., 2022) and boars (Mateo-Otero et al., 2021a; Zhang et al., 2021; Mateo-Otero et al., 2023). These studies have
provided valuable insights into the metabolic processes underlying male fertility and identified potential fertility biomarkers in
seminal plasma and sperm. Similarly, the metabolomics approach was employed to study age-related changes in different cell types for
bulls (Argov-Argaman et al., 2013) and pigs (Rabassa et al., 2013). Argov-Argaman et al. (2013) reported that Holstein Friesian mature
bulls exhibited lower proportions of polyunsaturated fatty acids, omega-3 fatty acids, and docosahexaenoic acid in intact sperm,
seminal fluid, and sperm head as compared to younger bulls (Argov-Argaman et al., 2013). Rabassa et al. (2013) tracked metabolic
parameters in blood from male pigs from three classes: pre-puberty (1-5 months), puberty (6-9 months), and post-puberty (10-12
months) finding glucose levels to decrease with increasing age, while non-esterified fatty acid levels were highest at pre-pubertal stage
(Rabassa et al., 2013). While metabolomics research has provided valuable information into male reproductive metabolites across
species, we lack a clear picture of how these metabolites evolve in boar spermatozoa and seminal plasma as they progress from puberty
to sexual maturity. This gap is critical to address, as young boars are increasingly used in artificial insemination (AI) programs before
full sexual maturity and could contribute towards refining breeding strategies in using young boars for Al

Amino acids and amines are integral to numerous biological functions, including energy metabolism, cell signalling, oxidative
processes, precursors for hormones, regulation of gene expression and metabolic pathways (Wu, 2009). In male reproduction, they are
linked to a range of functions from sperm motility and the acrosome reaction to modulation of antioxidant defences. For instance,
tyrosine is involved in the epididymal sperm maturation through interaction with cyclic adenosine monophosphate (cAMP) elevation
(Lewis and Aitken, 2001), while taurine contributes to the protection of spermatozoa through antioxidant defence (Li et al., 2023).
Similarly, choline has been reported to be essential for sperm membrane and motility (Hanley, 2023), and glutamate helps in the
regulation of sperm chemotaxis, acrosome reaction, and mitochondrial homeostasis through interactions with N-methyl-D-aspartate
(NMDA) receptors (Endo et al., 2019; Vedelek et al., 2023). Moreover, alterations in the level of amino acid derivatives have been
associated with male fertility. For example, levels of 17 amino acid derivatives showed significant differences between ter-
atozoospermic and fertile semen in humans (Hosseini et al., 2022). Arginine and ornithine were found to be negatively associated with
various types of pathospermia (abnormal semen), and their concentrations in seminal plasma can influence fertility outcomes (Papp
etal., 1983). For bull semen, sperm concentration of cysteine and glutamic acid was reported to be linked to higher pregnancy success,
while aspartic acid, leucine and serine were associated with lower pregnancy success (Narud et al., 2020). It is reported that
phenylalanine in the seminal plasma of bulls was correlated with post-thaw viability of sperm (Ugur et al., 2020). Likewise,
phenylalanine in seminal plasma of stallions showed a significant decrease in concentration with decreasing motility and complete
absence in azoospermia, while carnitine and choline showed a significant decrease in concentrations in azoospermic stallions, and
alanine and carnitine showed significant positive correlation with sperm concentration in this species (Castiglione Morelli et al., 2021).
Furthermore, Mateo-Otero et al. (2021b) found that glutamate, carnitine, and isoleucine are related to sperm quality, while leucine,
hypotaurine, carnitine and isoleucine are associated with spermatozoa’s ability to tolerate liquid storage (Mateo-Otero et al., 2021b).
While these studies highlight the roles of amino acids and amines for overall semen health, their association with fertility in various
species, and liquid storage in boars, to our knowledge, it has not yet been studied how amino acids and amines concentration shift
during sexual maturity in boar spermatozoa and seminal plasma.

We hypothesise that the metabolome composition of boar semen undergoes dynamic changes during the transition from puberty to
full sexual maturity, reflecting early physiological adaptations critical to reproductive development. In this study, we, therefore, aimed
to examine subtle changes in the concentrations of amino acids and amines in spermatozoa and seminal plasma of Duroc boars during
the critical transition window from puberty to sexual maturity. By collecting semen samples from the same boars at around 7 months,
8.5 months and 10 months, and using liquid chromatography-mass spectrometry (LC-MS/MS) analysis in sperm and seminal plasma,
we sought to identify potential metabolic biomarkers of sexual maturity. Samples were analysed separately for spermatozoa and
seminal plasma. This approach provides additional knowledge to better understand metabolic changes during boar sexual maturation,
which pig breeding companies can evaluate and utilise to optimise the use of the younger boars in breeding programmes.
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2. Materials and methods
2.1. Ethical approval

Ethical approval was not necessary for this study, since the boars were part of regular semen production and regulated by laws in
Norway (The Animal Protection Act of 20 December 1974, the Animal Welfare Act of 19 June 2009 and the Regulations for Man-
agement of Pigs in Norway of 18 February 2003), and European Union legislation on semen production for pigs (Council Directive 90/
429/EEQ).

2.2. Experimental design and animal material

The study followed 15 Sus scrofa boars of the Duroc breed over three months (March — June 2023). These boars were from a
commercial breeding line used in Norsvin SA, a pig breeding company in Norway. Semen was collected from the same individuals at
three distinct time points to capture the critical metabolic transitions associated with sexual maturity, as even a small age difference
can be significant during critical developmental windows. These time points were: 7.2 & 0.4 months (Age 1), 8.6 + 0.5 months (Age 2,
six weeks after Age 1), and 9.9 & 0.5 months (Age 3, 12 weeks after Age 1). Detailed data is shown in Table 1. During Age 1, boars were
quarantined and trained for semen collection in an isolation unit, each housed in 4 m? pens, an arrangement approved by the Nor-
wegian Food Safety Authority for young animals of this size. Semen was collected from Age 1 boars as soon as they were interested in
mounting the dummy and semen collection was possible. The same boars were relocated to the Artificial Insemination (AI) centre
before semen collection at Age 2. There, each boar was kept in a 6 m? pen. Norsvin distributes semen samples for artificial insemination
from Age 2, which they consider ready for use in breeding (personal communication).

Standard housing conditions (ventilation, lighting, temperature) were maintained in both the isolation unit and the AI centre. All
animals received a nutritionally balanced commercial diet. The semen collection was done using the gloved-hand technique by the
same trained personnel for all boars, with boars briefly led from their pens to a separate collection pen. General husbandry practices
were kept consistent across both locations to minimise any potential confounding effects on metabolic parameters. By sampling the
same 15 boars across three successive ages, we reduced random inter-individual variability and captured longitudinal changes related
to sexual maturation rather than random differences among unrelated animals. The combination of uniform management, repeated
sampling, and standardised semen collection methods allowed us to capture true physiological shifts while minimising random or
management-related effects.

2.3. Handling of semen samples

The semen samples were transported from the Al station to the laboratory within 30 minutes, packed in a Styrofoam box ensuring a
stable temperature. The concentration of spermatozoa in the ejaculates was determined by NucleoCounter® SP-100™ (Chemometec,
Allergd, Denmark). For the isolation of spermatozoa, for each raw semen sample, 200 million spermatozoa were centrifuged at 600 xg
for 10 minutes at room temperature. The supernatant was carefully removed, and the sperm pellets were then snap-frozen in liquid
nitrogen and stored at —80°C until further analysis. To prepare seminal plasma samples, 1 ml of raw semen was initially centrifuged at
600 xg for 10 minutes at room temperature. The supernatant was then transferred to a new Eppendorf tube and centrifuged again at
10,000 xg for 10 minutes at 4°C. The resulting supernatant was then transferred to a new tube and a microscopic examination was

Table 1
Age of boars in months and days across three age groups. The ages “Age 17, “Age 2” and “Age 3” represent different measurement time points for the
same group of boars.

Boar ID Agel Age 2 Age 3
Months Days Months Days Months Days

Bl 6.8 207 8.2 249 9.6 291
B2 7.3 223 8.7 265 10.1 307
B3 7.5 228 8.9 270 10.2 311
B4 6.1 185 7.5 227 8.8 269
B5 7.3 223 8.7 265 10.1 307
B6 7.3 223 8.7 265 10.1 307
B7 7.6 230 9.2 279 10.6 322
B8 6.9 208 8.2 250 9.6 291
B9 7.0 210 8.3 252 9.6 293
B10 6.7 204 8.1 246 9.4 287
B11 7.8 237 9.2 279 10.5 320
B12 7.4 226 8.8 268 10.2 311
B13 7.3 221 8.6 263 10.1 306
B14 7.0 214 8.4 256 9.8 299
B15 7.6 232 9.0 274 10.4 317
Mean 7.2 218 8.6 261 9.9 303

Note: Each boar is assigned a unique identifier from B1 to B15.
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conducted to confirm the absence of spermatozoa in the seminal plasma sample. Then the samples were snap-frozen in liquid nitrogen
and stored at —80°C until further analysis.

2.4. Metabolite analysis

Targeted metabolomics analysis of amino acids and amines in both seminal plasma and spermatozoa was conducted using Liquid
Chromatography-Mass Spectrometry (LC-MS/MS). Sample preparation prior to analysis consisted of protein precipitation and dilution
as appropriate. For the sperm pellet, 500 pl phosphate-buffered saline (PBS) was employed for reconstituting the sperm pellets,
maintaining the physiological pH and osmotic balance, and a smaller (100 pl) portion of the reconstituted spermatozoa were collected
for further sample preparation and analysis. For seminal plasma, 100 ul was used for analysis without prior dilution directly. Protein
precipitation was done with methanol (MeOH) by adding 400 uL of cold MeOH to 100 uL of the sperm pellet mixture or seminal
plasma. This step was followed by vortexing for 60 seconds and incubation on ice to enhance protein precipitation. The samples were
then centrifuged at 14,000 xg for 12 minutes, and the supernatant was collected for analysis and dried by vacuum centrifugation
(speed-vac). For amino acids, the samples were mixed with the amino acid internal standard mixture and derivatised using an AccQ-
Tag Derivatization Kit (Waters, Milford, MA, United States) prior to analysis. Quantitation was done against standards of 26 amino
acids included in the amino acid cell culture standard kit (Catalog No. 186009300, Waters). For amine analysis, the dried samples were
redissolved in water containing an internal standard mixture (Choline-D13, Creatine-D3, and L-Carnitine-D3). Quantitation was
against mixed amine standards.

The quantitative analysis was performed on an Agilent 1290 Infinity II LC system (Agilent, Santa Clara, USA) coupled to an Agilent
6495 QqQ mass spectrometer, using one method for amino acids and one for amines. The mass spectrometer was equipped with a jet-
stream ESI source operated in positive mode and for both methods the instrument was operated in dynamic multiple-reaction
monitoring (MRM) mode (delta Rt = 1 min) with a unit mass resolution for both mass filters. For the amino acids, the analysis was
done using an Ascentis Express C18 column (150 x2.1 mm, 2.7 um, Agilent, Santa Clara, USA). The mobile phases were composed of
25 mM formic acid and acetonitrile, and eluent flow was 0.3 ml/min. The column thermostat was maintained at 20°C and the
autosampler at 6°C. For the amines (choline, creatine, and L-carnitine), the chromatographic separation was performed in HILIC mode
using a BEH Amide column (2.1 x 150 mm, 2.7 pM, Waters, Milford, USA) and gradient elution using an 80:20 mixture of 25 mM
Formic acid and 50 mM ammonium acetate as eluent A, and acetonitrile as eluent B, at a flow rate of 0.3 ml/min. The column
thermostat was maintained at 35°C and the autosampler at 6°C. Data analysis and quantitation were performed in Agilent MassHunter
Quant.

2.5. Statistical analysis

Statistical analysis was performed separately for spermatozoa and seminal plasma. Metabolites with no variance in quantitative
amounts across all samples were excluded from the data sets. All statistical analyses were performed using R version 4.3.2 (R Core
Team, 2022) and MetaboAnalyst 6.0 (Pang et al., 2024). For multivariate analysis, data was normalised by median, log-transformation
and auto-scaling. Partial least squares discriminant analysis (PLS-DA) was conducted using MetaboAnalyst 6.0 (Pang et al., 2024).
Variable importance in projection (VIP) scores were calculated to identify metabolites contributing the most to the separation between
age groups (Chong et al., 2019). In our study, a VIP score > 1.5 was set as the threshold (Menezes et al., 2019).

Descriptive statistics, including mean, median, standard deviation, minimum, and maximum range, were calculated for each age
group (Age 1, Age 2, and Age 3) and for all boars combined to provide a comprehensive overview of the data distribution. Data
normality was assessed using the Shapiro-Wilk test and visualised using density plots and Q-Q plots. Log10 transformation was applied
to achieve a normal distribution of data. The homogeneity of variance was assessed using Levene’s test. For metabolites that met the
assumptions of normality and homogeneity, repeated measures ANOVA was performed to assess the effect of age group, considering
boar as a random effect. Post-hoc pairwise comparisons were conducted using paired t-tests with Benjamini-Hochberg (BH) correction
for multiple comparisons. For metabolites that did not meet normality and homogeneity assumptions, the Friedman test was conducted
to assess differences across age groups. Post hoc Wilcoxon signed-rank tests with BH correction were performed for pairwise com-
parisons. Additionally, Pearson correlation analysis was performed to assess the relationships among metabolite concentrations and
between spermatozoa and seminal plasma. Repeated measures correlation analysis was conducted to assess relationships between age
and metabolite concentrations. For both sperm and seminal plasma data, P-values were adjusted using the Benjamini-Hochberg (BH)
method to control the false discovery rate (FDR). Statistical significance was set at P < 0.05 after adjustment.

2.6. Pathway analysis

Pathway analysis was performed using MetaboAnalyst 6.0 (Pang et al., 2024), a web-based platform to identify the metabolic
pathways in which the quantified metabolites are included and their possible association with the observed age-related changes in boar
spermatozoa and seminal plasma. The pathway analysis module in MetaboAnalyst 6.0 integrates results from pathway enrichment
analysis and pathway topology analysis. The Sus scrofa (pig) KEGG pathway library (abbreviation: ssc) was selected as the reference
metabolome for the analysis. The GlobalTest method was chosen for pathway enrichment analysis, which tests whether any of the
metabolites in a pathway are associated with the age groups studied. This method is particularly suitable for analysing
high-dimensional metabolomics data with a relatively small sample size (Goeman et al., 2004). For the pathway topology analysis, the
“relative betweenness centrality” was selected as the node importance measure. This measure considers a metabolite’s centrality and
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connectivity within a pathway (Xia and Wishart, 2010), giving a better understanding of its importance. The reference metabolome
was set to include all compounds in the selected Sus scrofa KEGG pathway library. The pathway analysis results were visualised using
pathway impact plots, which display the most significant pathways based on their P-values from the enrichment analysis and their
pathway impact values from the topology analysis. Pathways with a false discovery rate (FDR) adjusted P-value < 0.05 were
considered significantly enriched.

3. Results

The metabolic profiling of amino acids and amines revealed distinct clusters between spermatozoa and seminal plasma, indicating
significant differences in their metabolic compositions (Fig. 1). Principal Component Analysis (PCA) demonstrated that the first
principal component (PC1), which accounted for 40.72 % of the variance, along with the second principal component (PC2) capturing
an additional 24.44 %, effectively separated the two sample types.

3.1. Multivariate analysis of metabolite concentrations across age groups

Partial Least Squares Discriminant Analysis (PLS-DA) identified the metabolites contributing the most to the classification into
three age groups. For spermatozoa, the PLS-DA model demonstrated a cross-validation accuracy of 0.76, indicating a reliable clas-
sification rate. The model achieved an R? (goodness of fit) value of 0.75, suggesting that age group differences could explain 75 % of
the variance in the targeted metabolite data. The Q2 value (predictive ability) was 0.52, which reflected moderate predictive relevance.
Whereas the PLS-DA model for seminal plasma metabolites showed an accuracy of 0.47, indicating a modest classification rate. The
latter indicated that the model was not able to capture the complex relationship between metabolites in seminal plasma and age,
indicating there could be a potential overlap in the metabolic profiles among the three different age groups, resulting in the correct
classification of less than half of the time. The model R? and Q? were 0.20 and 0.07 respectively, which further indicated a relatively
weak model fit and limited predictive capability. Compared to spermatozoa, seminal plasma showed lower performance metrics,
suggesting that age-related differences in metabolite concentrations were either more complex or less pronounced.

The PLS-DA scores plot (Fig. 2) indicated a clear differentiation for sperm between Age 1 and Age 3, while Age 2 displayed more
overlap with Age 3 than with Age 1. The VIP scores from the PLS-DA model reflect the importance and contribution of each metabolite
for class separation, where a VIP score greater than 1 indicates their significant contribution to the classification of age groups [31]. In
spermatozoa, glutamate, alanine, aspartate, and choline were identified as the top contributors in the classification of age groups
(Fig. 3). Similarly, VIP scores in seminal plasma revealed that alanine (VIP = 1.5514) and glycine (VIP = 1.5424) were the key
contributors.

Sample
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:\0‘ E' Spermatozoa
< 0.25-
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Fig. 1. Principal Component Analysis (PCA) score plot of amino acid and amine concentration in boar spermatozoa and seminal plasma across three
ages. Semen samples were collected from 15 Duroc boars at approximately 7 months (Age 1) and again six (Age 2) and twelve (Age 3) weeks later.
Spermatozoa were separated from seminal plasma, and metabolite levels were quantified by Liquid Chromatography-Mass Spectrometry (LC-MS).
The plot displays the first two principal components (PC1 and PC2), which capture the major variance in metabolite distribution. Each point
represents an individual sample, coded by both sample type and age: Seminal Plasma (red) and Spermatozoa (green) indicate sample type, while
Age 1 (circle), Age 2 (triangle) and Age 3 (square) denote ages. The ellipses represent 95 % confidence intervals around the mean for each group.
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Fig. 2. Partial Least Squares Discriminant Analysis (PLS-DA) score plot of amino acid and amine concentrations in boar spermatozoa (a) and
seminal plasma (b) across three ages. Semen samples were collected from 15 Duroc boars at approximately 7 months (Age 1), and again six weeks
(Age 2) and twelve weeks (Age 3) later. Spermatozoa were separated from seminal plasma, and metabolite levels were quantified using Liquid
Chromatography-Mass Spectrometry (LC-MS). The PLS-DA plot displays component 1 and component 2 showing the distribution of metabolite
concentration of samples from boars. Age 1, Age 2, and Age 3 are depicted by red, green, and blue respectively.

3.2. Targeted metabolomic analysis of spermatozoa

The descriptive statistics of all metabolites analysed for spermatozoa are given in Table S1, with concentrations visualised as
boxplots in Figure S1. Glutamate (582.67 + 466.29) showed the highest average concentration while tryptophan (0.38 + 0.25)
exhibited the lowest average concentration of all amino acids analysed. The five metabolites with the highest mean concentration for
each age group were glutamate (582.67 + 466.29), glutamine (355.71 + 151.11), L-carnitine (211.02 + 93.24), glycine (152.13
+ 88.57), and creatine (79.82 + 40.44). Conversely, the five metabolites with the lowest concentrations were tryptophan (0.38
+ 0.25), phenylalanine (0.88 + 0.26), a-aminobutyric acid (0.93 + 0.36), cystine (1.07 + 0.74), and ornithine (3.12 + 2.36).

Of all the metabolites analysed from spermatozoa, 18 of them, glutamate, histidine, aspartate, alanine, tyrosine, methionine,
tryptophan, leucine, choline, taurine, valine, cystine, arginine, lysine, glycine, proline, glutamine and a-aminobutyric acid (AABA)
showed overall significant differences across age groups (P < 0.05). Among these 18 metabolites, 15 of them except glutamine, AABA
and proline demonstrated significance between at least two age groups (Fig. 4, Table 2). Glutamate, aspartate and taurine concen-
tration decreased significantly with increasing age (P < 0.001) and the differences were significant between Age 1- Age 2 and Age 1 -
Age 3 (P < 0.001) (Fig. 4, Table 2). Histidine, methionine, tryptophan, leucine, and cystine were also significantly different (P < 0.05)
between Age 1 and the two older groups (Fig. 4, Table 2), exhibiting patterns of fluctuation or increase in concentration. The con-
centration of alanine decreased significantly between Age 3 and each of the earlier age groups (P < 0.001). Tyrosine showed a sig-
nificant difference between each age group (P < 0.05), with its concentration increasing at Age 2 and again declining at Age 3. Choline
showed significant decrease in concentration, while arginine and lysine showed significant differences between Age 1 and Age 3
(P < 0.05). Valine and glycine showed a significant decrease in concentration between Age 2 and Age 3 (P < 0.05).

3.3. Targeted metabolomic analysis of seminal plasma

The descriptive statistics of targeted metabolites of seminal plasma are given in Table S2 with concentrations visualised as boxplots
in Figure S2. Across age groups, glutamate (3603.87 + 1751.69), glycine (906.69 + 410.80), L-carnitine (674.80 + 266.95), creatine
(398.03 + 149.35), and taurine (227.31 + 115.19) were the top five metabolites in seminal plasma with the highest mean concen-
trations of glutamate showing a wide range from 1337.00 uM to 7500.00 uM. Conversely, hydroxylysine (1.17 + 0.40), a-amino-
butyric acid (5.08 + 3.24), asparagine (5.66 + 2.20), lysine (6.52 + 5.77), and cystine (7.77 + 2.35) were the five metabolites with
the lowest mean concentration. Ten metabolites, glutamate, taurine, glutamine, isoleucine, leucine, proline, valine, glycine,
phenylalanine, and hydroxyproline showed overall significant differences across age groups, however, post-hoc comparisons revealed
significant differences between specific age groups for only taurine and glutamate. Taurine showed a significant decrease in con-
centration between boars of first age with two older ages (adjusted P < 0.05), and glutamate revealed a significant decrease between
boars of first and third age groups (adjusted P < 0.05) (Figure S2). The remaining metabolites did not achieve statistical significance in
pairwise comparisons, suggesting that while general age-related trends existed, specific group differences were not pronounced for
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Fig. 3. Variable Importance in Projection (VIP) scores of amino acids and amines in boar spermatozoa across three age groups. Semen samples were
collected from 15 Duroc boars at approximately 7 months (Age 1), and again six weeks (Age 2) and twelve weeks (Age 3) later. Following the
separation of spermatozoa from seminal plasma, amino acid and amine levels were quantified using Liquid Chromatography-Mass Spectrometry
(LC-MS). The plot shows VIP scores on the x-axis, indicating the importance of each metabolite in the Partial Least Squares-Discriminant Analysis
(PLS-DA) model used to differentiate age groups. Metabolites are listed on the y-axis in descending order of their importance. The color gradient
represents the relative concentration of each metabolite across the age groups where blue indicates a low concentration and red indicates a high
concentration.

most metabolites.

3.4. Correlation analysis

3.4.1. Correlation of metabolite concentrations between spermatozoa and seminal plasma

Glutamate exhibited the highest significant correlation between boar spermatozoa and seminal plasma (r = 0.79, P = 2.01 x 10™°)
followed by hydroxyproline (r = 0.73, P = 1.75 x 1077), taurine (r = 0.72, P = 1.85 x 1077), glycine (r = 0.67, P = 2.61 x 107%),
choline (r = 0.66, P = 5.03 x 10’6), creatine (r = 0.61, P = 4.48 x 107°), cystine (r = 0.59, P =1.20 x 10’4), aspartate (r = 0.55,
P =3.41 x 10~%), L-carnitine (r = 0.52, P = 8.61 x 10~%), and a-aminobutyric acid (r = 0.44, P = 5.95 x 10~>) (Figure S3).

3.4.2. Correlation among metabolite concentrations

In spermatozoa, strong positive correlations were observed between the concentrations of lysine and arginine (Figure S4, r = 0.96,
P <1 x 10712, hydroxyproline and creatine (r = 0.91, P < 1 x 10~!2), tyrosine and histidine (r = 0.85, P = 1.22 x 10~!1), glycine
and creatine (r = 0.82, P = 2.51 x 10’10), and choline and taurine (r = 0.80, P = 1.48 x 1079). Conversely, notable negative cor-
relations were detected between hydroxyproline and lysine (r = —0.84, P = 3.46 x 10!), and creatine and lysine (r = —0.82,
P=4.25x10719.

In seminal plasma (Figure S5), the concentrations of glutamate and L-carnitine were highly correlated (r = 0.97, P < 1 x 107!2),
Likewise, positive correlations were found between glutamate and choline (r=10.96, P <1 x 1072, L-carnitine and choline
(r=0.96,P<1 x 10’12), taurine and asparagine (r = 0.95, P < 1 X 10’12), and glutamate and aspartate (r = 0.95,P < 1 x 10719,
On the contrary, high negative correlations were observed between tyrosine and hydroxyproline (r = —0.65, P = 7.65 x 10~°), proline
and isoleucine (r = —0.61, P = 3.92 x 10’5), and valine and glutamate (r = —0.61, P = 3.34 x 1079).

3.4.3. Correlation between age and metabolite concentrations in spermatozoa

In spermatozoa, glutamate had a highly significant negative correlation with increasing age (r.rm = —0.78, P = 6.57 x 107%).
Likewise, the same was found for the level of alanine (r rm= —0.73, P = 3.51 x 107°), aspartate (r_-rm= —0.71, P =6.11 x 1075),
choline (r.rm = —0.60, P = 2.40 x 103), taurine (r.rm = —0.55, P = 5.67 x 1073), cystine (r_rm = —0.46, P = 2.00 x 1072) and
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Fig. 4. Boxplot of significant amino acid concentrations in boar spermatozoa across three ages. Semen samples were collected from 15 Duroc boars
at approximately 7 months (Age 1, shown in dark blue), and then six weeks (Age 2, pink) and twelve weeks (Age 3, yellow) later. Spermatozoa were
separated from seminal plasma, and amino acid and amine levels were quantified using Liquid Chromatography-Mass Spectrometry (LC-MS). Each
boxplot represents the concentration (uM) of individual amino acids and amines, highlighting significant age-related variations in metabolites.

glycine (r-rm = —0.42, P = 3.44 x 102) (Table $3). On the other hand, a significant positive correlation with increasing age was
found for histidine (r rm = 0.57, P = 4.54 x 10~°) followed by methionine (r_-rm = 0.55, P = 5.67 x 1073), arginine (r_rm = 0.50,
P=1.51 x 10_2), tyrosine (rrm = 0.49, P =1.55 x 10_2), lysine (rrm = 0.46, P = 2.00 x 10_2), tryptophan (r_rm = 0.46,
P =2.00 x 1072) and leucine (r.rm = 0.45, P = 2.17 x 1072).



A. Shrestha et al. Animal Reproduction Science 275 (2025) 107800

° @ Histidine metabolism
©
° @ Tyrosine metabolism
0 e
‘ Alanine, aspartate and glutamate metabolism
° @ Tryptophan metabolism
< - (6} Arginine metabolism
- . Taurine and Hypotaurine metabolism‘
s o
S ° .
- Phenylalanine,
2 tyrosine and
- > 4 tryptophan
o metabolism
o
o
~
° @)
° O
8
o
- -4 o
I T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Pathway Impact

Fig. 5. Pathway analysis of amino acids and amines in boar spermatozoa. Semen samples from 15 Duroc boars were collected at three different ages
starting at approximately 7 months (Age 1) and again six and twelve weeks later (Age 2 and Age 3 respectively). Spermatozoa were separated from
seminal plasma, and Liquid Chromatography-Mass Spectrometry analysed the amount of amino acids and amines in spermatozoa. The plot shows
pathway analysis results for targeted metabolites, with the x-axis representing the pathway impact score and the y-axis showing the negative
logarithm of the P-value (-log10(p)), indicating the significance of each pathway’s involvement. Points are color-coded from yellow to red, with red
indicating the highest significance levels. Only the most important pathways are labeled.

Table 2

Repeated measures ANOVA and Friedman test P-values (P-adjusted) and post hoc P-values for the metabolites across three age groups. P-values are
shown for pairwise comparisons between age groups. Age 1 — Age 2: Comparison between boars of 7.2 + 0.4 and 8.6 + 0.5 months; Age 1 — Age 3:
Comparison between boars of 7.2 + 0.4 and 9.9 + 0.5 months; Age 2- Age 3: Comparison between boars of 7.2 + 0.4 and 9.9 £ 0.5. NS indicates
statistically non-significant differences (P > 0.05).

Metabolite P-adjusted Age1-Age 2 Age1-Age3 Age 2 - Age 3
Glutamate 2,51 x 107° 7.51 x 1074 7.51 x 1074 NS
Histidine 7.40 x 107° 7.51 x 1074 2.52 x 1073 NS
Aspartate 1.01 x 107° 2.52 x 1073 2.52 x 1073 NS
Methionine 5.49 x 1074 1.29 x 1072 1.29 x 1072 NS
Tryptophan 5.49 x 1074 9.77 x 1073 1.55 x 1072 NS

Leucine 3.17 x 1073 2.10 x 1072 494 x 1072 NS

Taurine 4.76 x 1072 4.94 x 1072 1.73 x 1072 NS

Cystine 7.62 x 1073 3.97 x 1072 3.97 x 1072 NS
Tyrosine 1.90 x 107° 1.26 x 1073 1.81 x 1072 1.81 x 1072
Alanine 1.90 x 107> NS 7.53 x 107* 7.51 x 107*
Choline 3.32x 1073 NS 6.57 x 1073 NS
Arginine 1.13 x 1072 NS 4.94 x 1072 NS

Lysine 2.58 x 1072 NS 3.98 x 1072 NS

Valine 4.76 x 1072 2.79 x 1072 NS NS

Glycine 2.79 x 1072 NS NS 2.04 x 1072

3.5. Pathway analysis

The results of pathway analysis for sperm are shown in Fig. 5. In spermatozoa, alanine, aspartate and glutamate metabolism showed
a strong association with age (FDR = 8.73 x 107>, pathway impact = 0.34). Other highly significant pathways identified were his-
tidine metabolism (FDR = 8.20 x 10’6, pathway impact = 0.22), tyrosine metabolism (FDR = 2.11 x 1073, pathway impact = 0.14),
tryptophan metabolism (FDR = 1.15 x 10~% pathway impact = 0.14), arginine metabolism (FDR = 3.13 x 10~*, pathway impact =
0.14), and taurine and hypotaurine metabolism (FDR = 4.05 x 10~*%, pathway impact = 0.43). Phenylalanine, tyrosine, and trypto-
phan biosynthesis pathway had the highest impact score of 1 with an FDR of 0.003. The details of all pathways identified along with
FDR and pathway impact are given in Table S4.

Similarly, in seminal plasma, phenylalanine, tyrosine, and tryptophan biosynthesis, glycine, serine and threonine metabolism,
taurine and hypotaurine metabolism, phenylalanine metabolism, alanine, aspartate, and glutamate metabolism, showed a notable
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impact factor of 1, 0.51, 0.43, 0.36 and 0.34 respectively, although they were not significantly enriched (FDR > 0.05).
4. Discussion

Our findings revealed significant differences in concentrations of amino acids and amines in spermatozoa among boars during
sexual maturation, implying several of these are important for the sexual maturation of Duroc boars. The multivariate analysis suggests
that the metabolic profiles of the youngest (Age 1) and oldest groups (Age 3) are distinctly different, with the samples from the boars at
Age 2 sharing more similarities with the oldest group, indicating Age 2 as a transition between Age 1 and Age 3. It could also indicate
that the amino acids concentration during sexual maturation may reach a plateau or stabilise after boars reach Age 2 of 8.5 months.

4.1. Metabolic crosstalk between spermatozoa and seminal plasma

Glutamate was identified as the predominant metabolite in both spermatozoa and seminal plasma, exhibiting the highest con-
centration relative to other metabolites. Univariate analysis also showed that glutamate concentrations are significantly different
between at least two age groups, with the highest concentration in the youngest boars and progressively decreasing with age.
Furthermore, in sperm, glutamate distinguished itself not only through its concentration but also by having the highest VIP score. This
indicates a significant contribution to the separation observed between different age groups.

The presence of glutamate in the highest concentration in boar semen in this study, consistent with findings from the previous study
(Brown-Woodman and White, 1974), could indicate its vital role in the developmental stages of sperm function. Glutamate plays a role
in various aspects of sperm function, including sperm motility, sperm chemotaxis, acrosome reaction, sperm development, and
mitochondrial homeostasis (Endo et al., 2019; Frolikova et al., 2020; Kayode et al., 2020; Momeni et al., 2021; Breitbart and
Grinshtein, 2023; Vedelek et al., 2023). Glutamate is reported to influence sperm motility by modulating Ca®" signals through
interaction with N-methyl-D-aspartate (NMDA) receptors. These receptors facilitate depolarization and repolarization processes in
spermatozoa by causing Ca?" influx upon binding glutamate and releasing Mg?" under depolarised conditions (Endo et al., 2019).
Similarly, the influence of L-glutamate on sperm chemotaxis, the directed movement of sperm towards chemical attractants, evidenced
by varying chemotactic responses of epididymal sperm to different concentrations of L-glutamate, highlight its significance in sperm
development and guidance (Frolikova et al., 2020). Glutamate receptors, specifically NMDA receptors, play a role in the acrosome
reaction of spermatozoa, a critical step for sperm penetration of the oocyte, by regulating the influx of calcium ions. L-glutamate, an
NMDA receptor agonist, has been shown to trigger this acrosome reaction in mouse spermatozoa, suggesting a conserved mechanism
across species that increases intracellular calcium levels to initiate the acrosome reaction (AR) (Momeni et al., 2021; Breitbart and
Grinshtein, 2023).

Glutamate has a role in boar sperm development by enhancing antioxidant capacity, regulating inflammatory responses and
stimulating spermatogonial cell proliferation. Studies show that glutamate supplementation improves testicular morphology, anti-
oxidant enzyme activities, and inflammatory cytokine secretion in boars under oxidative stress (Ni et al., 2016; Tang et al., 2020).
Moreover, glutamate and its derivatives, such as NMDA, actively stimulate the expression of o-amino-3--
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors in spermatogonial cells, enhancing the cell’s prolif-
eration mechanisms, evidenced by increased levels of cellular markers like proliferating cell nuclear antigen and Aurora B, which are
crucial for cell division and the overall process of sperm production (Santillo et al., 2019).

The decline in glutamate concentrations with age in boar semen observed in our study could reflect a shift in metabolic and cellular
priorities as boars mature. Older boars may require less glutamate-mediated signalling as the frequency of spermatogenesis stabilises,
or as the efficiency of receptor-mediated processes increases. This hypothesis is supported by studies of male reproductive organs in
mice indicating that elevated levels of monosodium glutamate resulted in abnormal sperm, reduced sperm count, smaller testis,
smaller epididymis, smaller diameters of seminiferous tubules, oxidative damage, histological modifications, alterations in the
anatomy, ultimately affecting sperm quality and reproductive function (Kayode et al., 2020). Likewise, elevated glutamate levels in
Drosophila spermatids were associated with the formation of abnormal mitochondrial structures (Vedelek et al., 2023).

Taurine is another metabolite showing significant decrease between boars from the first age and the other two older ages in both
sperm and seminal plasma. Taurine is a nonprotein amino acid that is synthesised in abundance in male reproductive organs and plays
a role in maintaining the structural integrity of sperm membranes, improving sperm viability and motility, and promoting sper-
matogenesis by acting on the hypothalamus-pituitary-testis axis. It acts as an antioxidant and protects spermatozoa from oxidative
stress, preventing DNA damage (Li et al., 2023). The addition of taurine during storage enhances motility, viability and membrane
integrity (Jang et al., 2006). One could speculate that an increased level of taurine in younger boars could be beneficial for improving
their sperm quality. A practical application of this idea might involve adding taurine to semen extenders to further improve the sperm
quality of the youngest boars.

Besides, we observed significant correlations between concentrations of several metabolites between spermatozoa and seminal
plasma, including glutamate, hydroxyproline, taurine, choline, creatine, cystine, aspartate, L-carnitine and a-aminobutyric acid. These
findings suggest potential metabolic interactions and exchange mechanisms between spermatozoa and seminal plasma (Huacuja et al.,
1981). This metabolic crosstalk may play a crucial role in supporting sperm function, maturation, and development. Free amino acids
in seminal plasma are produced in the testes, epididymis, and accessory sex glands, as well as by the action of endogenous proteolytic
enzymes on seminal proteins after ejaculation (Roussel and Stallcup, 1967).
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4.2. Changes in sperm metabolites as boar mature

Our analysis identified variations in the concentrations of key metabolites reflecting significant changes in the metabolome as boars
mature. Besides glutamate and taurine, our study also showed a clear decline in alanine concentrations in boar spermatozoa with
increasing age. The observed second-highest VIP score underlines the importance of alanine in the metabolic integrity of spermatozoa.
Alanine in boar semen is important for sperm function, but studies in rams have shown that high levels may impair both total motility,
and progressive motility, and reduce post-thaw sperm motility in rams (Sangeeta et al., 2015). On the other hand, too-low levels are
associated with azoospermia in stallions (Castiglione Morelli et al., 2021), indicating that adequate levels of alanine are required.

Aspartate and choline showed similar trends as their concentrations in spermatozoa were reduced significantly when boars reached
Age 2, suggesting these amino acids play an important role in the metabolic changes during sexual maturation of the boar. The high
VIP scores of aspartate and choline further emphasise their relevance in metabolism during sexual maturation in boars. D-aspartate is
an endogenous amino acid in animals, synthesised in testis (D’Aniello et al., 1996; Topo et al., 2009). A study has shown that
D-aspartate supplementation significantly increases sperm concentration and motility in oligoasthenozoospermic and asthenozoo-
spermic patients (D’Aniello et al., 2012), stimulates testosterone synthesis in rat Leydig cells (Nagata et al., 1999) and improves the
quality of semen in rabbits (Macchia et al., 2010). D-aspartate, however, at higher concentrations was found to suppress germ cell
differentiation and reduce the number of meiotic cells in cultured mouse testis tissue (Tomita et al., 2016), indicating a potential
negative impact when administered excessively. Choline is integral to the formation and maintenance of sperm membrane structure
and fluidity, which are essential for the maturation and fertilizing capacity of spermatozoa. Alterations in enzymes involved in choline
metabolism, such as phosphatidylethanolamine N-methyltransferase (PEMT), and choline dehydrogenase (CHDH), due to gene
sequence variations can affect spermatogenesis, sperm quality, sperm motility patterns, sperm mitochondrial morphology and sperm
ATP concentrations (Johnson et al., 2012; Lazaros et al., 2012; Everett, 2022). Choline promotes sperm motility via cholinergic sig-
nalling as it is taken up by sperm and converted to acetylcholine by choline acetyltransferase, and acetylcholine is then released to
stimulate sperm motility (Bray et al., 2006; Hanley, 2023). Our results showed the highest level of choline in the youngest group. This
may serve as a mechanism to increase motility in spermatozoa from young, not fully matured boars; however, a delicate balance is
required, since excess choline can transiently impair spermatogenesis, as observed in rats (Vachhrajani et al., 1993).

Taken together, the observed patterns in this study of the concentration of glutamate, alanine, aspartate, choline, and taurine, and
their decline with age in boar sperm may be closely related to the functional demands placed on spermatozoa at different stages of
sexual maturity. These findings highlight the dynamic role of these amino acids in initiating critical reproductive processes and
adapting to the boar’s changing physiological landscape as it matures. Moreover, the pathway analysis highlighted the significance of
various metabolic pathways in the sperm maturation process, also identifying alanine, aspartate and glutamate metabolism, histidine
metabolism, and tyrosine metabolism as important. Histidine is an essential amino acid that is crucial for protein synthesis, proton
buffering, metal ion chelation, scavenging of reactive oxygen and nitrogen species, buffering intracellular pH and is a precursor to
critical metabolites like carnosine and histamine (Brosnan and Brosnan, 2020; Holecek, 2020), thus could play vital functions in
regulating pH levels, ionic balances, protecting spermatozoa from oxidative stress and other cellular processes and function during
sperm development process. Tyrosine phosphorylation, a key aspect of the tyrosine metabolism pathway, is linked to various aspects of
sperm development such as spermatogenesis and epididymal maturation of sperm. It promotes the acquisition of motility and
fertilization ability through interaction with secretory proteins and biochemical modifications like cyclic adenosine monophosphate
(cAMP) elevation (Jjiri et al., 2012). A study by Lewis and Aitken shows that cAMP elevation results in intense tyrosine phosphory-
lation in sperm proteins of caput and cauda epididymis, thus influencing sperm maturation (Lewis and Aitken, 2001).

4.3. Role of seminal plasma

In this study, 10 amino acids demonstrated overall significant differences between age groups in the boars’ seminal plasma, with
only glutamate and taurine showing significant pairwise differences between at least two age groups. In comparison, we observed a
higher number of amino acids (15) showing significant pairwise age-related changes in the sperm cell metabolome. A less pronounced
change in the amino acid composition of seminal plasma suggests that its amino acids may not undergo extensive remodelling during
sexual maturation as compared to sperm amino acids. Seminal plasma plays an important role in maintaining an optimal environment
for sperm by providing a protective and nutritive medium that supports their maturation. Abundant amino acids in seminal plasma,
such as glutamate, glycine, L-carnitine, creatine, and taurine, are known to play key roles in energy metabolism, and antioxidant
activity, and serve as essential precursors for various sperm-related processes such as spermatogenesis, sperm maturation, normal
sperm morphology, motility, capacitation, fertilization and protection of sperm from oxidative damage (Cheon and Kim, 2015;
Umehara et al., 2018; Li et al., 2023; Mateus et al., 2023; Vedelek et al., 2023).

The variable importance projection (VIP) score analysis identified alanine and glycine as the most important metabolites
contributing to the seminal plasma amino acids profile variation. Alanine and glycine are abundant amino acids in seminal plasma
(Ugur et al., 2020) which provide metabolic support to spermatozoa. The presence of glycine in seminal plasma suggests its potential
role as an antioxidant, aiding in the quality of spermatozoa (Nazif et al., 2022).

Overall, distinct metabolite profiles and age-related dynamics observed in spermatozoa and seminal plasma highlight the speci-
alised roles of these compartments in supporting sperm maturation and function.
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4.4. Study limitations and practical implications

While our targeted LC-MS analysis in boar sperm and seminal plasma provides insights into metabolic changes during sexual
maturation, a few considerations warrant mention. Our standardised housing and feeding conditions minimised confounding factors,
and the results are representative of the Duroc population at Norsvin Al station but may not fully reflect the variability of different Al
stations around the world. Our study included 15 randomly selected Duroc boars allowing detailed analyses but expanding this sample
size to include more animals and other breeds would strengthen the broader context of these findings and add knowledge about breed-
related differences. Additionally, employing an untargeted metabolomics approach could help identify novel and various classes of
metabolites that differ with age. Establishing relationships between metabolites and sexual maturity could pave the way for screening
protocols during the training period to identify sexually matured boars or targeted dietary interventions (e.g., amino acid supple-
mentation) to accelerate maturation or sustain semen quality in young boars. Such strategies would allow breeding programs to
integrate young boars earlier without compromising semen quality, optimizing both efficiency and economic returns for the pig
industry.

5. Conclusion

This study revealed significant changes in amino acid and amine concentrations in boar spermatozoa and seminal plasma during
sexual maturation even within the small age differences. Spermatozoa exhibited pronounced alterations in 15 amino acids, with
glutamate, alanine, aspartate, and choline emerging as critical markers, while for seminal plasma glutamate and taurine were iden-
tified as pivotal amino acids. These robust differences highlight their utility as potential biomarkers for the assessment of sexual
maturity in boars.
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Abstract

Background Boars undergo physiological and biochemical changes in semen composition as they grow

from puberty to sexual maturity. However, comprehensive metabolomic profiles of boar semen remain uncharacter-
ised. Understanding metabolic alterations in semen during this period is important for optimising reproductive per-
formance in breeding programs. The aim of this study was to characterise the semen metabolome as boars mature,
utilising an untargeted metabolomic approach. Semen samples were collected from 15 Duroc boars at three devel-
opmental ages:~7 months, 8.5 months, and 10 months. Sperm and seminal plasma were separated and analysed
by hydrophilic interaction and reversed-phase liquid chromatography coupled with mass spectrometry to capture

a wide range of metabolites.

Results We identified a total of 4,491 features in boar semen, annotating 92 distinct metabolites. Amino acids, pep-
tides and analogues constituted the most abundant components, followed by fatty acid esters. Principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-DA) showed a clear separation between metabo-
lomic profiles by age groups. PERMANOVA analysis of PCA scores confirmed statistically significant differences

(P <0.05) between younger (7 months) and more mature boars (8.5 months and 10 months). Pathway analysis
identified porphyrin metabolism, taurine and hypotaurine metabolism, and glycerolipid metabolism as significantly
enriched pathways in sperm, while glutathione and nitrogen metabolism were prominently enriched in seminal
plasma. Using linear modelling, partial Spearman correlation and random forest analyses, we identified homoisovanil-
lic acid as a key metabolite discriminating age groups in both sperm and seminal plasma. Additionally, L-glutamic
acid, decanoyl-L-carnitine and N-(1,3-Thiazol-2-yl)benzenesulfonamide emerged as important sperm metabolites,
while glyceric acid, myo-inositol, glycerophosphocholine, and several other compounds were identified as critical
seminal plasma metabolites.

Conclusion This study provides a detailed characterisation of metabolic changes in Duroc boar semen dur-
ing the transition from puberty to sexual maturity. Our findings enhance the understanding of reproductive develop-
ment and could inform strategies to assess sexual maturity in breeding programs.

Keywords Global metabolomics, Seminal plasma, Sexual maturity, Spermatozoa, Sus scrofa domestica
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Introduction

Sexual maturity influences reproductive performance,
genetic improvement, and overall productivity in swine
production. Boars reach sexual maturity between
three and seven months, with substantial breed varia-
tion influenced by genetic and environmental factors
[1-3]. Early maturing breeds like Chinese Meishan
and Portuguese Bisaro boars attain spermatogenesis by
2.5-3 months of age [4], with sexual capacity evident
between 3.5 and 4.4 months of age [1, 3]. Modern com-
mercial breeds do not reach full sexual maturity until
approximately 7 months of age, and their fertility con-
tinues to increase substantially with age, reaching its
peak between 9 and 20 months of age [4]. Typically,
Duroc boars are reported to reach puberty at about
5 months [5], and sexual maturity by 9 months [3], with
the highest sperm production at around 18 months [6,
7]. Early maturation enables the use of younger males
for breeding, thereby shortening generation intervals
and accelerating genetic progress [8].

As boars mature sexually, there is a marked increase
in ejaculate volume and total sperm number per ejac-
ulate, which are important for artificial insemination
(AI) practices [9, 10]. It is reported that between 8 and
10 months of age, there is an increase in the sperm
length, width and head area, along with a reduction in
the percentage of sperm with minor abnormalities [11].
This maturation period also features increased testicu-
lar weight [12] and hormonal shifts [12, 13] driving the
development of secondary sexual characteristics and
libido [14].

Determining sexual maturity onset in boars presents
several challenges. Traditional methods of assessment,
such as physical examinations, hormonal assays, and
assessment of semen quality, often have limitations.
Physical examinations assess only external characteris-
tics, which may not accurately reflect internal physiologi-
cal readiness for reproduction. For example, Hezuo boars
show libido at around 1.5 months, but develop abundant
spermatogonia cells after 4 months [15]. Hormonal assays
are influenced by various external factors such as stress
and nutrition [16—-19], leading to fluctuations in hormone
levels, which may not reliably indicate sexual maturity.
Parameters such as motility, morphology, and acrosome
integrity are reported to vary significantly between boars
and within ejaculates from the same boar [20], and their
relationship to sexual maturity remains poorly charac-
terised. There is no single parameter that defines the
animals’ sexual maturity, as progression is gradual rather
than an abrupt occurrence [21]. This highlights the need
for more comprehensive approaches that could provide
complementary information for effective sexual maturity
assessment.
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Although genetic companies are increasingly using
younger males to accelerate genetic progress [22], select-
ing animals that have not yet achieved true reproductive
maturity creates potential conflicts. Untargeted metabo-
lomics is a powerful analytical method that offers thor-
ough profiling of metabolites, which are end products of
cellular processes in biological samples, without needing
prior knowledge of which specific metabolites are pre-
sent. This approach provides insights into physiological
states, biochemical pathways and metabolic processes
occurring within an organism [23, 24]. Zhao et al. utilised
untargeted metabolomics to identify potential biomark-
ers in the small yellow follicle of chickens during sexual
maturation, highlighting L-arginine, L-prolinamide, (R)-
4-hydroxymandelate, glutathione and homovanillic acid
as important metabolites in this process [25].

The sperm metabolite profile can provide insights
into their functional capacity, including fertility [26, 27],
motility and viability [28]. Studies have identified specific
metabolites in sperm associated with fertility outcomes;
for example, gamma-aminobutyric acid (GABA), carba-
mate, benzoic acid, lactic acid, and palmitic acid were
reported to be significantly different between high-fer-
tility and low-fertility bulls [26]. Similarly, cysteine and
glutamic acid in sperm were reported to have a negative
association with fertility, while aspartic acid, leucine and
serine were reported to have a positive association with
fertility in bulls [27]. Seminal plasma contains a rich array
of metabolites that provide nutrients and protective fac-
tors to enhance sperm survival and help them navigate
through the female reproductive tract [29]. Velho et al.
reported an association of 2-oxoglutaric acid and fruc-
tose in seminal plasma with the fertility of bulls [30]. A
study in humans comparing seminal plasma metabolites
in young men aged 26 to 30 and older men aged 45 to
54 identified that age affects citrate cycle, oxidative phos-
phorylation, and glutathione metabolism [31]. This shows
valuable insights into how age impacts seminal plasma
composition and consequently male fertility.

Our recent targeted metabolomic analysis of amino
acids and amines in boar semen identified key sexual
maturity-related changes, particularly in glutamate, ala-
nine, aspartate and choline [32]. However, this targeted
approach captured only a fraction of the metabolic land-
scape, leaving the broader range of lipids, energy metabo-
lites, antioxidants, and signalling molecules unexplored,
highlighting the necessity of untargeted metabolomics
research in this area.

The present study aimed to provide a comprehensive
metabolomic characterisation of boar semen during sex-
ual maturation, identifying key metabolites and pathways
that change during this critical reproductive transition.
This was performed through a longitudinal study design



Shrestha et al. Journal of Animal Science and Biotechnology

collecting semen samples from Duroc boars across three
maturation time points (7, 8.5, and 10 months), and ana-
lysing sperm and seminal plasma separately by untar-
geted metabolomic analysis (LC-MS/MS platform).
This holistic discovery profiling approach enabled the
identification of metabolic fingerprints of reproductive
development and major metabolic pathways involved in
sexual maturation. Our work represents the first in-depth
metabolomic exploration of boar sexual maturation,
establishing a foundational knowledge base for future
research and breeding strategies.

Methods

Study design and sample collection

Fifteen male Duroc swine (Sus scrofa domesticus)
selected randomly from the commercial breeding line
of Norsvin SA (Norway) were followed longitudinally
over three months. Semen was collected repeatedly from
these boars from March to June 2023, encompassing
three growth phases: 7.16+0.44 months (designated as
7 months), 8.56 + 0.46 months (designated as 8.5 months),
and 9.94 + 0.47 months (designated as 10 months).

During the first semen collection at 7 months of age,
the boars were kept in individual pens measuring 4 m?
within an isolation unit, as approved by the Norwe-
gian Food Safety Authority, where they were trained for
semen collection. Semen collection began as soon as
the boars showed interest in mounting the dummy and
were physically able to produce an ejaculate. The same
boars were transferred to an Artificial Insemination (AI)
centre at 8.5 months of age, where they were housed in
larger pens of 6 m In compliance with Council Directive
90/429/EEC, Norsvin SA commences commercial semen
distribution from boars from approximately 8.5 months
of age.

Throughout both the isolation unit and the Al centre,
consistent housing conditions, including ventilation,
lighting and temperature, were maintained. All the boars
received the nutritionally balanced commercial diet. The
semen collection was performed using the gloved-hand
technique by the same trained personnel for all boars
to maintain consistency. The boars were briefly moved
from their home pens to a separate area for collection.
This longitudinal design with repeated sampling from the
same individuals allowed us to capture true developmen-
tal changes while minimising random inter-individual

variability.

Semen samples

Sperm concentration of the collected samples was
assessed at the isolation unit and AI station using
NucleoCounter® SP-100™ (Chemometec, Allerad, Den-
mark). Semen samples were diluted in Androstar® Plus
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extender (Minitube, Germany) to 25 million sperm/ml
and incubated at 38 °C for 20 min before assessment of
motility by Sperm Class Analyzer (Microptic SL, Spain).
Spermatozoa were identified by head area 20-80 pm? and
the defined threshold for motility was velocity average
path>10 pm/s. The samples were transported in Styro-
foam boxes to the laboratory within 30 min. For sperma-
tozoa isolation, 200 million sperm cells from each raw
semen sample were centrifuged at 600X g for 10 min at
room temperature, and the supernatant was discarded.
Seminal plasma was separated from the raw semen sam-
ple and prepared through a two-step centrifugation pro-
tocol (600 x g at room temperature and 10,000 % g at 4 °C)
for 10 min. Thereafter, each seminal plasma sample was
carefully examined under a microscope across multiple
fields of view to confirm the complete absence of sperma-
tozoa. Both separated sperm pellet and seminal plasma
were snap-frozen in liquid nitrogen and stored at —80 °C
until metabolomic analysis.

Untargeted metabolomics profiling

Untargeted metabolomics profiling was conducted by
high-performance liquid chromatography (Agilent 1290,
Agilent, Santa Clara, CA, USA) coupled to a high-res-
olution quadrupole time-of-flight mass spectrometer
(Bruker Impact II QTOF, Bruker, Bremen, Germany).

Sample extraction was conducted by an in-house modi-
fied SIMPLEX extraction [33] for the removal of lipo-
philic components and isolation of a hydrophilic phase
for metabolome analysis. For the seminal plasma, a sam-
ple volume of 100 pL was utilised. For the spermatozoa
samples, the isolated spermatozoa pellet was redissolved
in 500 pL of PBS buffer prior to sample extraction, and a
volume of 100 pL was utilised in the sample work-up. To
isolate the metabolites, the lipophilic components were
first removed by extraction with a combination of metha-
nol (225 pL ice-cold methanol) and 750 uL methyl terz-
butyl ether, added sequentially with the sample vortexed
between additions. Finally, 400 puL of water was added,
followed by another vortex for 20 s. After centrifugation
at 14,000 x g for 2 min at 10 °C, the major portion of the
400 pL of the upper lipophilic phase was removed before
the addition of 50 uL chloroform, followed by a 10-s vor-
tex, causing an inversion of the lipophilic and hydrophilic
phases. 100 pL of the upper hydrophilic phase was col-
lected for analysis, evaporated to dryness, and resolubi-
lised in 50 pL methanol prior to analysis.

Mass spectrometric data were obtained from a Bruker
Impact II mass spectrometer coupled to an Agilent 1290
HPLC. All data was acquired utilising a data-dependent
acquisition method with a cycle time of 0.5 s. Two chro-
matographic methods were utilised, one reverse-phase
positive ion mode (RP-Pos) method using a Waters BEH
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C18 (2.1 mmXx50 mm) column and one separation in
hydrophilic interaction liquid chromatography (HILIC)
mode employing a Waters BEH amide (2.1 mm X 50 mm)
column. Data for reversed-phase mode chromatographic
separation of metabolites was acquired in positive ionisa-
tion mode, while negative ionisation mode was employed
for the HILIC separation. Feature extraction, initial data
quality control and metabolite annotation were con-
ducted utilising Bruker MetaboScape software. Annota-
tion is based on a match of observed mass and fragments
against the NIST metabolite database integrated in the
MetaboScape software.

Annotated metabolites were grouped into chemical
classes (superclass) by ClassyFire [34].

Statistical analysis

All statistical analyses of metabolites were performed
using MetaboAnalyst 6.0 [35], MetaboAnalystR 4.0 [36]
and R 4.4.2 [37]. Metabolite data were analysed sepa-
rately for spermatozoa and seminal plasma to account for
the distinct sample types.

For both the identified metabolites in spermatozoa
and seminal plasma, data preprocessing before statis-
tical analysis included normalisation, transformation,
and scaling steps. The preprocessing steps were chosen
based on a systematic evaluation using MetaboAnalyst
6.0, with different methods selected for each dataset to
achieve optimal normalisation results. Normalisation
effectiveness was evaluated using MetaboAnalyst’s inte-
grated diagnostic tools, combining visual assessment of
distribution density plots and variance box plots with
quantitative metrics including skewness and variance sta-
bilisation. For the spermatozoa RP-Pos data and HILIC
dataset, all features were normalised by sum, log10 trans-
formation, and autoscaling. Similarly, annotated sperma-
tozoa metabolites from RP-Pos were normalised by log10
transformation and autoscaling, whereas those from
HILIC were normalised by the sum, log10 transformation
and mean-centering.

Likewise, all features in seminal plasma from RP-
Pos were normalised by sum, logl0 transformed, and
autoscaled, whereas HILIC data were normalised by
sum, logl0 transformed, and Pareto-scaled. For anno-
tated metabolites in the seminal plasma, data from
both RP-Pos and HILIC were normalised to the sam-
ple median, logl0 transformed, and autoscaled before
statistical analysis. For all discovered features, princi-
pal component analysis (PCA) was performed to assess
clustering patterns, and a pairwise PERMANOVA test
was conducted on PCA scores to evaluate the statisti-
cal significance of group differences. The clustering
pattern of metabolites was assessed using partial least
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squares discriminant analysis (PLS-DA) models. The
model performance was evaluated using R* and Q? val-
ues obtained through cross-validation. Model validity
was further confirmed using a permutation test (2000
permutations) based on the separation distance.

Annotated metabolites were analysed using the
limma package in R [38]. Age groups were modelled
as a fixed effect, and each boar’s three measurements
were treated as a block via limma’s duplicateCorre-
lation to estimate within-animal correlation. Family
relationships were included as a fixed covariate in the
design matrix. ANOVA-style contrasts (8.5 months
vs. 7 months, 10 months vs. 7 months, 10 months vs.
8.5 months) were tested for overall differences across
time points. Additionally, partial Spearman rank cor-
relations were computed on annotated metabolites
using the Correlation and Partial Correlation Analysis
module. The analysis assessed monotonic associations
between metabolite abundance levels and longitudinal
time points (age groups), independent of boars’ influ-
ence. The Benjamini—Hochberg method was applied to
adjust for multiple testing, with adjusted P-values < 0.05
considered statistically significant. Random forest
analysis was conducted with 5,000 trees and six predic-
tors, and the model accuracy was evaluated using the
out-of-bag (OOB) error rate. Annotated metabolites
were ranked for their importance based on the mean
decrease accuracy (MDA) value.

Sperm quality traits were handled separately in R
4.4.2 [37]. Concentration was fitted with a Gamma
mixed-effects model and a log link, and motility with
a binomial logit mixed-effects model, both run in lme4
1.1-36 [39]. Age was used as a fixed effect, individual
boar and parents were used as random effects, captur-
ing shared genetics and repeated measures. Pairwise
age contrasts were extracted with emmeans 1.10.7
[40], and their P-values were adjusted with Benjamini—
Hochberg method. Model fit and residual patterns were
checked with DHARMa 0.4.7 [41] simulated residuals.

Pathway analysis

Pathway analysis was performed on all identified fea-
tures in MetaboAnalyst 6.0 [35] using Mummichog
version 2 with a P-value cutoff of 0.05. The Sus scrofa
KEGG database was used as a reference for the pathway
mapping. Pathway enrichment and topology analyses
were conducted to identify significantly altered meta-
bolic pathways, with significance determined based on
pathway impact scores and pathway P-values, align-
ing with the significance threshold set at an adjusted
P-value<0.05.
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Results

Sperm quality was slightly different between the age
groups. Sperm concentration declined significantly from
7 months to 8.5 months and 10 months of age, while
motility increased in the same time interval (Table 1,
adjusted P<0.05).

Global metabolomic profiling

A total of 4,491 features were detected across all samples
in both sample types, spermatozoa and seminal plasma.
Specifically, 2,410 and 2,251 features were identified
using RP-Pos and HILIC methods, respectively. Of these,
92 metabolites were successfully annotated using the
NIST metabolite database integrated in the MetaboScape
software, of which 65 were from RP-Pos and 27 were
from HILIC.

The annotated metabolites were grouped into vari-
ous chemical superclasses, including organic acids and
derivatives, lipids and lipid-like molecules, organic oxy-
gen compounds, benzenoids, organoheterocyclic com-
pounds, organic nitrogen compounds, nucleosides,
nucleotides and analogues, phenylpropanoids and pol-
yketides, alkaloids and derivatives, organometallic com-
pounds and organosulfur compounds (Fig. 1). Amino
acids, peptides and analogues (n=13) were the predomi-
nant compounds in organic acids and derivatives. Like-
wise, fatty acid esters (n=10) were the most abundant,
followed by glycerophosphocholines (n=6) in the lipids
and lipid-like molecules superclass. Detailed information
can be found in Table S1 (Additional file 1).

Multivariate assessment of semen metabolome

In both spermatozoa and seminal plasma, PCA score
plots (Figs. 2a, b and 3a, b) showed intriguing metabo-
lomic profile patterns across age groups in both the
RP-Pos and HILIC datasets. The first two principal com-
ponents (PC1 and PC2) explained a total of 21.3% and
17.5% of the variance in the HILIC and RP-Pos datasets
for spermatozoa, respectively (Fig. 2a and b). Seminal
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plasma showed comparable variance explanation, with
PC1 and PC2 accounting for 16.9% and 19.3% of the vari-
ance in the HILIC dataset and RP-Pos dataset, respec-
tively (Fig. 3a and b).

Across both sample types, 7 months displayed higher
metabolomic variability compared to those from 8.5 and
10 months. PERMANOVA analysis of the PCA scores
revealed significant differences in metabolomic disper-
sion between younger boars (7 months) and both older
age groups (adjusted P<0.01) for all datasets examined.
The greater variability in the youngest cohort was par-
ticularly pronounced, while samples from 8.5-month and
10-month-old boars clustered more tightly.

The PLS-DA model score plot (Fig. 2c and d) showed
effective separation of the three ages in spermatozoa.
The RP-Pos dataset showed strong predictive capability
(accuracy=0.76, R>=0.99, Q*=0.64), while the HILIC
dataset showed even better classification capability
(accuracy=0.84, R*=0.99, Q?*=0.80). Seminal plasma
analysis yielded similar results. The score plots from PLS-
DA (Fig. 3c and d) demonstrated a distinct separation
between the three ages for both LC-MS methods, with
model performance indicating a strong predictive capa-
bility for the HILIC dataset (accuracy=0.87, R*=0.99,
Q%=0.77). For the RP-Pos dataset, it showed good pre-
dictive ability with a Q* of 0.62, higher classification
accuracy (84%) and goodness of fit (R>=0.98).

While PCA revealed variability differences between age
groups, supervised PLS-DA modelling could effectively
distinguish age-related metabolomic patterns.

Pathway analysis of metabolites in semen

Pathway analysis with all features of spermatozoa
identified several pathways that differed among age
groups, of which three were significantly enriched in
sperm (P<0.05). These included porphyrin metabolism
(P=0.002, enrichment factor=6.25), taurine and hypo-
taurine metabolism (P=0.006, enrichment factor=12.5),
and glycerolipid metabolism (P=0.006, enrichment

Table 1 Sperm concentration and percentage motility in boar spermatozoa

Parameter Age Mean+SD Median Range

Concentration, 10%/mL 7 months 466.80+194.50° 508.30 156.70-757.10
8.5 months 316.90+117.50° 311.00 125.00-511.90
10 months 352.40+138.10° 31530 107.10-651.40

Motility, % 7 months 85.87+9.38° 8943 55.23-92.76
8.5 months 9197+1.59° 9198 89.87-95.31
10 months 90.73+322° 9137 83.92-94.63

Semen samples were collected from 15 Duroc boars at three time points: initially when the animals were approximately 7 months old, followed by subsequent
collections at 8.5 and 10 months. Values represent mean + standard deviation, with median and range provided for each parameter. Within age, values sharing a letter
are not significantly different (GLMM post hoc, adjusted P> 0.05). Values with different letters differ significantly (GLMM post hoc, adjusted P<0.05)
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Organic acids and derivatives
Lipids and lipid-like molecules
Organic oxygen compounds
Benzenoids
Organoheterocyclic compounds

Organic nitrogen compounds 3(3.3%)

Count

Phenylpropanoids and polyketides 2 (2.2%)

Nucleosides, nucleotides and analogues 2 (2.2%)
Organosulfur compounds 1(1.1%)
Organometallic compounds 1(1.1%)

Alkaloids and derivatives 1(1.1%)
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26 (28.3%)

13 (14.1%)

8 (8.7%)

7 (7.6%)

10 20 30
Superclass

Fig. 1 Chemical superclasses of annotated metabolites in boar semen with percentage distribution. Annotated metabolites were classified

into chemical superclasses based on their structural properties. The bar plot displays the percentage and absolute number of metabolites identified
in each superclass. Semen samples were collected from 15 Duroc boars, and spermatozoa were isolated from the seminal plasma for metabolomic
analysis. Metabolite abundances were measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos chromatographic
methods. Data from both HILIC and RP-Pos were merged for this analysis. The same annotated metabolites were observed in both spermatozoa

and seminal plasma

factor=3.0). In seminal plasma, two pathways were sig-
nificantly enriched (P<0.05). These included glutathione
metabolism (P=0.03, enrichment factor=2.57) and
nitrogen metabolism (P=0.03, enrichment factor=2.57).
Beyond these significant pathways, numerous additional
pathways were also identified, showing age-related varia-
tions. The complete pathway analysis of spermatozoa and
seminal plasma is detailed in Table S2 (Additional file 2)
and Table S3 (Additional file 3), respectively.

Identification of key metabolites

In spermatozoa, the longitudinal analysis of metabolite
intensity levels across boar sexual development revealed
eight annotated metabolites with significant changes
across ages (Fig. 4 and Table 2). L-Glutamic acid and
decanoyl-L-carnitine showed the pronounced statistical
significance, with consistent decreases at both 8.5 months
and 10 months compared to 7 months (adjusted P<0.05).
Octanoylcarnitine also showed a decrease at 10 months
(adjusted P<0.05). Among the phospholipid species,
both PC(0-16:0/22:6) and N-(octadecanoyl)sphing-
4-enine-1-phosphocholine showed significant decreases
at 10 months compared to 7 months (adjusted P<0.05).

Several metabolites showed an abundance increase
with age. Homoisovanillic acid and N-(1,3-Thiazol-2-yl)
benzenesulfonamide abundance increased at 10 months,
while succinic acid displayed increased abundance at
8.5 months compared to 7 months (adjusted P<0.05).

Similarly, the longitudinal analysis of boar seminal
plasma identified 17 annotated metabolites with sig-
nificant temporal abundance changes across three ages
(P<0.05, Fig. 5, Table 3). 1-Formylpyrrolidine-2-car-
boxylic acid and myo-inositol exhibited the most sta-
tistically significant changes (adjusted P=1.81x107%),
showing increased abundance at 10 months compared
to 7 months. The abundance of 1-formylpyrrolidine-
2-carboxylic acid also increased at 8.5 months (adjusted
P<0.05). Homoisovanillic acid likewise displayed ele-
vated abundance at 10 months in comparison to both
8.5 months and 7 months (adjusted P<0.05). Sev-
eral metabolites showed an increase in abundance at
10 months relative to 7 months (adjusted P<0.05), includ-
ing 7-hydroxychromanone, oleamide, isobutyrylphloro-
glucinol, 4-O-B-galactopyranosyl-D-mannopyranose, and
oleoyl ethylamide.

Several metabolites exhibited a decrease in abundance
at 10 months compared to 7 months (adjusted P<0.05)
in seminal plasma, including glycerophosphocholine,
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Fig. 2 Score plots from global metabolomic profiling of boar sperm across three ages. Principal Component Analysis (PCA) score plots: (a) based
on HILIC method and (b) based on RP-Pos method, showed metabolomic profiles with greater variability in 7-month-old boars, while Partial Least
Squares Discriminant Analysis (PLS-DA) score plots: (c) based on HILIC method and (d) based on RP-Pos method showed effective classification
of age groups. Semen samples were collected from 15 Duroc boars at three time points: initially when the animals were approximately 7 months
old, followed by subsequent collections at 8.5 and 10 months. Spermatozoa were isolated from the seminal plasma, and metabolite abundances
were measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos methods

glyceric acid, and 3-indoleacetic acid. Glycerophos-
phocholine and 3-indoleacetic acid also demonstrated
reduced abundance at 8.5 months relative to 7 months.
Similarly, N-(octadecanoyl)sphing-4-enine-1-phospho-
choline showed a decrease at 8.5 months in comparison

to 7 months.

Correlation of semen metabolites with age

Partial Spearman correlation analysis, adjusting for boar
variability, confirmed strong relationships between age
and four annotated metabolites in spermatozoa (Addi-
tional file 4: Table S4): L-glutamic acid (p=-0.58,

FDR=0.0009), decanoyl-L-carnitine (p=—0.45, FDR=0.035),
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Fig. 3 Score plots from global metabolomic profiling of boar seminal plasma across three ages. Principal Component Analysis (PCA) score

plots: (@) based on HILIC method and (b) based on RP-Pos method, showed metabolomic profiles with greater variability in 7-month-old boars,
while Partial Least Squares Discriminant Analysis (PLS-DA) score plots: (€) based on HILIC method and (d) based on RP-Pos method showed effective
classification of age groups. Semen samples were collected from 15 Duroc boars at three time points: initially when the animals were approximately
7 months old, followed by subsequent collections at 8.5 and 10 months. Seminal plasma was separated from spermatozoa, and metabolite
abundances were measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos methods

PC(O-16:0/22:6) (p=—0.41, FDR=0.044) and N-(1,3-Thia- DL-indole-3-lactic acid showed positive correlation with age
zol-2-yl)benzenesulfonamide (p=0.57, FDR=0.0009). These = (p=0.43, FDR=0.035).
aligned with linear model trends (e.g., L-glutamic acid’s Likewise, in seminal plasma, the partial correlation
abundance decreases in older ages of boars, whereas N-(1,3-  analysis confirmed temporal associations for 12 annotated
Thiazol-2-yl)benzenesulfonamide’s abundance increases with  metabolites in seminal plasma (FDR<0.05, Additional
age). Glycerophosphocholine and octanoylcarnitine showed file 5: Table S5). Among these, homoisovanillic acid, 1-for-
negative correlation with age (p=—0.43, FDR=0.035), and = mylpyrrolidine-2-carboxylic acid, myo-inositol, 7-hydrox-
ychromanone,  oleamide, isobutyrylphloroglucinol,
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Fig. 4 Longitudinal changes in boar sperm metabolite abundance during sexual maturation. Box plots display the distribution of eight significant
metabolites across three ages in boar spermatozoa. The x-axis denotes age groups as 7 months, 8.5 months and 10 months, while the y-axis
indicates the abundance of each metabolite. Semen samples were collected from 15 Duroc boars at three time points: initially when the animals
were approximately 7 months old, followed by subsequent collections at 8.5 and 10 months. Spermatozoa were isolated from the seminal plasma,
and metabolite abundances were measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos methods

4-O-B-galactopyranosyl-D-mannopyranose and oleoyl
ethylamide showed significant positive correlation with
age (p=0.42-0.58, FDR<0.05), aligning with their pro-
gressive accumulation in linear models. Glycerophos-
phocholine, glyceric acid and 3-indoleacetic acid showed
significant negative correlation (p=-0.40 to -0.53,
FDR<0.05), consistent with sustained suppression in
linear models, suggesting a decrease in abundance with
increasing age. DL-indole-3-lactic acid emerged exclu-
sively in correlation analysis with gradual reduction in
abundance (p=-0.39, FDR <0.05) with age.

Ranking of semen metabolites

In spermatozoa, random forest analysis with an average
OOB error of 0.43 ranked L-glutamic acid (MDA =0.048),
homoisovanillic acid (MDA =0.025), N-(1,3-Thiazol-
2-yl)-benzenesulfonamide (MDA =0.019), DL-indole-
3-lactic acid (MDA =0.014) and decanoyl-L-carnitine

(MDA =0.013) as the top five contributors (Fig. 6, Addi-
tional file 6: Table S6) to the predictive accuracy of the
age group categories.

Similarly, in seminal plasma, random forest analysis
with an average OOB error of 0.47 ranked homoisovanil-
lic acid (MDA =0.064), 1-formylpyrrolidine-2-carboxylic
acid (MDA =0.025), glyceric acid (MDA =0.025), myo-
inositol (MDA =0.020) and N-(octadecanoyl)sphing-
4-enine-1-phosphocholine (MDA =0.017) as the top five
contributors (Fig. 7) to the predictive accuracy of the age
group categories (Additional file 7: Table S7).

Discussion

This study represents, to our knowledge, the first com-
prehensive untargeted metabolomic investigation of
boar spermatozoa and seminal plasma across three dis-
tinct maturation timepoints. Following the boars longi-
tudinally from puberty through sexual maturity, we have
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Fig. 5 Longitudinal changes in boar seminal plasma metabolite abundance during sexual maturation. Box plots display the distribution of key
metabolites across three ages in boar seminal plasma. The x-axis denotes age groups as 7 months, 8.5 months and 10 months, while the y-axis
indicates the abundance of each metabolite. Semen samples were collected from 15 Duroc boars at three time points: initially when the animals
were approximately 7 months old, followed by subsequent collections at 8.5 and 10 months. Seminal plasma was separated from spermatozoa,
and metabolite abundances were measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos methods

expanded our understanding of the metabolic landscape
that highlights the physiological transformations under-
lying sexual maturity.

The annotated metabolite profile in boar semen was
predominantly comprised of organic acids and deriva-
tives, followed by lipids and lipid-like molecules, with
amino acids and fatty acids dominating the composi-
tion. This compositional distribution aligns with earlier
studies in bull sperm and seminal plasma [26, 30] and
extends our previous findings on the amino acid and
amine composition in boar semen [32]. These results
support the established understanding of mammalian
semen composition and its essential roles in sperm
physiology as described by Brown-Woodman et al. [42].
For bulls, it has been reported that variations in fatty
acid profiles, including myristic acid, polyunsaturated
fatty acids (PUFAs), docosahexaenoic acid (DHA),
omega-3 fatty acids, and cholesterol, correlate with

differences in sperm motility, morphology, and concen-
tration evident in comparative studies of young versus
mature bulls [43].

Our multivariate analyses encompassing all detected
features revealed maturation trajectories in the metab-
olomic landscape. The increased metabolomic vari-
ability observed in 7-month-old boars likely reflects
the transitional metabolic state during maturation,
where individual boars may be at different stages of
sexual maturation. The ability of PLS-DA to distin-
guish between the youngest cohort and the two mature
groups in both spermatozoa and seminal plasma sug-
gests that there is a shift in metabolic profile during the
transition from puberty to sexual maturity, even across
the relatively modest six-week intervals examined in
our study. These findings complement and extend our
previous observations of age-dependent clustering in
amino acid and amine profiles [32].
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Semen samples were collected from 15 Duroc boars at three time points: initially when the animals were approximately 7 months old, followed
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Fig. 7 Top 10 metabolites distinguishing age groups in boar seminal plasma. Metabolites are ranked by mean decrease accuracy (x-axis)

from random forest analysis modelling. The plot shows metabolites on the y-axis listed in descending order of their importance for age group
classification. Semen samples were collected from 15 Duroc boars at three time points: initially when the animals were approximately 7 months
old, followed by subsequent collections at 8.5 and 10 months. Seminal plasma was separated from spermatozoa, and metabolite abundances were
measured using liquid chromatography-mass spectrometry (LC-MS) with HILIC and RP-Pos methods



Shrestha et al. Journal of Animal Science and Biotechnology

Pathway analysis in this study revealed three key
metabolic pathways in spermatozoa underlying sexual
maturation: porphyrin metabolism, taurine and hypo-
taurine metabolism, and glycerolipid metabolism. Por-
phyrin metabolism is primarily associated with heme
biosynthesis, supporting cellular respiration and redox
regulation, which are vital during sperm maturation
due to high energy demands associated with motility
[44].

The enrichment of taurine and hypotaurine metabo-
lism pathways in our dataset aligns with their known
abundance in male reproductive tissues, including testis
and epididymis [45]. These compounds are particularly
concentrated in the epididymis, where sperm maturation
occurs [46]. Hypotaurine effectively scavenges reactive
oxygen species (ROS), thus preventing lipid peroxidation
and preserving membrane integrity, as shown in rabbit
spermatozoa [47] and chicken sperm during cryopreser-
vation [48]. It can also maintain mitochondrial integrity,
inhibit DNA fragmentation, and promote spermatogen-
esis through effects on the hypothalamus-pituitary-testis
axis [45, 48]. In taurine-supplemented boar semen during
storage, it is reported that taurine improves motility and
viability [49].

The glycerolipid metabolism pathways are involved in
maintaining membrane integrity. Polyunsaturated fatty
acids (PUFAs), particularly DHA, maintain membrane
fluidity and support motility in boar sperm [50]. In mice,
lipid remodelling in the epididymis, characterised by
shifts in phosphatidylcholine (PC) acyl groups to DHA
and docosapentaenoic acid, significantly enhances sperm
motility and fertility [51], processes important for sperm
maturation.

Likewise, pathway analysis of our seminal plasma data
revealed significant enrichment of glutathione metabo-
lism and nitrogen metabolism pathways during matu-
ration. Glutathione and its associated enzymes, such as
glutathione peroxidase (GPx), provide dual protection by
scavenging H,O, and regenerating oxidised molecules,
thereby preserving membrane integrity and sperm motil-
ity [52, 53]. Moreover, the enrichment of nitrogen metab-
olism pathways in our seminal plasma analysis highlights
the importance of nitrogen-containing metabolites such
as arginine, proline, and citrulline, which contribute to
nitric oxide production, ammonia detoxification, osmotic
regulation, and antioxidant defence. These functions are
critical for sperm survival under stress conditions [54].
Although direct evidence linking nitrogen metabolism
to sexual maturation remains limited, the involvement of
these metabolites provides an interesting basis for further
exploration.

Homoisovanillic acid, a breakdown product of dopa-
mine, emerged as a significant metabolite in both
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spermatozoa and seminal plasma in our study, suggesting
fundamental roles in sexual maturity. It has been reported
that dopamine activates male sexual behaviour, even in
the absence of estrogen receptor a [55], governing both
anticipatory (motivation) and consummatory (erection
and copulation) phases of sexual behaviour [56]. A struc-
turally related phenolic compound, vanillic acid, has been
well documented for its antioxidative properties, such as
scavenging free radicals, inhibiting lipid peroxidation, and
activation of endogenous antioxidant enzymes, superox-
ide dismutase and catalase [57, 58]. This protective effect
could be especially relevant in the epididymal environ-
ment, maintained by V-ATPase and other acid/base trans-
porters, where maintaining the acidic environment is
integral for sperm maturation [59, 60].

L-Glutamic acid declined with maturation in this
study, consistent with our previous findings [32] and its
reported roles in modulating sperm motility, chemot-
axis, acrosome reaction, sperm development, and mito-
chondrial regulation [61-65]. Mechanistically, glutamate
binds to N-methyl-D-aspartate receptors, causing cal-
cium influx and magnesium release, which are vital for
sperm motility [63] and the acrosome reaction required
for oocyte penetration [64, 65]. Glutamate also enhances
antioxidant defences, regulates inflammatory responses,
and promotes spermatogonial cell proliferation [66, 67].

Decanoyl-L-carnitine, formed through esterification of
L-carnitine with decanoic acid [68], was another impor-
tant metabolite identified in boar sperm by this study.
We observed declining decanoyl-L-carnitine abundance
with age, suggesting regulatory adjustments in fatty acid
metabolism during this critical maturation window. It has
been reported that L-carnitine improves progressive and
total sperm motility in Duroc boars [69] and Simmental
bulls [70], while protecting maturing sperm from oxida-
tive stress by boosting antioxidant enzyme activities. In
addition, it supports energy metabolism by generating
ATP via transport of long-chain fatty acids into mito-
chondria for B-oxidation [71, 72]. N-(1,3-Thiazol-2-yl)
benzenesulfonamide, a sulfathiazole derivative belonging
to the sulfonamide class [73], showed increasing abun-
dance with age in our study. The involvement of sulfon-
amide-based metabolites in diverse biological activities,
including modulation of oxidative stress and cellular sig-
nalling pathways [74, 75], highlights their possible influ-
ence on spermatogenesis and sperm maturation, which
warrants further investigation.

Our seminal plasma metabolome analyses revealed
distinctive age-dependent signatures. 1-Formylpyrroline-
2-carboxylic acid showed a significant elevation in mature
boars (10 months) in our study, aligning with its known
antioxidant properties and effects on cellular redox
states [76, 77], suggesting a protective role during sperm
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maturation. Similarly, 7-hydroxychromanone accumu-
lated steadily with advancing age, bringing potent ROS
scavenging and lipid peroxidation inhibition that likely
preserve sperm viability, motility and DNA integrity [78,
79]. Oleamide showed a similar increasing abundance in
our study, most likely contributing to anti-inflammatory
and antioxidant functions [80, 81]. This aligns with the
broader role of fatty acid derivatives in spermatogenesis,
sperm maturation and improving sperm quality, as high-
lighted in previous studies [82].

Myo-inositol, a naturally occurring cyclohexane hexol
belonging to the vitamin B complex (B8), had an increas-
ing abundance as boars mature in our study. It is inter-
esting to note that previous studies have reported an
association of myo-inositol with increased sperm motil-
ity, acrosome integrity, testosterone levels, maintenance
of DNA integrity of sperm and fertilisation ability [83, 84].
It is noteworthy that motility also increased with age in
our study, which implies role of myo-inositol in motility
regulation. Its regulatory effect, earlier reported on intra-
cellular calcium levels, further supports mitochondrial
function and ATP production, essential for sperm capaci-
tation and maturation [85, 86]. Glycerophosphocholine
is predominantly synthesised in the epididymis under
androgenic control, and glyceric acid displayed a decline
with advancing age in our analysis. Glycerophosphocho-
line’s roles in osmoregulation and membrane composi-
tion [87, 88] combined with glyceric acid’s involvement
in glycolysis [89] and mitochondrial metabolism activa-
tion and reduction of systemic inflammation in humans
[90] suggest their decline represents optimisation of
conditions for maturing spermatozoa. N-(Octadecanoyl)
sphing-4-enine-1-phosphocholine, a sphingolipid com-
ponent of sphingomyelin, showed a significant decline
at 8.5 months compared to 7 months. Sphingomyelins
contribute to membrane stability and fluidity, supporting
critical functions including lipid raft formation and signal
transduction essential for capacitation and the acrosome
reaction [91, 92]. Their metabolism generates bioactive
compounds like ceramides and sphingosine-1-phosphate
that regulate apoptosis, lipid remodelling, and game-
togenesis, helping maintain membrane integrity and ena-
bling the structural changes necessary for fertilisation
[91, 93]. Additionally, sphingolipids facilitate cholesterol
efflux, enhancing membrane fluidity and protein interac-
tions critical for maturation [92], while contributing anti-
oxidant protection against oxidative damage [91].

In our study, we selected three age timepoints:
7 months (puberty with onset of mounting behaviour
and first ejaculates), 8.5 months (the industry standard
for commercial semen collection), and 10 months (sex-
ual maturity with consistent sperm production). This
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6-week interval design effectively captured the metabolic
changes during this critical puberty to sexual matura-
tion window. The longitudinal design following 15 Duroc
boars eliminated genetic variability and captured true
metabolic changes with sexual maturation rather than
inter-individual differences. However, our modest sample
size and single-breed focus limit broader applicability to
other genetic lines. In addition, the challenge of metabo-
lite annotation persisted, leaving a considerable number
of features (over 4,300) unidentified, potentially conceal-
ing valuable biological insights that could prove useful in
future studies. Improved metabolite annotation would
help unlock this hidden information, providing a deeper
understanding of the underlying biological processes.

Our comprehensive metabolomics investigation has
revealed complex metabolic changes in boar spermatozoa
and seminal plasma during the transition from puberty to
sexual maturity. The identified metabolites and pathways
contributing to membrane integrity, oxidative protection,
and energy metabolism provide fundamental insights
into reproductive development. This foundational char-
acterisation enables future development of biomarker-
based screening protocols for the early identification of
younger boars ready for breeding, reducing generation
intervals and accelerating genetic progress in commer-
cial operations. Our findings also provide a knowledge
base for developing targeted nutritional interventions
to potentially shift metabolite concentrations in young
males toward a mature metabolic profile. Furthermore,
these metabolites can serve as candidates for semen
extender supplementation for young males.

However, validation in larger, more diverse populations
will be essential, along with targeted analyses including
focused lipidomics and functional assays to clarify the
biological roles of these metabolites. Additionally, inves-
tigating how these metabolic signatures correlate with
fertility outcomes will strengthen their practical rele-
vance to reproductive biotechnology and commercial pig
breeding programs.

Conclusions

Our results reveal subtle yet important shifts in the
metabolomic composition in boar sperm and seminal
plasma as they grow from puberty to sexual maturity. We
identified numerous metabolites and pathways important
in distinguishing these age groups during sexual matura-
tion. This insight offers a valuable understanding of the
evolving metabolome, which can serve as the foundation
for future research and potential applications in the field
of reproductive biology, especially for pig breeding com-
panies interested in incorporating younger animals in the
breeding program.
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Abbreviations

Al Artificial insemination

DHA Docosahexanoic acid

FDR False discovery rate

HILIC Hydrophilic interaction liquid chromatography
LC-MS Liquid chromatography-mass spectrometry
MDA Mean decrease accuracy

00B Out-of-bag

PC Principal component

PCA Principal component analysis

PERMANOVA  Permutational multivariate analysis of variance
PLS-DA Partial least squares discriminant analysis
PUFA Polyunsaturated fatty acid

ROS Reactive oxygen species

RP-Pos Reverse-phase (positive ionisation mode)
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ABSTRACT

The objective of this study was to evaluate sperm quality of Duroc boars during sexual
maturation and examine whether these parameters were related to metabolites in semen.
Ejaculates were collected longitudinally from 28 Duroc boars at approximately 7 months of age
(Age 1), 6 weeks later (Age 2) and 12 weeks later (Age 3). Motility characteristics, acrosome
integrity, and viability were assessed on collection day and after five days storage at 18°C using
computer-assisted sperm analysis and flow cytometry, while DNA fragmentation was measured
on day five. Amino acid and amine concentrations in semen were measured by liquid
chromatography-mass spectrometry and correlated with sperm quality parameters. Motility,
rapid progressive motility, and acrosome intact live sperm increased significantly (adj P <0.05)
with boar maturation. Mature boars (Age 2 and Age 3) maintained superior sperm quality
compared to younger boars after storage. The DNA fragmentation index was low in all samples
but declined significantly from 1% at Age 1 to 0.64% at Age 2 (adj P < 0.05). Correlation
analysis showed significant relationships between sperm quality and specific metabolites.
Cystine, glutamate, aspartate, choline and taurine were inversely correlated with progressive
and rapid progressive motility, while showing positive correlation with rapid non-progressive
motility. These findings demonstrate that sperm quality continues improving beyond initial
reproductive ability, especially between Age 1 and Age 3, with improvements in motility,
viability, chromatin stability, and storage resilience. The observed relationships between
metabolites and sperm quality parameters provide insights into biochemical mechanisms

underlying sperm functionality during sexual maturation.

Keywords: Spermatozoa, Puberty, DNA-damage, Motility, Metabolites

1. Introduction

Boar sperm quality is an important determinant of reproductive success in swine, especially
given the widespread use of artificial insemination (AI) in modern pig production (Kamanova
et al., 2021). Efficient management of artificial insemination centres in porcine production is
highly dependent on the semen collection from selected sires and the assessment of sperm
quality. With the advent of genomic selection that facilitates the early identification of elite
sires, breeding companies aim to incorporate these boars into semen production at the earliest
opportunity to shorten the generation interval and accelerate genetic gain (Samor¢ and and

Fontanesi, 2016). This interest makes it essential to understand how sperm functional traits
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develop from the first ejaculation to sexual maturity and how early young boars can meet

commercial Al standards without compromising fertility.

Most studies have reported that ejaculate volume, sperm concentration, total sperm number
and motility increase after 8-9 months of age, peaking during 18-25 months, thereafter,
diminishing in commercial boars such as Duroc, Landrace, Pietrain, Hampshire and Yorkshire
(Knecht et al., 2017; Wang et al., 2017). Boars that enter production at 8-9 months yield the
highest lifetime functional sperm numbers, outperforming both very young (5-7 months) and
later starting (>10 months) according to Wang et al. (2017). Breed-specific studies in Polish
Large White, cross-bred and Duroc boars echo this trajectory: improvements in ejaculate
volume, sperm motility, plasma membrane integrity, normal sperm count and acrosome
normality are documented from around 8 months of age through adulthood (19-30 months)
(Kawecka et al., 2008; Banaszewska and Kondracki, 2012; Fraser et al., 2016). Nonetheless,
some discrepancies are reported. For instance, Duroc boars below 18 months produced smaller
volumes of ejaculates, but higher sperm concentrations compared to adults aged 18-36 months
(Hensel et al., 2023). Likewise, Kawecka et al. reported marked reductions in spermatozoa with
defects between 7.6 and 8.9 months in Duroc sires (Kawecka et al., 2008). Yet, the literature is
not entirely consistent, largely because most datasets span wide age categories, are cross-
sectional or pool multiple breeds together (Abah et al., 2023). In addition, some boars will
disappear from the dataset over time when culled due to reduced sperm quality, fertility or

breeding value.

Reproductive success is also affected by sperm chromatin quality, with younger boars (7-
10 months) exhibiting higher sperm-chromatin instability and substantially lower farrowing
rates than mature adults (18-33 months) according to (Tsakmakidis et al., 2012). This suggests
that reproductive performance may continue to improve well beyond the onset of puberty. The
DNA fragmentation index (DFI) threshold level for boar fertility and litter size is reported to
be between 2 and 6% (Evenson, 2016).

Seasonality represents another important factor influencing boar semen quality. Functional
sperm numbers per ejaculate tend to be higher from October to April and lower from May to
September (Wang et al., 2017). Studies have documented that ejaculate volume, total sperm
count and total number of motile spermatozoa peak in the cooler autumn-winter with
corresponding declines during spring-summer (April-September) (Fraser et al., 2016; Knecht
et al., 2017; Hensel et al., 2023). In DurocxPietrain boars, total sperm count is ~12% higher in
winter than summer. Young purebred Duroc boars of around 1 year old appear relatively heat-
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tolerant and provide an equal amount of semen volume as in cool season, however, the capacity
to tolerate heat gradually diminished with increasing age (Huang et al., 2010). Testosterone and
total sperm count in Duroc boars are reported to peak in fall (Borg et al., 1993). Seasonal
patterns also affect sperm morphology, number of morphologically abnormal spermatozoa,
with increased occurrence of proximal cytoplasmic droplets apex in September-October while

head defects are most common between June and July (Kamanova et al., 2021).

In addition to sperm quality parameters, there is growing interest in identifying biochemical
markers in boar semen that could shed some light on sperm functionality (Memili et al., 2020;
Mateo-Otero et al., 2021b). Differences in amino acid levels in semen have been associated
with variation in sperm motility, viability, acrosome integrity, fertility and even tolerance to
semen preservation in boars (Mateo-Otero et al., 2021a; Mateo-Otero et al., 2021b; Mateo-
Otero et al., 2023). Earlier reports from our lab have shown that several amino acids in semen
changed with sexual maturation. Moreover, pathway analysis revealed that metabolic networks
involving alanine, aspartate, glutamate and histidine, were affected by age (Shrestha et al.,
2025). These findings highlight how semen composition of metabolites changes during the
transition from puberty to sexual maturity and could also be associated with sperm

functionality.

Despite these advances, several knowledge gaps remain regarding how sperm quality
changes as pubertal boars develop into the sexually mature phase. Most previous studies
examined broad age contrasts (young vs. adult vs. old) or were cross-sectional, yielding varied
results, making it difficult to characterize the trajectory of semen parameters from puberty to
sexual maturity in the same individuals. Moreover, to our knowledge, no study has earlier
correlated comprehensive sperm quality analysis with metabolomic profiling (amino acids and

amines) in a longitudinal design focused on the pubertal to sexual maturity transition in boars.

We hypothesized that sperm motility, viability, and chromatin stability would improve
between 7 months and 10 months of age, reflecting sexual maturation and that the influence of
age on semen traits would be observable across seasons. Moreover, we hypothesized that there
is a correlation between amino acid and amine concentrations and semen quality parameters.
The aim of the present study was therefore to examine the effect of sexual maturation on sperm
quality parameters in Duroc boars. Secondly, to investigate whether sperm quality was related

to the metabolomic state of the semen sample.
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2. Materials and methods

2.1. Ethical approval

This study did not necessitate ethical approval since the boars were part of standard
semen production procedures carried out in accordance with Norwegian legal frameworks.
These encompassed the Animal Protection Act (December 20, 1974), the Animal Welfare Act
(June 19, 2009), the Regulations for Pig Management in Norway (February 18, 2003), and the
EU legislation governing pig semen production (Council Directive 90/429/EEC).

2.2. Experimental design
Sexual maturity-related changes in boar sperm functional parameters were investigated
through two complementary experiments. Semen samples were collected from 28 Duroc boars

across three maturation time-points to capture the transition during sexual maturation.

Experiment 1 examined temporal changes in sperm quality parameters. Semen samples from
all 28 boars were assessed for motility, acrosome integrity and viability on the day of collection
(Day 0) and following five days of storage at 18°C (Day 5). An aliquot of 500 pl from each

semen sample was frozen at Day 5 and stored for later analysis of DNA damage.

Experiment 2 explored the relationship between sperm quality parameters and
metabolite concentrations. Spermatozoa and seminal plasma were separated from 15 Duroc
boars, and amino acids and amines were measured in sperm and seminal plasma separately

using liquid chromatography-mass spectrometry, as detailed by Shrestha et al. (2025).

2.3. Animal material

Semen from 15 Duroc boars was collected from March to June 2023 (hereafter referred
to as spring season), while semen samples from 13 boars were collected from September to
December 2023 (hereafter referred to as autumn) randomly from the commercial breeding line
of Norsvin SA. The average ages of 28 boars were 6.9 months (Age 1, 210 days), 8.2 months
(Age 2, 251 days) and 9.7 months (Age 3, 295 days). Six-week intervals were maintained
between each collection. These intervals were specifically chosen to capture the transitions

during sexual maturation.

Initially, boars were housed in 4 m? pens in an isolation unit at Age 1 where they
underwent quarantine and semen collection training. Semen collection was initiated once
mounting behaviour was observed and collection procedures became feasible for individual

boars. These animals were then relocated to Al centre before sampling started at Age 2, where
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they were kept in 6 m? pens under standard housing conditions. Norsvin SA begins commercial
distribution of semen from boars at Age 2, following Council Directive 90/429/EEC

requirements.

Uniform management practices were implemented across both facilities (isolation unit
and Al centre) encompassing standardized nutritional regimens, ventilation, temperature, and
collection procedures. The gloved-hand technique with the same trained personnel throughout
the study period was used to collect semen samples. This longitudinal sampling approach
enabled the tracking of true changes with sexual maturity while minimizing confounding effects

associated with inter-individual variation and facility management differences.

2.4. Sample processing and transport

Sperm concentrations (Cons) were determined using the Nucleocounter® SP-100
system (Chemometec, Allerad, Denmark), with results expressed in million cells per ml. Semen
samples were subsequently diluted to a standardized concentration of 25 million spermatozoa
per ml using Androstar® Plus extender (Minitube, 84184, Tiefenbach, Germany). Semen
samples were transported from collection facilities to the University of Inland Norway
laboratory maintaining stable temperatures through insulated Styrofoam packaging in 30

minutes.

2.5. Plasma membrane and acrosome integrity assessment

The sperm samples were stained with SYTO™ 60 Red Fluorescent Nucleic Acid Stain
(S60, S11342, Invitrogen) for identification of sperm, propidium iodide (PI, P1304MP,
Invitrogen, Paisley, UK) for dead sperm, and lectin peanut agglutinin (PNA) from Arachis
hypogaea, linked with Alexa Fluor™ 488 (132460, Invitrogen) for acrosome reacted sperm.
Sperm samples were diluted to a concentration of 1 million sperm per sample in PBS (137 mM
NaCl, 2.7 mM KCI, 8.1 mM Na,HPO4:2H,0, 1.76 mM KH>PO4, pH 7.4) with fluorescent
probes giving a final concentration of 0.1 uM S60, 1.2 uM PI and 0.05 pg/ml PNA, and
incubated for 10 minutes. The samples were analysed by using the CytoFLEX Flow Cytometer
(Beckman Coulter, Fullerton, CA, USA) and CytExpert software (version 2.5). For each
sample, 10000 events were collected at slow rate. The CytoFLEX daily QC fluorophores
(Beckman Coulter, Fullerton, CA, USA) were run daily for quality control. Unstained and
single stained sperm samples were used for compensation control. The blue and red lasers (480
nm and 633 nm) were utilized, and the emission was collected by a 660/20 filter for S60, 525/40
filter for PNA-488, and a 610/20 filter for PI. Each sample was analysed in duplicate.
Spermatozoa were separated from debris using a cytogram of SSC and S60 and a PI/S60
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cytogram for further debris exclusion. The following subpopulations were subsequently defined
by gating on sperm and a PI/PNA cytogram; acrosome intact live (AIL), acrosome intact dead

(AID), and acrosome reacted dead (ARD).

2.6. Motility analysis by CASA

Sperm motility assessment was performed using computer-assisted sperm analysis
(CASA) with Sperm Class Analyzer® (Microptic SL, Spain) equipped with a phase contrast
Eclipse Ci-S/Ci-L microscope (Nikon, Japan), a BASLER Ace acA780-75 gc digital camera
(Basler Vision Technologies, Germany) and the Sperm Class Analyzer software (version
6.1.0.0). Sperm samples were incubated at 38°C for 20 min, tilted gently five times before
loading an aliquot of 3 ul into a pre-warmed Leja slide (Leja BV, Nieuw Vennep, The
Netherlands). The analyses were performed in parallel for each sample. A minimum of eight
microscope fields and at least 800 cells were examined for each sample. Camera settings were
adjusted to capture 30 images at a rate of 45 frames per second. Spermatozoa were identified
based on head area 20-80 um?. Every motility file was subjected to a quality control procedure
by visually examining that spermatozoa were correctly identified. The kinematic parameters
recorded for each sperm were velocity curved line (VCL, um/s), velocity average path (VAP,
um/s), velocity straight line (VSL, um/s), the straightness (STR) of the average path defined as
the ratio VSL/VAP (%), linearity (LIN) of the curvilinear path (VSL/VCL (%)), Wobble
(WOB), ratio VAP/VCL (%)), amplitude of the lateral head displacement (ALH, pm) and beat
cross frequency (BCF, Hz). The defined threshold for motility was VAP > 10 pm/s.
Spermatozoa exhibiting STR > 45 % were considered progressive motile (PM), VAP 10-20
um/s were considered slow (Slow), VAP 20-50 pm/s were considered medium motile
(Medium), VAP > 50 um/s and STR > 45 % as rapid progressive (RapidP), and VAP > 50 um/s
and STR < 45 % as rapid non-progressive (RapidNP). The mean values of the different
kinematic parameters of the different sub populations were calculated from single cell data from

11368 spermatozoa.

2.7. DNA damage by SCSA

Analysis of DNA was performed by the Sperm Chromatin Structure Assay® (SCSA)
procedure as described by Evenson and Jost (Evenson and Jost, 2001) with subsequent
modifications implemented by Boe-Hansen et al. (Boe-Hansen et al., 2005). Analysis was
performed using Cell Lab Quanta™ SC MPL flow cytometer with a 488 nm argon laser at 22
Mw power (Beckman Coulter, Software Version 1.0 A, USA). Sperm samples were thawed at

37°C for 1 minute and diluted to 2 million sperm/mL in 200 pL TNE buffer (10 mM Tris-HCL,
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0.15 M NaCl, 1 mM EDTA, pH 7.4). Thereafter, 400 uL acid detergent solution (0.38 M NaCl,
80 mM HCI, 0.1% Triton X-100, pH 1.2) was added which was incubated for 30 seconds.
Acridine orange (AQO) staining solution consisting of 6 pg/mL AO (A3568, Life Technologies,
USA) in a 37 mM citric acid-phosphate buffer (0.126 M Na2HPO4, 1.1 uM EDTA, 0.15 M
NaCl, pH 6) was used, from which 1.2 ml was added the sample. Samples were run in setup
mode for 3 minutes before recording 5000 events/sample. Signals were separated with a 550
nm dichroic long pass mirror and fluorescence was detected using a 525 nm band pass filter
and a 670 nm long pass filter. Prior to sample analysis, the instrument was saturated with AO
by running an equilibration solution (1.2 mL AO staining solution + 400 uL acid detergent
solution) through the system for 5 minutes. To maintain laser stability, reference boar semen
with a known DFI was used to adjust the mean green and red fluorescence signals to 425 + 5
and 125 + 5, respectively, at the start and after every fifth sample. Further analysis was
conducted using FCS Express 6 software (Denovo Software, Los Angeles, CA, USA) to
determine the proportions of red (ssDNA) and green (dsDNA) fluorescence. The percentage of
DNA fragmentation index (%DFI), the mean level of DNA fragmentation (mean DFI), and the
variability in DNA fragmentation (SD DFI) was calculated from a histogram representing the
fluorescence ratio, red / (red + green). To assess the percentage of spermatozoa with high DNA

stainability (%HDS), a bivariate cytogram was utilized.

2.8. Statistical analysis

Statistical analyses were conducted in R 4.4.2 (R Core Team, Vienna, Austria) using the
R package glmmTMB 1.1-11 (McGillycuddy et al., 2025). Data distributions were checked
with the Shapiro—Wilk test, sample skewness and Q-Q plots. Variables measured as percentages
(STR, LIN, WOB, AIL, motility, PM, Medium, Slow, RapidP and RapidNP) were displayed in
the figures as percentages but converted to proportions (0 <y < 1) for analysis and modelled
with beta-error generalized linear mixed models (GLMMs; logit link), whereas strictly positive
continuous variables were fitted with Gaussian (identity) or Gamma (log) errors selected

according to their observed distribution.

For parameters measured on both Day 0 and Day 5, two mixed-effects models were
fitted to each outcome: (i) Age x Day + (I | Boar) and (ii) Season x Age x Day + (1 |
Season/Boar), allowing age-related patterns to be assessed within and across seasons. For
parameters measured only once (concentration on Day 0; %DFI, SD DFI, mean DFI and %HDS
on Day 5), separate analyses were conducted. Parameters %DFI and %HDS were converted to

proportions and modelled using beta regression with logit link: Proportion ~ Age * Season +

116



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256
257
258
259
260
261

(1 | BoarID). Concentration, SD DFI, and mean DFI were modelled using Gamma regression
with log link: Parameter ~ Age x Season + (I | Season/BoarID). Additional season-specific
analyses were conducted using Parameter ~ Age + (1 | BoarID) to examine age effects within
each season independently. Model assumptions were verified with DHARMa 0.4.7 simulated
residuals (Hartig, 2024). Post-hoc pairwise comparisons were performed using estimated marginal
means with emmeans 1.11.0 (Lenth et al., 2025). P-values were adjusted using the Benjamini-

Hochberg method, with adjusted P < 0.05 considered statistically significant.

Relationships between metabolites in spermatozoa (n = 26) and seminal plasma (n = 27)
with sperm quality parameters (n =23, encompassing motility, acrosome integrity and viability,
and DNA fragmentation index described above) were assessed using repeated measures
correlation analysis for 15 boars from spring collection. P-values were adjusted using the
Benjamini-Hochberg correction method and correlations with adjusted P-values < 0.05 were

considered statistically significant.
3. Results

The percentage of acrosome intact live (AIL) sperm was not significantly different due to
age at Day 0. However, after storage for 5 days, younger boars (Age 1) had significantly lower
AIL compared to more mature boars (Age 2, Age 3) (P <0.05) (Figure 1, Table 1).
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Figure 1: Acrosome intact live sperm percentage across boar sexual maturation and semen storage duration. Box
plots display the percentage of acrosome intact live (AIL) spermatozoa in Duroc boars (n = 28) evaluated
longitudinally at approximately 6.9 (Age 1), 8.2 months (Age 2) and 9.7 months (Age 3) of age. Semen samples
were analyzed by flow cytometry on the day of collection (Day 0, green) and after five days of storage at 18°C
(Day 5, purple). Different letters (X, y) indicate statistically significant differences between age groups within each
storage time point (adj P < 0.05).
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The influence of sexual maturity was evident in several sperm motility parameters.
While total motility showed no age-related differences on Day 0, storage revealed that by Day
5, samples from Age 2 and Age 3 showed significantly higher motility than those from Age 1
(Figure 2, Table 1, Supplementary Table 1). Both PM and RapidP were significantly higher in
samples from mature boars (Age 2 and Age 3) compared to Age 1 on both Day 0 and Day 5 (P
< 0.05). Medium sperm decreased significantly in Age 2 and Age 3 samples on both days
compared to Age 1 (P <0.05), while RapidNP sperm also showed lower percentages in mature
boars than in younger boars at day 0. Slow motile sperm decreased in Age 3 compared to Age

1 and Age 2 at Day 5 (P <0.05).

Likewise, differences were observed for kinematic parameters (Figure 3, Table 1,
Supplementary Table 2). VAP significantly increased with age at day 5, while VCL and ALH
showed a significant reduction on day 0 in Age 2 and Age 3 compared to Age 1 (P < 0.05).
VSL, LIN, STR, and WOB increased significantly with age on both measurement days (P <
0.05 for Age 1 vs Age 2 and Age 1 vs Age 3).
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Figure 2: Computer-assisted sperm analysis (CASA) of motility subpopulations during boar sexual maturation and
semen storage duration. Box plots display six motility parameters in Duroc boars (rn = 28) evaluated longitudinally
at approximately 6.9 (Age 1), 8.2 months (Age 2) and 9.7 months (Age 3) of age. Semen samples were analyzed
by CASA on the day of collection (Day 0, green) and after five days of storage at 18°C (Day 5, purple). Motility
subpopulations include motility, progressive motility, rapid progressive (RapidP), medium, slow, and rapid non-
progressive (RapidNP) motility expressed as percentages within the total sperm population. Different letters
indicate statistically significant differences between age groups within each storage time point: a, b for Day 0

comparisons and x, y for Day 5 comparisons (adj P < 0.05).
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Figure 3: Computer-assisted sperm analysis (CASA) of kinematic parameters during boar sexual maturation and
semen storage duration. Box plots display sperm movement characteristics in Duroc boars (n = 28) evaluated
longitudinally at approximately 6.9 (Age 1), 8.2 months (Age 2) and 9.7 months (Age 3) of age. Semen samples
were analyzed by CASA on the day of collection (Day 0, green) and after five days of storage at 18°C (Day 5,
purple). Kinematic parameters include velocity curved line (VCL, um/s), velocity average path (VAP, um/s),
velocity straight line (VSL, pm/s), linearity (LIN) defined as the VSL/VCL (%) ratio, straightness (STR) defined
as the VSL/VAP (%) ratio, Wobble (WOB) defined as the VAP/VCL (%) ratio, amplitude of lateral head
displacement (ALH, um) and beat cross-frequency (BCF, Hz). Different letters indicate statistically significant
differences between age groups within each storage time point: a, b for Day 0 comparisons and x, y for Day 5

comparisons (adj P < 0.05).
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Table 1: Statistical comparisons of sperm quality parameters) between age groups during sexual maturation in
Duroc boars. Pairwise contrasts showing estimated differences between Age 1 (6.9 months), Age 2 (8.2 months),
and Age 3 (9.7 months) for sperm functional parameters evaluated on collection days (Day 0) and after five days

of storage at 18°C (Day 5). Only comparisons that differ significantly are presented (adj P < 0.05).

Parameters Contrast estimate SE Adj.P.val

AIL (Day 5) Agel-Age?2 -0.24 0.07 2.07 x 1073
Agel-Age3 -0.30 0.07 1.15 x 10

Motility (Day 5) Agel-Age?2 -0.52 0.09 7.43 x 1078
Age1-Age3 -0.63 0.10 2.07 x 10710

PM (Day 0) Agel-Age?2 -0.48 0.10 1.00 x 106
Age 1 -Age3 -0.43 0.09 7.27 x 106

PM (Day 5) Age | - Age2 -0.57 0.09 6.39 x 101
Age 1 -Age3 -0.60 0.09 9.06 x 10!

RapidP (Day 0) Agel-Age?2 -0.46 0.10 6.84 x 10
Agel-Age3 -0.50 0.10 1.73 x 10°

RapidP (Day 5) Agel-Age?2 -0.72 0.10 6.44 x 10713
Agel-Age3 0.78 0.10 2.03 x 10

RapidNP (Day 0) Agel-Age?2 0.82 0.10 2.73 x 1016
Age 1 -Age3 0.71 0.09 1.90 x 1013

Medium (Day 0) Age 1- Age 3 0.37 0.11 9.71 x 10
Medium (Day 5) Agel-Age?2 0.47 0.09 1.20 x 107
Age 1 -Age3 0.57 0.09 6.25 x 10710

Slow (Day 5) Agel-Age?2 0.18 0.07 1.36 x 1072
Agel-Age3 0.15 0.07 3.33 x 102

VAP (Day 5) Agel-Age?2 -14.16 1.76 7.52 x 10713
Age 1 -Age3 -14.40 1.76 6.80 x 10713

VCL (Day 0) Age 1- Age 2 11.75 2.62 1.22 x 10
Age 1- Age3 8.83 2.62 2.79 x 107

VSL (Day 0) Age 1- Age 2 -9.41 1.81 1.86 x 106
Age 1- Age 3 9.22 1.81 2.27 x 10

VSL (Day 5) Age 1- Age 2 -14.58 1.81 8.16 x 103
Age 1- Age3 -14.88 1.81 6.29 x 1013

STR (Day 0) Age 1- Age2 -0.42 0.05 0.00
Age 1- Age 3 -0.36 0.05 0.00

STR (Day 5) Age 1- Age2 -0.31 0.05 0.00
Age 1- Age 3 -0.31 0.05 0.00

LIN (Day 0) Age 1- Age 2 -0.46 0.05 2.02 x 1077
Age 1- Age3 -0.39 0.05 2.03 x 10713
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LIN (Day 5) Age 1- Age 2 -0.40 0.05 1.24 x 10

Age 1- Age 3 0.44 0.05 3.62 x 10716
WOB (Day 0) Age 1- Age 2 -0.39 0.05 6.36 x 10716
Age 1- Age3 -0.32 0.05 1.56 x 10!
WOB (Day 5) Age 1- Age 2 0.37 0.05 441 x 1071
Age 1- Age3 -0.42 0.05 1.42 x 107"
ALH (Day 0) Age 1- Age 3 0.40 0.07 2.01 x 10
Age 1- Age3 0.31 0.07 1.54 x 10*

Note: AIL, acrosome intact live spermatozoa; PM, progressive motile spermatozoa (straight-line velocity [STR] >
45%); Rapid, rapid motile spermatozoa (velocity average path [VAP | > 50 pm/s); RapidP, rapid progressive
spermatozoa (VAP > 50 um/s and STR > 45%); RapidNP, rapid non-progressive spermatozoa (VAP > 50 pm/s
and STR < 45%); Medium, medium motile spermatozoa (VAP 20-50 um/s); Slow, slow spermatozoa (VAP 10-
20 pm/s); VAP, velocity average path; VCL, velocity curved line; VSL, velocity straight line; STR, straightness
(VSL/VAP x 100); LIN, linearity (VSL/VCL x 100); WOB, wobble (VAP/VCL % 100); ALH, amplitude of lateral
head displacement. Statistical analysis performed using generalized linear mixed models with boar identity as
random effect. Post-doc comparisons conducted using estimated marginal means with Benjamini-Hochberg
correction for multiple testing. Estimates represent differences between age groups with corresponding standard

errors (SE).

Significant age-related improvements were observed in sperm DNA fragmentation
parameters as well. %DFI decreased from Age 1 to Age 3 (P <0.05, Table 2). SD DFI followed
a similar pattern, indicating not just lower fragmentation but also higher homogeneity in older
boar sperm. %HDS decreased significantly from Age 1 to Age 3 (P < 0.05), while mean DFI
showed a significant reduction in Age 3 compared to Age 2 (P < 0.05).

Table 2: Sperm quality parameters measured on day O only by age group. Values represent mean =+ standard
deviation, with median and range provided for each parameter. DFI, MeanDFI, SD DFI and %HDS were measured

on frozen samples after five days storage at 18°C. Sperm concentration was measured on the day of collection.

Values with different letters differ significantly (adj P < 0.05).
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Parameter Age Mean + SD Median Min Max

%DFI Age 1 0.96 +£0.76* 0.80 0.38 4.66
Age?2 0.75 + 0.20% 0.76 0.37 1.20
Age3 0.64+0.21° 0.60 0.37 1.32
MeanDFI Age 1 228.39 +5.41% 226.47 220.10 237.80
Age?2 229.81 £ 5.64° 229.32 222.24 244.84
Age3 226.77 + 6.48" 227.54 207.50 237.50
SD DFI Age 1 20.77 +3.32* 20.89 15.72 32.05
Age?2 19.77 + 2.96% 19.10 15.14 25.58
Age3 18.66 + 2.93% 18.22 15.55 30.56
%HDS Age 1 2.36+0.81* 2.26 1.09 423
Age?2 2.11 +£0.66% 2.01 1.05 3.74
Age3 1.97 £ 0.60* 2.10 0.84 3.00
Concentration Age 1 379.12 + 206.05 379.90 67.70 757.10
Age?2 325.45+£136.64 312.95 45.80 709.70
Age3 313.46 £ 142.25 311.15 81.00 651.40

Note: %DFI, percentage DNA fragmentation index; MeanDFI, mean DNA fragmentation index; SD DFI, standard
deviation of DNA fragmentation index; %HDS, percentage high DNA stainability.

Table 3: Statistical comparisons of chromatin integrity parameters between age groups during sexual maturation
in Duroc boars. Pairwise contrasts showing estimated differences between Age 1 (6.9 months), Age 2 (8.2 months),
and Age 3 (9.7 months) for chromatin integrity parameters measured after five days storage at 18°C. Only

comparisons that differ significantly are presented (adj P < 0.05).

Parameters Contrast estimate SE Adj P.val
%DFI Age 1 vs. Age3 0.29 0.10 0.0119
%HDS Age 1 vs. Age 3 0.19 0.05 0.0007

SD DFI Age 1 vs. Age 3 0.10 0.04 0.0131
MeanDFI Age 2 vs. Age 3 0.01 0.00 0.0095

Note: %DFI, percentage DNA fragmentation index; MeanDFI, mean DNA fragmentation index; SD DFI, standard
deviation of DNA fragmentation index; %HDS, percentage high DNA stainability. Statistical analysis performed
using generalized linear mixed models with boar identity as random effect. Post-doc comparisons conducted using
estimated marginal means with Benjamini-Hochberg correction for multiple testing. Estimates represent
differences between age groups with corresponding standard errors (SE).

Across all age groups, five days storage at 18°C induced a significant reduction in motility,
progressive motility, RapidP, RapidNP, VAP, WOB and STR, accompanied by increased
proportions of Slow and Medium sperm (P < 0.05; Supplementary Table 3).

In general, the improvements with increasing age in motility, progressive motility,

RapidP, VAP, VSL, STR, LIN, WOB, and AIL remained consistent across seasons (adj P <
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336 0.05) (Table 4, Table 5). Similarly, age-related decreases in RapidNP, Medium, and VCL were
337  significant in both seasonal cohorts (adj P < 0.05) (Table 4, Table 5).
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Relationship between semen metabolites and sperm quality parameters

Repeated measure correlation analysis revealed a significant relationship between
sperm and seminal plasma metabolites and several sperm quality parameters (Figure 4a and
4b, Supplementary Table 5, Supplementary Table 6).

For spermatozoa, cystine showed significant negative correlations (adjusted P < 0.05) with
PM, RapidP, motility, and AIL, while positively correlating with RapidNP and %DFI. In
addition, several kinematic parameters were correlated with cystine concentrations
(Supplementary Table 5). Moreover, taurine, aspartate, glutamate and choline concentrations
were all negatively correlated with PM and RapidP and positively associated with RapidNP
(adjusted P <0.05, Figure 4a). Hydroxyproline, however, was only inversely related to PM and
RapidP. Regarding metabolites in seminal plasma, aspartate, glutamate, choline and L-
carnitine were all negatively correlated with PM and RapidP while positively associated with
RapidNP (adjusted P < 0.05). Taurine was positively correlated with RapidNP, while
phenylalanine had a positive correlation with PM and RapidP. Cysteine and glutamine, on the
other hand, showed a negative correlation with sperm quality parameters. Cystine showed an
inverse relationship with PM and RapidP, and glutamine specifically correlated negatively with
AIL (adjusted P < 0.05, Figure 4b).

The complete set of significant correlation coefficients for all 26 amino acids and 23 sperm

parameters is provided in Supplementary Table 5 and Supplementary Table 6.

a) b)
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PM 055 -055 -0.52 049 045 gy 10 PM .. 0.56 -057 -0.54 051 10
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Figure 4: Heatmap displaying significant repeated measure correlation coefficients (r_rm) between key sperm
quality parameters and a) sperm metabolites and b) seminal plasma metabolites in Duroc boars. Semen samples
were collected from 15 Duroc boars at approximately 7 months (Age 1), and 6 (Age 2), and 12 weeks later (Age
3) of first collection. Samples were analysed immediately after collection. Blue indicates negative correlations,

while red denotes positive correlations. Only statistically significant and interesting correlations (adj P <0.05) are
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displayed. Abbreviations: PM, progressive motility; RapidP, rapid progressive; RapidNP, rapid non-progressive;

AIL, acrosome intact live; %DFI, percentage DNA fragmentation index.

4. Discussion

Our longitudinal investigation reveals that Duroc boars’ sperm functional parameters
undergo substantial improvements during sexual maturation. Several sperm quality parameters
including acrosome intact live and rapid progressive motility increased significantly between
the youngest boars (Age 1) and more mature boars (Age 2 and Age 3), with none of them
showing significant difference between Age 2 and Age 3, indicating that these parameters
stabilize at Age 2. After storage of 5 days at 18°C, this trend persisted and became even more
pronounced, suggesting that including an analysis of motility after storage might increase
differences between samples and provide more information for the selection of boars for semen
production.

Kinematic analysis in our study revealed age-related swimming patterns. Young boars
at Age 1 produced sperm with higher amplitude of lateral head displacement and more erratic
swimming patterns (higher VCL), consistent with higher RapidNP, while mature boars (Age
3) achieved more linear trajectories (higher VSL, LIN, STR) and higher proportion of RapidP.
This shift suggests that the reproductive system undergoes fine-tuning during sexual
maturation with swimming efficiency rather than simply producing more motile cells. Earlier
studies have shown relationships between rapid motility and linear swimming pattern with
fertility in boars (Fernandez-Lopez et al., 2022; Bae et al., 2024). Including the measurements
of percentage RapidP at Al stations could be valuable information in the selection of semen
doses.

While several studies have investigated the effect of age on boar sperm quality (Knecht et al.,
2017; Wang et al., 2017; Hensel et al., 2023), our study is the first longitudinal examination of
this critical early maturation phase. Our results align with the previous observation by Kawecka
et al. (2008) and Knecht et al. (2017) which reported an increase in total motile spermatozoa
and spermatozoa with normal acrosome after 8-9 months in several domestic breeds of pigs,
including Duroc. Similarly, a study by Schulze et al. (2014) reported that ejaculates meeting
commercial-grade standards are not produced reliably until at least 8 months of age with
samples collected earlier, typically showed reduced sperm concentration, ejaculate volume,
and motility, along with increased morphological defects, which cause them to fall below

quality-control criteria for commercial application.
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Another parameter important for fertility is chromatin integrity. In this study, Duroc
boars at Age 3 showed significant improvement in sperm chromatin integrity with lower %DFI
and %HDS compared to Age 1. This decline in %DFI and %HDS with advancing age reflects
gradual chromatin packaging maturation. As boars mature, spermatogenesis produces sperm
with more tightly packed DNA and fewer chromatin defects, reducing both DNA breaks and
the proportion of immature sperm (Tsakmakidis et al., 2012). A previous study by Boe-Hansen
et al. (2008) reported that boars with DFI above ~2% experienced slightly reduced litter sizes,
while values exceeding 6% significantly compromise farrowing rates (Evenson, 2016). It is
worth noting that average %DFI were very low in our study, around 1% in the youngest boars
(Age 1) compared to Age 3 (< 0.7%), suggesting minimal DNA damage with most likely
negligible biological impact on reproductive outcomes. This is supported by Godinho et al.
(2025), who reported no effects on litter size and farrowing rate in boars with a DNA
fragmentation index of 1.33%. These superior chromatin quality metrics in our boars could be
attributed to their genetic background. It is important to consider that other breeds or non-
selected lines may exhibit higher baseline DFI values (Boe-Hansen et al., 2008; Didion et al.,
2009). These results show that the boars in this study enter puberty with high chromatin quality
and gain only slight improvements as they mature.

Another interesting finding from our study is the differential response to storage stress
across age groups. While all samples from all three ages showed some decline in their quality
parameters after five days of storage at 18°C, which is in line with previous study by Paulenz
et al. (2000), the magnitude of quality decline was most pronounced in samples from the
youngest boars. Samples from Age 2 and Age 3 showed better storage tolerance in maintaining
higher motility, acrosome integrity and viability than Age 1. This shows that with sexual
maturity, storage tolerance capacity increases. From a practical standpoint, these findings
suggest that semen from boars at Age 2 (mean 8.2 months) might offer superior performance
in commercial Al programs, particularly when longer storage intervals are necessary.

The correlation analysis between amino acid concentrations and sperm quality
parameters in our study reveals an interesting biochemical narrative of sexual maturation. The
significant negative correlation between spermatozoal cystine, glutamate, aspartate, choline
and taurine, with PM and RapidP suggest that metabolic efficiency improves with age. Rather
than requiring higher concentration of these metabolites, sperm from mature boars appear to
achieve superior function with more refined metabolic profiles. This pattern aligns well with
the reported roles of these metabolites in sperm function. Glutamate influences sperm motility

by modulating Ca?* signals through N-methyl-D-aspartate receptors (Endo et al., 2019),
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influences sperm chemotaxis (Frolikova et al., 2020), acrosome reaction (Momeni et al., 2021),
enhances antioxidant capacity and stimulates spermatogonial cell proliferation during
development (Santillo et al., 2019; Tang et al., 2020). However, excessive levels can
compromise sperm quality and mitochondrial integrity as reported in mice and Drosophila
spermatids respectively (Kayode et al., 2020; Vedelek et al., 2023). This could be the case in
our study where the youngest boars had higher levels of glutamate, which could be too high,
and the concentration need to stabilise before motility would be optimal, as we see at Age 2
and Age 3. Similarly, taurine maintains sperm membrane integrity and acts as an antioxidant
protecting against oxidative stress (Li et al., 2023), while D-aspartate stimulates testosterone
synthesis and improve sperm concentration and motility in human, however, higher aspartate
concentrations is reported to suppress germ cell differentiation in mice testis cultures
(D’Aniello et al., 2012; Tomita et al., 2016). Choline, essential for membrane structure and
fluidity, promotes motility via cholinergic signaling through acetylcholine conversion (Bray et
al., 2006; Johnson et al., 2012), yet excess choline can transiently impair spermatogenesis as
reported in mice (Vachhrajani et al., 1993). The positive correlations between these metabolites
and RapidNP suggest that too high metabolite concentrations could give more sperm with
hyperactivated swimming patterns in younger animals compared to mature boars. The ability
to be hyperactive in vivo in the oviduct is likely necessary for successful fertilization (Suarez
and Ho, 2003) , but having a high proportion of rapid non-progressive sperm in an insemination
dose is presumably not beneficial. Seminal plasma glutamate, aspartate, choline, and taurine
showed similar correlation results with sperm parameters. These metabolomic patterns extend
our previous findings of declining concentration of sperm glutamate, alanine, aspartate,
choline, taurine between 7 and 10 months (Shrestha et al., 2025), indicate direct relationships
between metabolite concentrations and sperm functional properties.

While our primary focus was on age effects, we also observed noteworthy seasonal
variations, however, and importantly, the sexual-maturity related improvements we
documented remain consistent across both seasons, indicating that sexual maturation effects
are robust and not merely caused by seasonal variation.

Longitudinal design represents a strength allowing us to track true developmental
improvements within individuals rather than inferring patterns from cross-sectional
comparisons. Comprehensive assessment combining traditional semen quality metrics and
metabolites concentrations provides a wider picture of sexual maturation. These findings carry
practical implications for breeding companies like Norsvin, which currently initiate semen

collection after 8 months of age. Our data suggests that while 7-months old boars can produce
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viable semen, the significant improvements documented between Age 1 and Age 2 indicate
that earlier collection might compromise both semen quality and storage performance.
However, knowing that boars at 7 months of age have lower sperm quality, but still quite high,
it could be possible for the Al companies to increase the number of spermatozoa per Al dose
used for insemination to get the same amounts of functional sperm during insemination, and
most likely obtain the same level of fertility. By this strategy, it could be possible to use
valuable boars earlier in the breeding program. The enhanced storage resilience of semen in
mature boars could also be particularly valuable for commercial operations requiring extended

storage periods or shipment to distant locations.

Our focus on a single breed (Duroc) with a moderate sample size of 28, collected during
specific seasonal periods, may limit the generalizability of our findings to other swine breeds
and environmental conditions. Additionally, in this study, there was an absence of fertility data
from Age 1 and limited data from Age 2 and Age 3, as several of the boars were culled with
age. This limits our ability to assess reproductive outcomes directly. While the sperm quality
improvements we documented align with parameters known to influence fertility (Broekhuijse
et al.,, 2012), we cannot definitively establish that these changes translate to improved
conception rates or litter sizes in commercial settings. The casual relationships through field

fertility data and underlying enzymatic pathways remain an important future objective.

Future research directions should also include validation across multiple breeds and
correlation of these sperm quality parameters and metabolites with field fertility. Moreover,
the metabolites studied herein require further experimentation to determine their potential as
biomarkers of sexual maturity. Developing rapid, cost-effective assays for key metabolites, to
be used together with motility assessment by CASA, could enable breeding companies to
assess individual young boar readiness for semen production and their integration in breeding
programs. Experiments with feed intervention could also be performed to analyze the effects
of specific metabolites on sperm quality in younger boars. Our storage findings suggest
opportunities for optimizing semen preservation protocols based on boar age. Investigating
whether age-specific extender formulation or storage conditions could further enhance the
preservation of semen from younger animals might help bridge the gap between early genetic

selection goals and optimal reproductive performance.
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5. Conclusion

Our study demonstrates that sexual maturation in Duroc boars is associated with
improvements in sperm quality, including motility, viability, acrosome integrity, and storage
resilience. Key sperm quality parameters, such as progressive motility and kinematic traits,
stabilize around 8.2 months of age, supporting current industry practices regarding optimal
timing for semen collection. Furthermore, the observed correlation between glutamate,
aspartate, choline, and taurine concentrations with sperm quality parameters suggests that
sexual maturation involves biochemical optimization. These findings provide opportunities for
developing precise assessment tools to evaluate sperm quality better and optimize the use of

younger boars in breeding programs.
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672 Supplementary Table 3: Descriptive statistics for sperm quality parameters measured on Day 0 (D0) and Day 5
673 (D5) of storage at -18°C. Values are presented as mean + SD and median.
Parameters Mean + SD (D0) Mean + SD (D5) Median (D0) Median (D5)  P-value (D5-DO0)
Motility 88.02 £ 6.74 78.39 £ 12.42 89.89 81.47 3.90 x 10°7*
PM 72.40+10.4 62.25+13.78 76.10 65.89 0.04568*
VAP 77.15+8.15 71.27 £ 12.65 79.25 72.88 0.00015*
VCL 115.90 +17.09 118.32 £ 17.65 115.86 121.54 0.07970
VSL 59.75+£9.74 55.78 £ 11.55 61.11 58.25 031714
BCF 19.27+2.19 19.90+1.9 19.30 19.88 0.38453
ALH 3.19+£0.54 3.33+£044 3.12 3.36 0.91995
STR 74.60 +7.5 73.64 +5.43 76.66 75.60 0.0314*
LIN 52.84 +£9.87 47.05+7.61 54.28 47.77 0.1575
WOB 68.10 +7.26 60.85 +6.51 69.25 61.21 3.14 x 10-5%*
RapidP 65.79 £12.35 5249+ 16.16 69.84 56.11 0.00128*
RapidNP 7.47£6.7 4.83£3.28 5.06 4.16 1.12 x 10716
Medium 8.19+43 12.24+5.75 6.76 11.13 1.07 x 1076*
Slow 6.58 £2.50 8.84+£2.96 5.92 8.19 0.00068*
AIL 82.62 £ 6.01 78.94 +£7.81 83.94 80.31 0.13458
674 *denotes statistical significance. AIL, acrosome intact live spermatozoa; PM, progressive motile spermatozoa
675 (straight-line velocity [STR] > 45%); Rapid, rapid motile spermatozoa (velocity average path [VAP] > 50 pm/s);
676 RapidP, rapid progressive spermatozoa (VAP > 50 pum/s and STR > 45%); RapidNP, rapid non-progressive
677 spermatozoa (VAP > 50 um/s and STR < 45%); Medium, medium motile spermatozoa (VAP 20-50 pm/s); Slow,
678 slow spermatozoa (VAP 10-20 pum/s); VAP, velocity average path; VCL, velocity curved line; VSL, velocity
679 straight line; STR, straightness (VSL/VAP x 100); LIN, linearity (VSL/VCL x 100); WOB, wobble (VAP/VCL x
680 100); ALH, amplitude of lateral head displacement; BCF, beat cross frequency.
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681 Supplementary Table 4: Descriptive statistics for sperm quality parameters measured in Spring and Autumn.

682  Values are presented as mean + SD and median. Within seasons, values sharing a letter are not significantly

683 different (GLMM post hoc, P > 0.05).

Parameters ~ Mean + SD (Spring) Mean + SD (Autumn) Median (Spring)  Median (Autumn)
Motility 85.72 + 8.68 80.31 +12.76 87.94 85.57
PM 68.49 + 12.04° 65.98 & 14.43° 70.93 69.75

VAP 76.88 £ 8.86 71.14+12.42 78.07 73.09
VCL 12530 £ 12.48* 107.66 + 17.46° 124.34 106.98
VSL 57.67 £10.92* 57.88 £ 10.81° 59.01 59.77
BCF 20.19 + 1.95° 18.89 +2.02° 20.48 18.66
ALH 3.46 £ 445 3.03 £0.45° 3.47 3.01
STR 71.79 +£7.43* 76.81 + 4.04° 74.61 77.20

LIN 46.83 £9.57° 53.54 +7.45% 48.60 53.69
WOB 62.43 +7.82* 66.83 +7.07° 62.84 67.94
RapidP 61.71 £13.94 56.17 £ 17.35 65.03 59.08
RapidNP 8.38+6.34% 3.58 £2.29° 6.19 3.09
Medium 8.80+4.32 11.85+£6.23 7.58 10.37
Slow 6.84+£2.16 8.72 +£3.42| 6.62 8.15]
AIL 83.96 + 5.61 77.11 £7.09 84.71 79.00
%DFI 0.85+0.628 0.712+0.20 0.67 0.66
SD DFI 20.7 +3.62° 18.62 +2.06° 20.05 18.39
MeanDFI 225.55£5.37° 231.52 +4.86° 2253 231.29
%HDS 1.95 + 0.64* 2.37+0.73° 1.89 2.29
Concentration 378.7+163.32 293.92 +£157.40 355.7 301.2

684  Note. AIL, acrosome intact live spermatozoa; PM, progressive motile spermatozoa (straight-line velocity [STR] >
685 45%); Rapid, rapid motile spermatozoa (velocity average path [VAP | > 50 pm/s); RapidP, rapid progressive
686 spermatozoa (VAP > 50 um/s and STR > 45%); RapidNP, rapid non-progressive spermatozoa (VAP > 50 um/s
687 and STR < 45%); Medium, medium motile spermatozoa (VAP 20-50 um/s); Slow, slow spermatozoa (VAP 10-
688 20 pm/s); VAP, velocity average path; VCL, velocity curved line; VSL, velocity straight line; STR, straightness
689 (VSL/VAP x 100); LIN, linearity (VSL/VCL x 100); WOB, wobble (VAP/VCL % 100); ALH, amplitude of lateral
690 head displacement; BCF, beat cross frequency.
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691 Supplementary Table 5: Repeated measure correlation analysis between spermatozoa metabolites and sperm
692 quality parameters in Duroc boars (n = 15) from spring collection. Only statistically significant correlations (Adj

693 P <0.05) are presented with correlation coefficient (r_value).

Metabolite Sperm parameter r_value P-adjusted
Cystine PM -0.80 3.00 x 1073
Cystine RapidP -0.79 3.00 x 1073
Cystine Motility -0.76 1.28 x 10
Cystine WOB -0.76 1.31 x 10
Cystine LIN -0.75 1.42 x 10

Glutamate WOB -0.73 3.36 x 10
Taurine WOB -0.73 3.39 x 10
Cystine VSL -0.71 5.03 x 10
Taurine LIN -0.71 5.03 x 10
Cystine STR -0.70 6.08 x 10

Glutamate LIN -0.70 6.08 x 10

Aspartate WOB -0.70 6.08 x 10

Glutamate ALH 0.70 6.08 x 10

Glutamate Concentration 0.70 6.08 x 10
Choline WOB -0.69 7.06 x 10

Aspartate LIN -0.67 1.49 x 1073
Cystine AIL -0.66 1.67 x 1073
Choline LIN -0.66 2.14 x 1073
Taurine ALH 0.65 2.14 x 1073
Taurine VSL -0.65 2.45 %1073

Threonine WOB -0.65 2.45 %107

Aspartate Concentration 0.65 245 %103
Taurine STR -0.64 2.48 x 1073

Glutamate VCL 0.64 2.64 x 107

Glutamate AID 0.64 2.96 x 1073
Cystine %DFI 0.63 3.22 x 107
Choline ALH 0.63 3.55 x 107
Glycine BCF 0.63 3.64 x 1073

Aspartate VSL -0.62 4.44 x 1073

Asparagine WOB -0.62 4.44 x 1073

Glutamate STR -0.62 4.46 x 1073
Cystine ARD 0.61 4.58 x 107
Choline AID 0.61 5.51 x 107

Glutamate VSL -0.60 6.08 x 1073
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Cystine
Choline
L-Carnitine
Taurine
Aspartate
Alanine
Taurine
Taurine
Cystine
Threonine
Asparagine
Aspartate
Cystine
Threonine
L-Carnitine
Taurine
Taurine
Cystine
Choline
Aspartate
Taurine
Choline
Glutamate
Choline
Taurine
Aspartate
Threonine
Aspartate
Asparagine
Alanine
L-Carnitine
Threonine
Choline
Glycine
Threonine
Glutamate
L-Carnitine

Alanine

VAP

VSL

ALH

VCL

STR

WOB

BCF

AID

ALH

LIN

ALH

ALH
Concentration
ALH

WOB
Concentration
RapidNP
SDDFI

STR

AID

RapidP
Concentration
BCF

VCL

PM

RapidP

BCF

PM

LIN

LIN

VCL
Concentration
BCF

VSL

VSL
RapidNP

LIN

ALH

-0.60
-0.60
0.60
0.60
-0.59
-0.59
0.59
0.59
0.59
-0.59
0.59
0.59
0.58
0.58
-0.58
0.58
0.58
0.58
-0.57
0.57
-0.57
0.57
0.56
0.56
-0.55
-0.55
0.55
-0.55
-0.55
-0.55
0.54
0.54
0.54
-0.53
-0.53
0.53
-0.53
0.53

6.21 x 1073
6.21 x 1073
6.21 x 1073
6.08 x 1073
7.12 x 1073
7.12 x 1073
7.12 x 1073
7.12 x 1073
7.12 x 1073
7.12 x 1073
7.12 x 1073
7.13 x 1073
7.50 x 1073
7.84 x 1073
7.84 x 1073
7.84 x 1073
8.26 x 1073
8.26 x 1073
9.58 x 1073
9.62 x 1073
9.83 x 1073
9.83 x 1073
1.16 x 102
1.24 x 1072
1.24 x 1072
1.24 x 1072
1.24 x 1072
1.25 x 1072
1.26 x 1072
1.32 x 102
1.54 x 1072
1.55 x 1072
1.67 x 102
1.78 x 102
1.78 x 102
1.78 x 102
1.78 x 1072
1.81 x 1072
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HydroxyProline
Glutamate
HydroxyProline
Aspartate
HydroxyProline
Glutamate
Choline
HydroxyProline
L-Carnitine
Aspartate
Asparagine
Asparagine
Glycine
Alanine
Aspartate
Alanine

Cystine
Asparagine
Cystine
Isoleucine
Isoleucine
Cystine

Proline

Choline

Proline
HydroxyProline
L-Carnitine
Asparagine
Lysine
Threonine
Alanine
Glycine
Arginine
Choline
Creatine

Proline
Arginine

Creatine

LIN

RapidP

BCF

VCL

WOB

PM

RapidP

VSL
Concentration
BCF

BCF
Concentration
LIN
Concentration
VAP

BCF
RapidNP
VSL

Medium

ALH

WOB

AID

WOB
RapidNP
ALH

STR

AID

VCL
Concentration
VCL

VSL

STR

ALH

PM

WOB

BCF
Concentration

LIN

-0.53
-0.52
0.52
0.52
-0.52
-0.52
-0.52
-0.51
0.51
0.51
0.51
0.51
-0.51
0.51
-0.50
0.50
0.50
-0.50
0.50
0.50
-0.50
0.50
-0.50
0.50
0.49
-0.49
0.49
0.49
0.49
0.49
-0.49
-0.49
0.49
-0.49
-0.49
0.49
0.49
-0.48

1.86 x 1072
2.25 %1072
2.27 x 1072
2.29 x 1072
2.32 x 102
2.33 x 1072
2.34 x 1072
2.34 x 1072
2.34 x 1072
2.37 x 1072
2.53 x 1072
2.53 x 102
2.54 x 102
2.66 x 1072
2.69 x 102
2.69 x 102
2.76 x 102
2.85 %102
2.94 x 102
2.96 x 102
2.96 x 102
2.96 x 102
2.96 x 102
2.99 x 102
2.99 x 102
2.99 x 102
2.99 x 102
2.99 x 102
3.07 x 102
3.07 x 102
3.07 x 102
3.08 x 102
3.14 x 102
3.14 x 102
3.16 x 102
3.17 x 102
3.23 x 102
3.38 x 102
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Glycine
Leucine
Taurine
Threonine
Alanine
Asparagine
Choline
Lysine
Threonine
Leucine
Isoleucine
Proline
Cystine
L-Carnitine
Leucine
Threonine
Lysine
Lysine
Choline
Arginine
Arginine
Alanine
HydroxyProline
Leucine
Serine
Ornithine
Isoleucine
Methionine
Serine
Aspartate
Alanine

HydroxyProline

WOB
BCF
VAP
AID
VCL
AID
VAP
ALH
VAP
ALH
BCF

Concentration
VCL
BCF

WOB
STR

WOB
BCF

Medium
BCF

WOB

STR
RapidP
Concentration

WOB
AID
VCL
ALH

Concentration
RapidNP

AID

PM

-0.48
0.48
-0.48
0.48
0.48
0.48
-0.48
0.47
-0.47
0.47
0.47
0.47
0.47
0.47
-0.47
-0.47
-0.47
0.47
0.47
0.47
-0.46
-0.46
-0.46
0.46
-0.46
0.45
0.45
0.45
0.45
0.45
0.45
-0.45

3.38 x 102
3.41 %1072
3.50 x 102
3.59 x 102
3.59 x 102
3.59 x 102
3.66 x 102
3.66 x 102
3.66 x 102
3.67 x 102
3.81 x 102
3.86 x 102
3.86 x 102
3.86 x 102
3.86 x 102
3.86 x 102
3.91 x 102
3.91 x 102
3.92 x 102
3.98 x 102
4.05 % 102
4.53 x 102
4.54 x 102
4.57 x 102
4.61 x 10
4.62 x 102
4.62 x 102
4.62 x 102
4.70 x 102
4.76 x 102
4.80 x 102
4.96 x 102

694
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695 Supplementary Table 6: Repeated measure correlation analysis between seminal plasma metabolites and sperm
696 quality parameters in Duroc boars (n = 15) from spring collection. Only statistically significant correlations (Adj

697 P <0.05) are presented with correlation coefficient (r_value).

Metabolite Sperm Parameter r_value P-adjusted
Glutamate Concentration 0.87 9.96 x 108
L-Carnitine Concentration 0.85 3.10 x 107
Glutamate WOB -0.81 7.08 x 106
Glutamate ALH 0.81 7.08 x 106
Glutamate LIN -0.78 2.32x 103
L-Carnitine ALH 0.75 1.52 x 10
Glutamate VCL 0.72 3.90 x 10
Aspartate Concentration 0.72 3.90 x 10
Glutamate STR -0.71 4.90 x 10
Choline Concentration 0.70 6.79 x 10
Aspartate PM -0.70 6.88 x 10
Choline WOB -0.70 6.88 x 10
L-Carnitine WOB -0.69 7.67 x 104
Taurine Concentration 0.68 1.02 x 1073
Choline ALH 0.68 1.02 x 1073
L-Carnitine LIN -0.68 1.11 x 1073
Aspartate Motility -0.68 1.11 x 1073
L-Carnitine VCL 0.67 1.12 x 1073
Aspartate WOB -0.66 1.55 x 1073
Aspartate LIN -0.66 1.58 x 103
Aspartate RapidP -0.66 1.58 x 1073
Choline LIN -0.66 1.64 x 1073
Glutamate PM -0.66 1.78 x 107
Glutamate RapidP -0.64 2.62 x 1073
Glutamate VSL -0.64 2.65 %1073
L-Carnitine STR -0.63 3.30 x 1073
Taurine LIN -0.63 3.69 x 107
Aspartate STR -0.63 3.72 x 107
Taurine WOB -0.62 4.02 x 1073
Aspartate AIL -0.62 426 x 103
Glutamate RapidNP 0.62 4.42 x 107
Aspartate ARD 0.62 4.45 x 1073
Aspartate DFIpercent 0.60 7.20 x 1073
Taurine ALH 0.59 9.28 x 107

147



698

Taurine
Cystine
Choline
Choline
Glutamate
L-Carnitine
L-Carnitine
Choline
Taurine
Aspartate
Cystine
Taurine
Taurine
Choline
Aspartate
Choline
Cystine
Cystine
Cystine
L-Carnitine
Taurine
Phenylalanine
Cystine
L-Carnitine
Valine
Glutamine
Phenylalanine
Cystine
Cystine
Phenylalanine
Alanine
Glutamate
Choline

Phenylalanine

STR

WOB

STR
RapidP
AID
RapidNP
PM

VSL
RapidNP
ALH
RapidP
VCL

VSL

PM

VSL

VCL
Motility
PM

LIN
RapidP
AID
Concentration
VSL

VSL
Concentration
AIL

PM
Concentration
VAP
RapidP
DFIpercent
BCF
RapidNP
WOB

-0.59
-0.58
-0.58
-0.58
0.58
0.57
-0.57
-0.57
0.57
0.57
-0.56
0.56
-0.56
-0.56
-0.56
0.55
-0.55
-0.54
-0.54
-0.54
0.53
-0.53
-0.53
-0.52
-0.52
-0.51
0.51
0.51
-0.51
0.51
0.50
0.50
0.50
0.49

9.65 x 1073
1.06 x 102
1.06 x 102
1.09 x 1072
1.12 x 102
1.21 x 102
1.22 x 102
1.26 x 102
1.33 x 102
1.33 x 102
1.35 x 1072
1.47 x 102
1.47 x 102
1.47 x 102
1.47 x 1072
1.55 x 1072
1.67 x 102
1.90 x 102
1.93 x 102
1.98 x 102
2.39 x 102
2.44 x 102
2.68 x 102
2.90 x 102
2.90 x 102
3.19 x 102
3.19 x 102
3.19 x 102
3.65 x 102
3.65 x 102
3.73 x 102
4.07 x 102
432 x 102
4.93 x 102

148



149



150



10
11
12

Sperm RNA landscape during sexual maturation in Duroc

boars

Asmita Shrestha!, Maren van Son?, Adnan Hashim?, Soudabeh Rouzbehani!, Gregor D.

Gilfillan*, Urszula Berge®, Elisabeth Kommisrud!, Anne Hege Alm-Kristiansen'

ICRESCO, Centre for Embryology and Healthy Development, University of Inland Norway,

Hamar, Norway
*Norsvin SA, Hamar, Norway

3CRESCO, Centre for Embryology and Healthy Development, University of Oslo, Oslo,

Norway

*Department of Medical Genetics, Oslo University Hospital, Oslo, Norway

*Correspondence: Asmita Shrestha asmita.shrestha@inn.no, Anne Hege Alm-Kristiansen

anne.almkristiansen@inn.no

151


mailto:asmita.shrestha@inn.no
mailto:anne.almkristiansen@inn.no

13

14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39
40

Abstract

Background: Sexual maturation in boars impacts reproductive efficiency in swine production, yet
the molecular mechanisms underlying this developmental transition remain poorly understood.
This study aimed to investigate the transcriptomic changes in sperm from Duroc boars during
sexual maturation, conducting a longitudinal analysis. The total RNA and miRNA profiles from
the same individuals at puberty (~7 months) and sexual maturity (~10 months) were compared,
identifying molecular signatures associated with reproductive development. Total RNA
sequencing and miRNA sequencing were performed, followed by differential expression analysis

using a paired statistical model in DESeq?2 to account for repeated measures.

Results: Differential expression analysis identified 60 differentially expressed genes using
stringent criteria (adj P < 0.05, [logFC| > 0.5), with 65% upregulated in sperm of boars 10-months
versus 7-months of age. Key upregulated genes included NCLN, RGS12, CIB2, FOXP4, PHCI,
CDC25B and AKAPI, while HSP90AAI, EVI5, FSIP2, VDAC3, and ALMSI were key
downregulated genes. Furthermore, Gene ontology analysis revealed significant enrichment of 11
biological processes, mostly related to reproductive development, and four molecular functions
(transferase activity, transferring phosphorus-containing groups, protein serine/threonine kinase
activity, protein kinase activity and signal sequence binding). Additionally, our miRNA analysis
identified six differentially expressed miRNAs (adj P < 0.05 & |log2FC| > 0.5); ssc-miR-193a-5p,
ssc-miR-574-3p, ssc-miR-126-3p, ssc-miR-196a, ssc-miR-210 were upregulated, and ssc-miR-
338 showed downregulation in 10-months age. Integrated analysis
identified 17 miRNA-mRNA regulatory pairs, enriched in pathways related to cell cycle processes
and chromatin binding, suggesting coordinated regulation across RNA biotypes in sperm during

sexual maturation.

Conclusions: Our study reveals coordinated transcriptomic shifts in boar sperm during sexual
maturation. Most genes show increased expression at 10 months of age, with enrichment of terms
related to reproductive development. Several miRNAs appear to regulate these changes through
targeted mRNA interactions. These findings expand our understanding of the biological processes

underlying sexual maturation in pigs.
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Introduction

Sexual reproduction in mammalian males depends on producing functionally competent
spermatozoa through spermatogenesis and their subsequent maturation [1]. Spermatogenesis
begins in the testes, where haploid sperm develops morphologically but remains functionally
immature. These developing sperm only acquire progressive motility and fertilization capacity
during their transit through the epididymis from the testis [1]. Within the epididymis, sperm
undergo biochemical and physiological transformations, including membrane remodeling, protein
modifications and the development of motility and fertilization potential [2]. This maturation
process is essential for producing sperm capable of navigating within the female reproductive tract

to reach, penetrate and fertilize an egg.

In boars, sperm production begins at puberty (around 5-6 months of age), while sexual maturity
and optimal semen functionality develop gradually from 8-9 months and proceed until
approximately 24 months, though individual and breed variations exist [3-5]. The progression
toward sexual maturity is reflected in several measurable parameters. Duroc boars show an
increase in ejaculate volume, sperm concentration, total sperm count, motility, normal
morphology, and sperm count with normal acrosome as they mature from 230 days to 270 days,
while the percentage of morphologically defective sperm decreases during this period [6]. Similar
improvements continue in most pig breeds (Polish Large White, Polish Landrace, Pietrain,
Hamshire and Duroc), with a progressive rise in ejaculate volume and sperm concentration from

9 months onward [5].

Histological examination provides further support of this developmental timeline. In Duroc testes,
spermatozoa and seminiferous tubule lumina become detectable at 150 days, with a large number
of spermatocytes visible at 270 days, while these structures are absent at earlier stages (75 and 130
days) [3, 4]. Seminiferous tubule diameter also increases between 75 and 270 days, reflecting

continuous testicular maturation [3].
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Alongside these age-related macroscopic improvements in sperm quality parameters, there is an
increasing interest in the underlying molecular changes during the transition from puberty to sexual
maturity. Transcriptomic analysis offers valuable insights into these molecular-level changes in
sperm. While spermatozoa were traditionally considered merely carriers of paternal genetic
material and believed to be transcriptionally silent due to minimal cytoplasm and absence of intact
ribosomal RNAs (rRNAs), accumulating evidence has revealed a rich and functional RNA
landscape within these cells that influences sperm functionality and reproductive outcomes [7, 8].
Boar sperm contain diverse RNA populations that likely contribute to multiple biological functions
beyond being mere remnants of spermatogenesis, including sperm maturation, functionality and
fertility outcomes [9]. These include messenger RNAs (mRNAs), micro RNAs (miRNAs), short
noncoding RNAs (sncRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs),
Piwi interacting RNAs (piRNAs), transfer RNAs (tRNAs), ribosomal RNAs (rRNAs),
mitochondrial ribosomal RNAs (MtrRNAs), and mitochondrial transfer RNAs (MttRNAs) [10-
12].

Early characterization of porcine sperm RNA by Yang and colleagues in 2009 [11], using
expressed sequence tags (ESTs), revealed a fragmented RNA profile containing transcripts
encoding proteins involved in spermatogenesis such as protamine 1 (PRM1I) and protamine 2
(PRM?2), as well as early embryonic development, including sperm-specific antigen 2 (SSFA2) and
sestrin 1 (SESNI). This pioneering work was expanded through RNA sequencing (RNA-Seq)
approaches, which identified 4436 genes expressed in boar sperm that reflect seasonal changes,
including highly abundant transcripts of mitochondrial origin and key spermatogenesis regulators

like PRM1 and ornithine decarboxylase antizyme 2 (OAZ3) [13, 14].

RNA-Seq analysis has further identified many genes functionally relevant to sperm motility,
morphology, fertilization capacity, and freezability. For instance, comparison between fresh and
frozen-thawed boar sperm revealed 567 mRNAs and 135 miRNAs to be differentially expressed
[15]. Similarly, Alvarez-Rodriguez et al. [16] observed 347 up-regulated and 174 down-regulated
RNA transcripts in high-fertility boars versus low-fertility boars, including transcripts encoding
proteins involved in sperm motility, such as cation channel sperm associated auxiliary subunit

gamma (CATSPERG).
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Non-coding RNAs, especially miRNAs, have attracted considerable research interest due to their
involvement in regulating boar sperm quality and function. Curry et al. [17] reported differential
expression of miRNAs (including miR-22, let-7a, let-7d, and let-7e¢) in sperm with abnormal
morphology or reduced motility . Chang et al. [18] identified 15 differentially expressed miRNAs
between fresh ejaculated and cauda epididymal spermatozoa in Landrace boars, with eight being
downregulated (including ssc-let-7 family members, ssc-miR-26a, ssc-miR-98) and seven
upregulated (including ssc-miR-19b, ssc-miR-34c). These differentially expressed miRNAs target

genes involved in key signaling pathways such as cell-cycle regulation, and apoptosis [18].

Martinez et al. [19] found four differentially expressed miRNAs (miR-1285, miR-92a, miR-34c,
and miR-30) between ejaculate and cauda epididymal spermatozoa, while also observing varying
abundance levels of miR-182, miR-1285, miR-191, and miR-96 between high and low fertility
boars, suggesting these miRNAs are involved in fertility. In a comprehensive profiling study, Luo
et al. [20] revealed distinct miRNA expression patterns across reproductive tissues, with
approximately 15% of miRNAs co-expressed in Landrace testis, epididymis and sperm, mirroring
the physiological relationship between these tissues. Particularly, miR-34 showed remarkably

higher abundance in sperm, compared to the other reproductive tissues [20].

Godia et al. [10] have revealed correlations between RNA abundance and 25 sperm quality
parameters in Pietrian boars, demonstrating the complex molecular basis of sperm function and
fertility. This examination identified highly abundant mRNAs (PRM1, OAZ3, Dnal heat shock
protein family member B8 (DNAJBS), tripeptidyl peptidase (7PP2), transition protein 1 (7NP1))
and miRNAs (ssc-miR-30d, ssc-miR-34c, ssc-miR-30c-5p, ssc-miR-191, members of the let-7
family, and ssc-miR-425-5p) in boar sperm associated with sperm biology [10].

Despite considerable progress in understanding sperm biology through transcriptomics, there
remain significant gaps in our knowledge concerning the transcriptomic changes that characterize
the transition from puberty to sexual maturity in boars. Previous studies have primarily examined
RNA expression in boar sperm in relation to season, anatomy, sperm quality, fertility, and
cryopreservation using a cross-sectional design comparing different individuals. Limited
understanding exists about which genes become systematically enriched or depleted as boars
mature sexually, and whether these molecular shifts actively contribute to enhanced sperm

performance or are simply developmental byproducts. Understanding these developmental
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changes at a molecular level has gained interest as breeding companies are increasingly motivated

to introduce younger boars earlier in breeding programs based on genomic selection [21].

This study aimed to perform comparative transcriptomic profiling of sperm collected from the
same Duroc boars at both puberty (~7 months) and sexual maturity (~10 months) using a
longitudinal study design. Our primary objectives were to: (i) identify differentially expressed
genes (DEGs) and miRNAs in sperm between these two developmental time points, and (ii)
explore the biological pathways and molecular mechanisms associated with sexual maturation. We
hypothesized that sperm from sexually mature boars would exhibit distinct transcriptomic
signatures compared to those from the same boars at puberty, reflecting molecular adaptations that
enhance reproductive function. These insights would provide a unique window into developmental
changes in boar sperm at the molecular level, which might be utilized to optimize selection criteria

in breeding programs.

Materials and methods

Experimental design

This study examined 6 Sus scrofa boars of the Duroc breed over a three-month time span from
March to June 2023. The boars were sourced from a commercial breeding line used by Norsvin
SA, the pig breeding company in Norway. To track transcriptomic transitions linked to sexual
maturity, semen was collected from the same individuals at two time points, at approximately 7

months (pubertal) and 10 months (mature) of age.

At the start of the study, the pubertal boars were placed in individual 4 m? pens within an isolation
unit, adhering to guidelines set by the Norwegian Food Safety Authority for animals of this size.
This phase served as a quarantine period and an opportunity to train boars for semen collection
procedures. Semen samples were collected once the animals showed interest in mounting and were
physically capable of producing semen. The boars were transferred to an Artificial Insemination
(AI) center at around 8 months old, where they were housed in larger 6 m? pens. Semen collection
was performed using the gloved-hand technique, always carried out by the same trained personnel
to ensure consistency. For collection, the boars were briefly moved from their home pens to a
separate area. Environmental conditions, including ventilation, lighting, and temperature, were

kept consistent across both the isolation unit and the Al center to avoid introducing factors that
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might affect metabolic or physiological measurements. All boars were provided with the same

balanced commercial diet throughout the study.

Sample pre-processing

A fresh semen sample containing 200 million sperm per ml was centrifuged at 600%g for 10 min
at room temperature (RT) to separate sperm from the seminal plasma. After discarding the
supernatant (seminal plasma), the sperm pellets were washed with 1 mL phosphate buffer solution
(PBS) (centrifuged at 600xg for 10 min at RT). Next, the somatic cell lysis was performed in the
sample as per Goodrich et al. [22] with slight modification. The samples were kept on ice for 30
min with 1 mL of somatic cell lysis buffer (0.1 % SDS, 0.5 % Triton X-100 in nuclease-free water)
and thereafter washed by centrifuging at 200 x g for 15 min at 4°C. The samples were thereafter
examined using phase-contrast microscopy to ensure the absence of somatic cells. Following this
examination, the sperm were washed twice with 1 mL PBS, each time centrifuged at 600xg for 10
min at 4°C. Finally, the sperm pellets were snap-frozen and stored in liquid nitrogen until further

analysis.

Total RNA isolation and quality assessment

Frozen spermatozoa were thawed in hands and immediately processed for lysis. To lyse the sperm
cells, 1 ml of Qiazol (Qiagen, Germany) and 120 pL of tris(2-carboxyethyl)phosphine (TCEP)
(Sigma-Aldrich, Saint-Louis, MO, USA) were added to the sperm pellet. The mixture was
vortexed for 5 min, incubated at 56°C for 60 min and then incubated at RT for another 5 min. To
confirm successful lysis of the spermatozoa, phase-contrast microscopy was used. For RNA
isolation, the manufacturer’s kit protocol (miRNeasy Mini Kit, Qiagen, Germany) was followed
with slight modifications. To each sample lysate, 200 pL of chloroform was added before
centrifugation at 12000xg at 4°C for 15 min. The upper aqueous phase was transferred to a new
collection tube. 100% ethanol (1.5 times recovered aqueous phase) was added to the aqueous phase
and mixed thoroughly. The sample was then loaded into the RNeasy Mini spin column and
centrifuged at 8000xg for 20 seconds at RT. Washing was performed with Buffer RWT (prepared
with isopropanol) centrifuged at 8000xg for 20 seconds at RT. On-column DNase digestion was
performed by adding 10 puLL DNase I stock solution to 70 pL Buffer RDD as instructed in the kit
RNase-Free DNase Set (Qiagen, Germany). Washing of the column was performed subsequently
by 350 pL Buffer RWT, and 500 uL Buffer RWT with centrifugation at 8000xg for 20 seconds at
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RT. Additional washing of the spin column by 500 uL Buffer RPE was done by centrifuging at
8000xg for 2 min to dry the spin column membrane at RT. To eliminate any possible carryover of
Buffer RPE or residual flow-through, the spin column was placed into a new 2 mL collection tube
and centrifuged at full speed for 1 min. Finally, total RNA elution was done with 40 pL of RNase-
free water. The quantity of RNA was measured using Qubit™ 4 fluorometer with Qubit™ High
Sensitivity (HS) kit (Thermo Fisher Scientific, USA). Assessment of RNA quality was performed
using 4150 TapeStation system and TapeStation Analysis Software (4.1.1) with High Sensitivity
RNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer’s
protocol. Lack of somatic cell contamination was confirmed by the non-detection of 18S and 28S
rRNA peaks in the TapeStation analysis [11, 23]. Similarly, absence of DNA contamination was
confirmed using PRM1 TagMan™ Gene Expression Assay (Applied Biosystems, CA, USA, Assay
ID: Ss03383652 ul) by comparing RT-qPCR reactions with and without reverse transcriptase (-
RT controls) following the protocol described in [24].

Total RNA Sequencing

Using 4 pl RNA (8.8-61.2 ng), rRNA was blocked from cDNA extension using the QiaSeq
FastSelect HMR reagents (Qiagen, Germany), following the “-rRNA and/or -Globin with the
NEBNext Ultra II Directional Library Prep Kit” procedure in the manufacturer’s handbook v12/21,
including the “partially degraded RNA (RIN 2-6)” variations. Sequencing libraries were thereafter
prepared with the Ultra II Directional Library Prep Kit (NEB) according to manufacturer’s
instructions version 5.0 12/22 from step 4.2 onwards, with dilution of the NEB adapter 1:25 and
indexed adapters. Libraries were amplified for 16 PCR cycles. Sequencing was performed on a
NovaSeq-6000 instrument (Illumina) on an SP flowcell running RTA v3.4.4 with 1% PhiX added,
with 150 bp paired end sequencing. Demultiplexing into individual sample FASTQ datasets was
performed with bel2fastq v2.20.0.422.

miRNA Sequencing

miRNA libraries were prepared using the QiaSeq miRNA library kit (Qiagen, Germany). Inputs
ranged from 5.5-38.3 ng RNA. Adapters were diluted accordingly, following the manufacturer’s
recommendations, and samples were amplified with 18 cycles of PCR. Samples were indexed with
unique adapters to allow pooling on a single sequencing run. Sequencing was performed on a

NextSeq-500 instrument (Illumina) running RTA v2.11.3 with 1% PhiX added, with 82 cycles of
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sequencing. Demultiplexing into individual sample FASTQ datasets was performed with bel2fastq

v2.20.0.422.

Total RNA seq and miRNA seq analysis

Raw fastq files were subjected to quality control using FastQC (v0.12.1) [25]. Adapter sequences
and low-quality bases were removed using Trim Galore (v0.6.10) [26] with the following
parameters: quality cutoff of 20, stringency of 3, and a minimum read length of 35 bases. The
trimming was executed in paired-end mode, retaining unpaired reads and trimming ambiguous
“N” bases. Post-trimming quality was again confirmed by running FastQC on the trimmed
sequences. The Sus scrofa (Sscrofa 11.1) reference genome and its corresponding GTF annotation
were obtained from Ensembl release 112 [27]. The reference genome was indexed for alignment
using HISAT2’s (v2.2.1) hisat2-build [28]. Trimmed paired-end reads were aligned to the Sus
scrofa genome using HISAT2 (v2.2.1) [28]. Alignment output (SAM files) was converted to BAM
files using SAMtools (v1.16.1), then sorted and indexed. To account for PCR duplicates, duplicate
marking was performed using Picard (v3.0.0) [29]. The duplicate-marked BAM files were
indexed, and post-marking alignment statistics were obtained. Gene-level counts matrix were
generated using featureCounts (Subread v2.0.4) [30] with the Sus scrofa ensembl GTF annotation
file [27]. Parameters for featureCounts included paired-end mode, counting reads mapping to

exons (using -t exon and -g gene id), and a strandedness option (-s 2).

The standalone version of SRNAbench from the sSRNAtoolbox suite [31] was used to annotate Sus
scrofa small non-coding RNAs (sncRNAs), including miRNAs (based on miRBase v21). All

annotations were performed using default parameters.

Differential expression analysis of total RNA-seq and miRNA-seq data

The DESeq2 package (v 1.46.0) from Bioconductor [32] was used to perform differential
expression analysis for both total RNA-seq and small RNA-seq in R [33]. For both datasets, a
paired design ('~ Individual + Age') was implemented to account for individual variation while
focusing on changes between Pubertal and Mature boar groups. To ensure robust analysis, we
filtered both datasets to include only genes with a minimum of 10 read counts in at least 6 samples
following recommended practice [34]. Differentially expressed genes were identified using the
following criteria: adjusted P-values < 0.05 (Benjamini-Hochberg correction) and absolute log>

fold change > 0.5. For total RNA-seq data, differentially expressed Ensembl gene IDs were
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converted to gene names using biomaRt (v 2.62.0), by querying the Ensembl BioMart database
(‘sscrofa_gene ensembl’) to retrieve external gene names, Entrez IDs, gene descriptions, and

biotypes [35].

For miRNA analysis, target gene prediction was performed using the multiMiR package (v 2.4.0)
[36]. Due to limited validated miRNA-target annotation in pigs, differentially expressed porcine
miRNAs meeting the criteria (adj P < 0.05 and |log2FC| > 0.5) were manually mapped to human
orthologs based on sequence conservation. Target prediction was conducted using the
get multimir() function with the following parameters: org = “hsa”, table = “validated” to retrieve
experimentally validated miRNA target interactions. The resulting human gene targets were then
mapped back to porcine orthologs using the gorth() function from gprofiler2 (v 0.2.3) [37] by

querying the pig genome database (‘sscrofa_gene ensembl’).

Gene ontology (GO) enrichment analysis for both datasets was performed using clusterProfiler (v
4.14.4) [38] in conjunction with the Sus scrofa OrgDb (org.Ss.eg.db) (v 3.20.0) [39, 40].
Difterentially expressed genes from total RNA-seq and predicted target genes from miRNA-seq
were tested for enrichment in biological processes, molecular functions, and cellular components.
GO enrichment analysis was performed using Benjamini-Hochberg correction, with significantly

enriched terms identified at g-value < 0.05.

For integrative analysis to identify miRNA-mRNA regulatory pairs, predicted miRNA targets were
intersected with differentially expressed mRNAs from our dataset (adj P < 0.05 and [log.FC| >
0.5), showing inverse and positive expression patterns. Specifically, predicted mRNA targets of
downregulated and upregulated miRNAs were matched with downregulated and upregulated
miRNAs. The resulting miRNA-mRNA regulatory pairs were annotated with gene symbols using
Ensembl BioMart [35].

Results

RNA landscape and differential expression analysis

Initial characterization of our total RNA-Seq data revealed a diverse transcriptional landscape in
boar sperm. From the 15,637 genes of all biotypes detected after quality filtering, protein-coding
genes constituted the majority (86.91%), followed by long non-coding RNAs (11.56%), with
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smaller proportions of small nucleolar RNA (0.61%), pseudogenes (0.33%), and other RNA
classes (Additional file: Table ST).

Differential expression analysis between sperm samples from boars at 10-months and 7-months of
age initially identified 230 genes with significant P-values (adj P < 0.05) (Additional file: Table
S2). Applying additional biological significance criteria (|log2FC > 0.5|) refined this to 60
differentially expressed genes (DEGs). These included 39 upregulated genes (65%) and 21
downregulated genes (35%) in mature boars (Figure 1), suggesting that sexual maturation in boar

sperm involves primarily transcriptional activation rather than repression.
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Figure 1: Volcano plot of differential gene expression between sperm collected from boars at 10 months and 7 months
of age. log, fold change (x-axis) is plotted against statistical significance (-logio adj P-value, y-axis) for expressed
genes. Red dots represent significantly differentially expressed genes meeting both significance (adj P < 0.05) and
fold change (|log2FC| > 0.5) criteria. Blue dots indicate genes with significant P-values (adj P < 0.05) but below the
fold change threshold (Jlog,FC| < 0.5. Green dots show genes with fold change above threshold (Jlog2FC| > 0.5) but

lacking statistical significance (adj P > 0.05). Grey dots represent genes which are non-significant (NS).
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The majority of DEGs were protein-coding genes (221, 96.08%) with smaller contributions from
five IncRNAs (2.17%), three pseudogenes (1.30%), and one mitochondrial rRNA (0.43%). This
distribution notably differs from the overall transcriptome composition, indicating selective

enrichment of protein-coding genes in maturation-associated transcriptional changes.

Hierarchical clustering of all the DEGs showed an age-dependent expression profile, with samples

clustering by age rather than by individual boar, with one exception (Figure 2).
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Figure 2: Hierarchical clustering of differentially expressed genes in sperm collected from boars at 7-months and 10-

months of age. Heatmap shows expression patterns of all 60 differentially expressed genes (adj P < 0.05 & |log,FC| >
0.5) across sperm samples from six Duroc boars at two ages. Each column represents an individual sample with color
bars at the top indicating the boar's identity and age (7-months in maroon, 10-months in dark green). Gene expression
values were variance-stabilized and row-scaled, with red indicating higher expression and blue indicating lower

expression relative to the mean across samples.
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Key genes identified in sperm maturation

Analysis revealed a mitochondrial rRNA (ENSSSCG00000018063) as the most significantly
altered differentially expressed gene (DEG) (Table 1) (log2FC = -0.9, adj P = 9.67 x 10°). Other
highly significant DEGs included neuron navigator 3 (NAV3) (log2FC = -0.6), post-GPI attachment
to proteins 2 (PGAP2) (logo:FC = 0.5), ALMSI centrosome and basal body associated protein
(ALMS1) (log2FC = -0.5), and GLI family zinc finger 4 (GLI4) (log2FC = 0.6), all with adj P <
4.17 x 10, Several of these top-ranked genes exhibited contrasting expression patterns, with both
up- and down-regulated genes represented among the most significant changes (Table 1),

highlighting the complex transcriptional remodeling that accompanies sperm maturation.

Table 1: Results from DESeq?2 expression analysis for the top 10 most significantly differentially expressed
genes in sperm samples from boars at 10-months, compared to 7-months of age. Genes are ranked by
adjusted P-value, showing both up-regulated and down-regulated genes. All genes are protein coding genes
except ENSSSCG00000018063 (Mt rRNA). The table includes Ensembl gene ID, external gene name,
base mean normalized values (baseMean), log: fold change (log,FC), standard error of the fold change

(IfcSE), Wald test statistics (stat) and adjusted P-value (adj P-value).

Ensgene ID  Gene Name  baseMean logoFC  1fcSE stat adj P
ENSSSCG00000018063  Novel gene 3780.19 -09 0.16 -5.48  9.67 x 107
ENSSSCG00000029249 NAV3 5125.87 -0.6  0.12 -5.19 244 x 10*
ENSSSCG00000035653 PGAP2 20008.42 0.5 0.10 5.03  3.70 x 10*
ENSSSCG00000037977 ALMSI 10215.12 -0.5  0.11 491  417x10*
ENSSSCG00000039881 GLI4 4372.87 0.6 0.11 491 417 x10*
ENSSSCG00000014217 FEMIC' 1686.26 -0.7  0.14 -486 4.43x10*
ENSSSCG00000008372 EHBPI’ 4150.54 -0.6  0.13 -480 5.12x10*
ENSSSCG00000034994  Novel gene 23962.23 0.5 0.10 469 7.12x10*
ENSSSCG00000037391 AKAPI® 39884.72 0.5 0.10 469 7.12x10*
ENSSSCG00000001689 ZNF644° 3683.40 0.5 0.10 -4.54  1.03x10*

'Fem-1 Homolog C; 2EH Domain Binding Protein 1; *A-Kinase Anchoring Protein 1; “Zinc finger protein 644

We next examined genes showing the most pronounced upregulation in sperm collected from boars

at 10 months compared to the same boars at 7 months of age (Table 2, adj P < 0.05 & |log2FC| >
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0.5). Nicalin (NCLN) was the most upregulated gene, followed by regulator of G protein signaling
12 (RGS12), BCL9 transcription coactivator (BCL9), transmembrane protein 106B (TMEM106B),
calcium and integrin binding family member 2 (CIB2), GLI4, OS9 endoplasmic reticulum lectin
(089), elongin BC and polycomb repressive complex 2 associated protein (EPOP), and
transmembrane protein 15/4 (TMEM151A4) with logoFC values of 0.5 to 0.6. Other important
upregulated genes in mature boars identified were polyhomeotic homolog 1 (PHC1), cell division
cycle 25B (CDC25B), and A-kinase anchoring protein 1 (4KAPI) (Additional file: Table S3, adj
P <0.05, log2FC = 0.5).

The most downregulated genes (Table 3, adj P < 0.05 & [log2FC| > 0.5) revealed a different
functional profile. An uncharacterized mitochondrial rRNA showed the highest downregulation
followed by FEM1C, heat shock protein 90 alpha family class A member 1 (HSP90A4AI), EHBPI,
NAV3, ectropic viral integration site 5 (EV15), fibrous sheath interacting protein 2 (FSIP2), voltage
dependent anion channel 3 (VDAC3), ALMS1, GRAM domain containing 1C (GRAMDI1C), and
UPF2 regulator of nonsense mediated MRNA decay (UPF2).

Additional file: Table S3 provides comprehensive expression data for all differentially expressed

genes.
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Table 2: Results from DESeq2 expression analysis for the top 15 upregulated genes in sperm samples from
boars at 10-months, compared to 7-months of age. Genes with log.FC > 0.5, ranked by magnitude of fold
change. All genes are protein-coding. The table includes Ensembl gene ID, external gene name, base mean
normalized values (baseMean), log: fold change (log,FC), standard error of the fold change (1fcSE), Wald
test statistics (stat) and adjusted P-value (adj P-value).

Ensgene ID Gene Name  baseMean log,FC  IfcSE stat adj P-value
ENSSSCG00000013475 NCLN 2068.17 0.6 0.15 4.13 423 %103
ENSSSCG00000047940 2466.01 0.6 0.18 3.23 2.11 x 107
ENSSSCG00000008698 RGS12 1310.16 0.6 0.17 3.34 1.72 x 102
ENSSSCG00000006698 BCL9 1518.39 0.6 0.15 3.93 6.26 x 107
ENSSSCG00000032740  TMEM106B 1087.56 0.6 0.19 3.03 3.16 x 107
ENSSSCG00000001762 CIB2 1555.84 0.6 0.14 3.94 6.12 x 107
ENSSSCG00000039881 GLI4 4372.87 0.6 0.11 491 4.17 x 10+
ENSSSCG00000035875 0s9 1461.11 0.5 0.14 4.00 5.97 x 107
ENSSSCG00000035677 EPOP 4434.57 0.5 0.16 3.24 2.02 x 102
ENSSSCG00000012952  TMEM1514 1087.56 0.5 0.16 3.25 2.01 x 102
ENSSSCG00000015891 TBRI' 5918.55 0.5 0.14 3.63 1.07 x 107
ENSSSCG00000000746 WASHCI? 1780.84 0.5 0.16 3.27 2.01 x 107
ENSSSCG00000016217 DNAJB2? 2408.58 0.5 0.14 3.80 7.93 x 107
ENSSSCG00000001619 FOxP4* 1453.92 0.5 0.16 3.12 2.56 x 102
ENSSSCG00000012850 DEAFI® 16686.87 0.5 0.12 4.13 4.24 x 107

'T-box brain transcription factor 1; 2WASH complex subunit 1; *Dnal heat shock protein family (Hsp40) member B2;
“Forkhead box P4; DEAF1 transcription factor

Table 3: Results from DESeq?2 differential expression analysis for the top 15 downregulated genes in sperm
samples from boars at 10-months, compared to 7-months of age. Genes with log.FC > 0.5, ranked by
magnitude of fold change. All genes are protein-coding except ENSSSCG00000018063 (Mt rRNA). The
table includes Ensembl gene ID, external gene name, base mean normalized values (baseMean), log: fold
change (log,FC), standard error of the fold change (IfcSE), Wald test statistics (stat) and adjusted P-value
(adj P-value).
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Ensgene ID Gene Name baseMean log,FC IfcSE stat adj P-value

ENSSSCG00000018063 3780.19 -0.9 0.16 -5.48 9.67 x 107
ENSSSCG00000014217 FEMIC 1686.26 -0.7 0.14 -4.86 443 x 10*
ENSSSCG00000002535 HSPY90AAI 1644.41 -0.6 0.19 -3.47 1.44 x 1072
ENSSSCG00000008372 EHBPI 4150.54 -0.6 0.13 -4.80 5.12 x10*
ENSSSCG00000029249 NAV3 5125.87 -0.6 0.12 -5.19 2.44 x 10
ENSSSCG00000006901 EVI5 5227.88 -0.6 0.14 -4.29 2.79 x 1073
ENSSSCG00000060494 FSIP2 2378.55 -0.6 0.13 -4.37 2.03 x 1073
ENSSSCG00000007026 VDAC3 1578.56 -0.6 0.17 -3.38 1.58 x 102
ENSSSCG00000037977 ALMSI 10215.12 -0.5 0.11 -4.91 4.17 x 10*
ENSSSCG00000011915 GRAMDIC 1048.11 -0.5 0.15 -3.74 9.02 x 1073
ENSSSCG00000011117 UPF2 1407.68 -0.5 0.15 -3.66 1.01 x 102
ENSSSCG00000008382 USP34! 4334.07 -0.5 0.14 -3.60 1.13 x 102
ENSSSCG00000022830 KANSLIL? 7569.74 -0.5 0.13 -3.90 6.69 x 1073
ENSSSCG00000035379 JCHAIN? 1025.87 -0.5 0.17 -2.95 3.73 x 102
ENSSSCG00000035136 SDCCAGS* 1286.10 -0.5 0.15 -3.35 1.71 x 102

'Ubiquitin specific peptidase 34; 2KATS regulatory NSL complex subunit 1 like; *Joining chain of multimeric IgA and
IgM; “SHH Signaling And Ciliogenesis Regulator SDCCAGS

Functional enrichment analysis

To gain insights into the biological significance of the observed transcriptional changes, we
performed functional enrichment analyses using GO on differentially expressed genes. Our GO
analysis revealed significant enrichment of 11 biological processes (adj P < 0.05), directly related
to reproductive development and four molecular functions being transferase activity, transferring
phosphorus-containing groups, protein serine/threonine kinase activity, protein kinase activity and

signal sequence binding (Figure 3, Additional file: Table S4).

Within the biological processes (BP) category, we identified eight significant enrichments of terms
directly related to male reproduction (adj P <0.05). The most significantly enriched terms included
germ cell development and cellular processes involved in reproduction in multicellular organisms,

followed by gamete generation, developmental processes involved in reproduction,
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spermatogenesis, spermatid development, male gamete generation and spermatid differentiation.
We also identified significant enrichment of protein targeting processes, including SRP-dependent
cotranslational protein targeting to membrane, cotranslational protein targeting to membrane, and

intracellular protein transmembrane transport (adj P < 0.05).

Molecular function (MF) analysis revealed significant enrichment of kinase-related activities (adj
P < 0.05), with protein serine/threonine kinase activity showing the highest significance. Other
significantly enriched terms (adj P < 0.05) included protein kinase activity, signal sequence

binding and transferase activity transferring phosphorus-containing groups.
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Figure 3: Enriched gene ontology terms among differentially expressed genes in sperm collected from 10-
month versus 7-month boars. The dot plot displays significantly enriched biological process (BP) and
molecular function (MF) terms (adj P < 0.05) with gene ratio (proportion of differentially expressed genes
belonging to each term) on the x-axis. Dot size represents the number of genes per term, while color
represents statistical significance (adj P), with red representing more significant values (lower adj P-values)

and blue representing less significant values (higher adj P-values).
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Differential miRNA expression during sexual maturation

Following total RNA profiling, we examined the miRNA landscape in boar sperm samples to
understand the small RNA regulatory network during sexual maturation. Differential expression
analysis identified six significantly altered miRNAs between pubertal and mature boars (adj P <
0.05, |log2FC| > 0.5), with five upregulated and one downregulated miRNA in mature boar
samples, compared to pubertal boar samples (Figure 4, Table 4).

ssc-miR-193a-5p showed the highest statistical significance among upregulated miRNAs (log2FC
= 0.9, adj P = 1.09 x 107°), while ssc-miR-126-3p displayed the greatest fold change (log.FC =
1.0). The remaining upregulated miRNAs, ssc-miR-196a, ssc-miR-574-3p, and ssc-miR-210
showed moderate but significant increases, while ssc-miR-338 was downregulated in mature

boars.

Table 4: Differentially expressed miRNAs in sperm collected from boars at 7-months and 10-months of
age. Positive log,FC values denote higher expression in sperm in mature boars (upregulated), and negative
values denote lower expression in sperm in mature boars (downregulated). The table includes miRNA ID,
base mean normalized values (baseMean), log: fold change (log,FC), standard error of the fold change

(IfcSE), Wald test statistics (stat), and adjusted P-value (adj P-value).

miRNA baseMean log,FC 1fcSE stat adj P-value
Upregulated ssc-miR-193a-5p 230.21 0.9 0.16 5.39 1.09 x 103
ssc-miR-196a 846.34 0.7 0.19 3.49 2.46 x 102
ssc-miR-126-3p 332.48 1 0.29 3.34 3.17 x 1072
ssc-miR-574-3p 187.21 0.9 0.27 3.31 3.17 x 1072
ssc-miR-210 674.89 0.7 0.21 3.16 3.87 x 1072
Downregulated  ssc-miR-338 177.17 -0.6 0.18 -3.62 2.46 x 1072
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Figure 4: Differential expression of miRNAs in sperm collected from boars at 7-months and 10-months of
age. Volcano plot displaying log, fold change (x-axis) versus statistical significance (-logioadjusted p-value,
y-axis) for 179 miRNAs. Red dots represent miRNAs meeting both significance (adj P < 0.05) and fold
change (|log,FC| > 0.5) thresholds and are labelled. Blue dots indicate miRNAs with significant P-values
(adj P < 0.05) but insufficient fold change (|logoFC| < 0.5, and green dots show miRNAs with substantial
fold change (|logoFC| > 0.5) but lacking statistical significance (adj P > 0.05). Grey dots show miRNAs

which are non-significant (NS).

miRNA target prediction and functional enrichment analysis

Our target prediction analysis revealed extensive regulatory potential for the differentially
expressed miRNAs in mature boar sperm. Among the upregulated miRNAs, ssc-miR-126-3p
targeted 1187 genes, followed by ssc-miR-193a-5p (821 targets) and ssc-miR-574-3p (752 targets)
(Additional file: Table S5). Collectively, these three miRNAs were predicted to regulate a network

of 2459 unique genes, suggesting widespread post-transcriptional regulation during sexual
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maturation. We observed a considerable overlap between the target genes of these three miRNAs.
Specifically, ssc-miR-126-3p and ssc-miR-193a-5p shared 109 common targets, while ssc-miR-
126-3p and ssc-miR-574-3p shared 117 targets. Additionally, ssc-miR-193a-5p and ssc-miR-574-
3p converged on 100 common genes. Most notably, 25 genes were predicted to be regulated by all
three upregulated miRNAs. This pattern of overlapping regulation suggests coordinated control of

key developmental pathways during sperm maturation.

GO enrichment analysis of the miRNA targets identified 232 significantly enriched terms
(Biological Processes = 167, Molecular Function = 36, Cellular Component = 29) (adj P < 0.05)
(Figure 5, Additional file: Table S6). Among biological processes, cell cycle processes (adj P =
3.69 x 1077), mitotic cell cycle processes (adj P =2.62 x 107°), and the mitotic cell cycle (adj P =
2.62 x 107°) were significant. For molecular functions, mRNA binding (adj P = 3.03 x 10®)
chromatin binding (adj P = 4.15 x 10-%), and protein-macromolecule adaptor activity (adj P =4.15
x 10~*) were significant, suggesting active roles of these miRNAs in mRNA and chromatin
organization during maturation. Cellular components related to chromosome structure and
function were also significant, including chromosome (adj P = 1.14 x 10-!%), chromosomal region

(adj P=3.77 x 107), and chromosome, centromeric region (adj P = 3.77 x 107).
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Figure 5: Gene ontology enrichment analysis of predicted target genes for differentially expressed miRNAs
in sperm collected from boars at 7-months and 10-months of age. Top enriched biological process (BP),
molecular function (MF), and cellular component terms (adj P < 0.05) are shown with gene ratio (proportion
of target genes in each term) on the x-axis. Dot size represents the number of genes per term, while color
represents statistical significance (adj P), with red representing more significant values (lower adj P-values)

and blue representing less significant values (higher adj P-values).

Integrated miRNA-mRNA analysis

To identify functionally relevant miRNA-mRNA interactions during sexual maturation, we
performed an integrated analysis of our miRNA and mRNA datasets. This analysis revealed both

positive and negative expression relationships between miRNAs and their target mRNAs (Figure

6).

Three miRNAs dominated these regulatory interactions: ssc-miR-193a-5p, ssc-miR-126-3p, and
ssc-miR-574-3p. The most significantly upregulated miRNA, ssc-miR-193a-5p (Table 4), showed
targeting relationships with six downregulated mRNAs, including mediator complex subunit 13
(MED13), zinc finger protein 644 (ZNF644), ALMSI, tax1 binding protein 1 (7AXIBPI), and
transmembrane protein 260 (TMEMZ260). Additionally, ssc-miR-193a-5p displayed positive
expression with three upregulated targets: CDC25B, FOXP4, and bassoon presynaptic cytomatrix
protein (BSN). Similarly, ssc-miR-126-3p showed targeting relationships with four downregulated
mRNAs, including EVI5, HSP90AAI, EHBPI1, and KATS regulatory NSL complex subunit 1 like
(KANSL L) while exhibiting a positive relationship with DNAJB2. The third upregulated miRNA,
ssc-miR-574-3p, displayed a negative relationship with one downregulated mRNA (MED13) and
positive relations with three upregulated targets (CDC25B, WD repeat domain 13 (WDR13), and
DEAFI).

Notably, several genes were targeted by multiple upregulated miRNAs, suggesting coordinated
regulation. For instance, EVI5 was predicted as a target for both ssc-miR-126-3p and ssc-miR-
193a-5p, while MEDI3 was targeted by both ssc-miR-193a-5p and ssc-miR-574-3p. This
convergence of multiple miRNAs on common targets highlights potential synergistic regulation of

key genes during sexual maturation.
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Figure 6: miRNA-mRNA regulatory relationships in sperm collected from boars at 7-months and 10-
months of age. Bar plots displaying log: fold change expression patterns for miRNAs and their predicted
target mRNAs. Panel (a) shows inverse regulatory relationships with upregulated miRNAs and their
downregulated target mRNAs. Panel (b) displays positive regulatory relationships with upregulated
miRNAs and their upregulated target mRNAs. Colors indicate different miRNA regulatory networks: blue
bars represent ssc-miR-126-3p and its targets, orange bars represent ssc-miR-193a-5p and its targets, and
purple bars represent ssc-miR-574-3p and its targets. miRNAs are positioned first (left side of each panel),
followed by their target mRNAs. Only differentially expressed genes meeting both significance (adj P <
0.05) and fold change (|log2FC| > 0.5) thresholds are shown.
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Discussion

Our study presents the first comprehensive characterization of transcriptomic changes in boar
sperm during the transition from puberty to sexual maturity. Using paired sperm samples collected
from the same Duroc boars at approximately 7 and 10 months of age with combined total RNA-
seq and miRNA-seq analysis, we identified distinctive transcriptional signatures that characterize
this important reproductive transition. Our findings reveal a predominant pattern of upregulation
in both protein-coding genes and miRNAs, along with coordinated mRNA-miRNA pairs that

collectively regulate sperm maturation in Duroc boars.

Transcriptomic landscape transformation

The most striking feature of the transcriptomic landscape during sexual maturation is the
predominant upregulation of gene expression, with 65% of DEGs showing increased expression
in mature, compared to pubertal boars. This activation bias suggests that sexual maturation is
characterized by systematic genetic programming rather than transcriptional silencing [7, 41].
Hierarchical clustering analysis revealed a clear separation of samples by age, establishing a
reproducible molecular signature of maturity that transcends individual variation. Notably, two
boars appeared as outliers in the clustering analysis; this observation may reflect individual
biological variation. While previous studies have examined transcriptomic profiles of sperm of
sexually mature animals across different species, such as boars [12], bulls , rams , and stallions ,
our work uniquely captures the dynamic changes occurring during the developmental window

from puberty to sexual maturity in Duroc boars.

Enhanced sperm function through protein-coding gene modulation

Our analysis identified NCLN as the top differentially expressed upregulated gene in mature boars.
NCLN encodes nicalin, a protein that functions as a component of the multi-pass translocon
complex that mediates insertion of membrane proteins into lipid bilayers [42]. This significant
upregulation suggests fundamental changes in membrane protein organization during sperm
maturation. Several other prominently upregulated genes appear to support multiple aspects of
sperm functionality. For instance, RGS12, coding for a regulator of G protein signaling, is involved
in Ca?" oscillation required for oocyte activation after fertilization in humans [43]. Similarly, CIB2
produces a calcium and integrin binding family member that regulates intracellular calcium

homeostasis [44] and has been implicated in mouse spermatogenesis [45]. In yak, CIB2 transcripts
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were hypermethylated at m°A sites in the adult testis compared to the juvenile testis, contributing

to spermatogenesis [46], supporting our findings for sexual maturity.

Additionally, we observed the significant upregulation of genes related to chromatin remodeling
and gametogenesis, including FOXP4 and PHCI [47,48]. Transcript levels of FOXP4 are reported
to increase during the development of spermatogonial stem cells, promoting their proliferation and
supporting normal sperm production [47]. PHC1 produces a protein that acts as a central regulator
of differentially expressed genes in mouse spermatogonial stem cells, maintaining balance
between self-renewal and differentiation during spermatogenesis [48]. Our analysis also revealed
significant upregulation of other genes critical for sperm functionality during sexual maturation.
CDC25B encodes the CDC25B protein, which is found to localize to the midpiece, principal piece
and head cytosol of human spermatozoa, suggesting a role in non-cycle functions in terminally
differentiated germ cells [49]. AKAP1 anchors protein kinase A to the outer mitochondrial
membrane, facilitating localized phosphorylation events that support mitochondrial energy
production and sperm motility in human spermatozoa [50]. Levels of AKAPI transcripts were
significantly higher in normozoospermic men than in those with reproductive disorders [51] and
moreover, Akapl has been linked to spermatogenesis in mice [52]. The coordinated upregulation
of these genes during sexual maturation suggests enhanced regulation of energy metabolism,
phosphorylation cascades, and chromatin organization as boars transition from puberty to sexual

maturity.

Downregulation of developmental and metabolic genes during sexual maturation

We observed significant downregulation of HSP90AAI in our study, a gene that encodes a
molecular chaperone involved in protein maturation and regulation [53]. Interestingly, previous
studies have found HSP90AA1 protein to be overrepresented in low-fertility bull sperm,
suggesting that its downregulation in mature boar sperm may be beneficial for optimal
functionality. HSP9OAAT1 has also been implicated in regulating the acrosome reaction in yaks
[54]. The downregulation of HSP90AAI in our study may therefore represent a finely tuned

optimization of protein folding and stability required for mature boar sperm function.

Our analysis also revealed that mitochondrial rRNA was significantly downregulated in mature
boars. It indicates the remodeling of energy production pathways during maturation [55]. FSIP2,

a protein associated with the sperm fibrous sheath and specific to spermatogenic cells [56], showed
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decreased expression in sperm from mature boars in our study. FSIP2 has been identified in the
phosphoproteomics studies in yak as part of a protein network with AKAP3, AKAP4, and
CABYR, suggesting roles in protein kinase A binding, cytoskeletal organization, and sperm
motility [57]. Mouse models with FSIP2 mutations demonstrate multiple morphological
abnormalities of sperm flagella, while its overexpression produces elongated tail structures and
altered acrosome [56]. This suggests that precise regulation of FSIP2 levels is critical for proper
sperm development. The downregulation observed herein for mature boars could reflect a
developmental fine-tuning, where lower levels are optimal for the maintenance of properly formed

flagellar and acrosomal structures in fully matured sperm.

VDAC3 encodes the voltage-dependent anion channel 3 protein, which localizes to the acrosomal
region and midpiece of spermatozoa. In mouse models, VDAC3 protein deficiency caused
significant decrease in sperm motility, viability, acrosome reaction, capacitation, fertilization, and
embryo development. Proper regulation of VDACS3 is essential for proper mitochondrial sheath
formation during spermatogenesis, sperm function and male fertility [58, 59]. Similarly,
upregulation of gene family member VDACI was reported in Duroc boars with high DNA
fragmentation index [60]. The downregulation of V'DAC3 in the sperm of 10-months old in our
study may indicate fine-tuning of mitochondrial dynamics as sperm reach functional maturity.
ALMS]1 was also significantly downregulated in the sperm of 10-months old individuals. Loss of
ALMSI protein function in mouse resulted in primary spermatogenic defects characterized by
disrupted progression from round to elongating spermatids, abnormal sperm tail and mitochondrial
structure, and testicular atrophy leading to male infertility [61]. Likewise, conditional knockout of
Upf2 in mouse germ cells causes severe spermatogenic defects and male infertility, highlighting

UPF2’s important role in fertility [62].

Functional integration through biological pathways

The GO enrichment analysis provides a functional context for understanding the transcriptomic
changes occurring during boar sexual maturation. The predominant enrichment of reproduction-
related biological processes aligns with the developmental transition being studied and highlights

the molecular underpinnings of sexual maturation.

The significant enrichment of the spermatid development and differentiation terms suggests that

even in ejaculated sperm, the transcriptomic signature of developmental processes remains
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detectable and undergoes dynamic regulation from puberty to sexual maturity. Several genes
driving this enrichment were common across multiple reproduction-related GO terms, including
testis specific serine kinase 2 (7SSK2), testis specific serine kinas 6 (7SSK6), AKAPI,
spermatogenesis associated 20 (SPATA20), AT-rich interaction Domain 4A (ARID4A), cytochrome
P450 19A3 (CYP19A43), CDC25B, proprotein convertase subtilisin/kexin type 4 (PCSK4), VDAC3,
and neutralized E3 ubiquitin protein ligase 1 (VEURLI) (Figure 7).

Notably, many of these genes have established roles in sperm function that we have previously
discussed in this paper. For instance, the upregulation of AKAPI and CDC25B in sperm of 10-
months old boars likely supports mitochondrial function and non-cell cycle functions, respectively
[49, 50] while the downregulation of VDAC3 might represent a refinement in mitochondrial

dynamics during spermatogenesis [59].

The identification of protein targeting to the membrane as an enriched process, represented by
signal recognition particle 54 (SRP54), SEC61 translocon subunit alpha 2 (SEC61A42), and
translocon associated membrane protein 1 (TRAM1) highlights the importance of proper protein
localization in mature sperm. Membrane protein organization is crucial for acrosome reaction, and
sperm-egg fusion , and our findings suggest that these processes undergo refinement during sexual

maturation.

Our analysis also revealed significant enrichment of protein kinase activity terms, driven by a
diverse set of genes including AKT serine/threonine kinase 2 (4K72), protein kinase C delta
(PRKCD), cyclin dependent kinase 16 (CDKI6), dual specificity tyrosine phosphorylation
regulated kinase 1B (DYRKIB), mitogen-activated protein kinase 6 (MAPK6), CaM kinase like
vesicle associated (CAMKYV), integrin linked kinase (/LK), choline phosphotransferase 1 (CHPT1I),
terminal nucleotidyltransferase SC (TENTS5C), TSSK2, TSSK6, and AKAP1. The enrichment of this
functional category underscores the importance of phosphorylation-dependent signaling in

regulating sperm maturation and function.

Our network analysis also indicates distinct yet interconnected functional clusters (Figure 7).
Notably, the connection between kinase activity and structural processes, specifically spermatid
development, is mediated by 7SSK2, TSSK6, and AKAP1. This interconnection demonstrates how
regulatory networks orchestrate the functional optimization of sperm as boars transition from

puberty to sexual maturity.
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587  Collectively, these findings provide a systems-level perspective on boar sperm maturation. The
588  enrichment of both developmental and signaling pathways supports a model where the final stages
589  of sexual maturation involve not just quantitative changes in gene expression but qualitative shifts

590 in pathway activation and coordination.
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Figure 7: Gene-concept network analysis of differentially expressed genes in sperm of 10-month old versus
7-month old boars. This cnetplot depicts the relationships between differentially expressed genes (grey
nodes) and enriched Gene Ontology (GO) terms (colored nodes). The size of GO term nodes indicates the
number of associated genes. There are three distinct functional clusters: the upper cluster represents
membrane protein transport pathways, the central cluster represents reproductive development processes,
and the lower cluster represents kinase signaling networks. Several genes like TSSK2, TSSK6, and AKAP1
connect the two clusters. Line connections represent associations between GO terms and genes based on

GO annotations.

miRNA regulation during sexual maturation

Beyond protein-coding genes, our study revealed significant changes in miRNA expression during
sexual maturation. Five out of six differentially expressed miRNAs were upregulated in mature
boars, mirroring the trend observed in protein-coding genes. Among the upregulated miRNAs, we
found ssc-miR-193a-5p, which has been previously implicated in sperm function across multiple
species. In bovine studies, miR-193a-3p was overexpressed in both sperm and seminal plasma of
high-fertility bulls, directly connecting this miRNA to reproductive success [63]. Human literature
further supports this connection, identifying miR-193a as a key regulator in asthenozoospermia

influencing sperm motility [64].

ssc-miR-196a has been identified as evolutionarily conserved between amphibians and mammals,
critical for spermatogenesis across all tetrapods, spanning approximately 350 million years, and
misregulation of this miR-196 contributes to male sterility [65]. Intriguingly, Lian et al. [66] found
miR-196 expression restricted to immature porcine testes (1 month), contrasting with our finding
of increased expression in sperm of mature vs pubertal boars. This apparent discrepancy may
reflect the different regulatory roles of miR-196 during testicular development versus sperm
maturation. Zhang et al. [67] demonstrated that miR-196a enhances Sertoli cell proliferation and
reduces apoptosis by targeting regulator of chromosome condensation 2 (RCC2) and ATP binding
cassette subfamily B member 9 (4BCBY) genes in pigs, suggesting its importance in establishing

optimal cellular environments for sperm production.

The ssc-miR-126-3p has been extensively characterized in reproductive contexts across species.
In pigs, miR-126 has been reported to stimulate cell proliferation and suppress apoptosis in

immature Sertoli cells targeting PIK3R2 and activating the PI3k/AKT signaling pathways [68]. In
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humans, reduced miR-126 expression is documented in patients with a complete absence of sperm

due to impaired spermatogenesis [69].

The upregulation of ssc-miR-574-3p connects directly to energy metabolism regulation. Ma et al.
[70] demonstrated that miR-574 directly targets mt-NDS5, a component of the mitochondrial
respiratory chain complex I, thereby regulating mitochondrial function and ATP generation in
human sperm. Elevated levels of miR-210 have been observed in testicular tissues with maturation
arrest/hypospermatogenesis and in the seminal plasma of varicocele patients [71, 72]. These
findings underscore the context-dependent roles of miR-210, with its upregulation in sperm from

mature boars potentially reflecting a specific regulatory adaptation during sexual maturity.

The downregulation of ssc-miR-338 represents an equally important aspect of the sexual
maturation process. Madison-Villar and Michalak [65] identified miR-338 among their
evolutionarily conserved set of miRNAs critical for spermatogenesis across tetrapods, with
misexpression correlating with testicular dysfunction in sterile fish hybrids. Our analysis further
revealed that three miRNAs: ssc-miR-193a-5p, ssc-miR-126-3p, and ssc-miR-574-3p, emerged as

central regulators, collectively targeting 2,459 unique genes.

Integrative Analysis of miRNA-mRNA Interactions

Our integrated analysis identified 10 and seven miRNA-mRNA pairs with negatively and
positively correlated expression, respectively. The convergence of multiple miRNAs on common
targets suggests redundant control mechanisms ensuring proper sexual maturation. It might also
indicate a fine-tuning of gene expression or cooperative effects of the miRNAs. For instance, EVI5
was targeted by both ssc-miR-126-3p and ssc-miR-193a-5p; MED13 and CDC25B were targeted
by both ssc-miR-193a-5p and ssc-miR-574-3p.

Our analysis identified six target genes that were downregulated and three target genes upregulated
by ssc-miR-193a-5p, including EVI5, ALMSI, and CDC25B. Proteins encoded by EVI5 are
involved in cell cycle progression [73], ALSM1 protein has a role in spermatogenesis, sperm tail,
and mitochondrial structure in mice [61], and CDC25B protein localizes to the human sperm
midpiece and head [49]. This suggests that ssc-miR-193a-5p coordinates the fine-tuning of both

structural and functional components of sperm.
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Similarly, upregulated ssc-miR-126-3p potentially targeted one upregulated gene and four
downregulated genes in our study, including EVI5, and HSP90AAI1. Overexpression of
HSP90AAT1 protein is linked to poor fertility in bulls [74] and it has also been implicated in
regulating the acrosome reaction in yaks [54] and protein folding in human [53]. The
downregulation of HSP90AA1 in our sperm samples from mature boars may therefore represent a
finely tuned optimization of protein folding and stability required for mature sperm function. Taken
together, our miRNA findings complement and extend the mRNA results. Concurrently, they
provide a deeper understanding of the molecular mechanisms driving the transition from puberty

to sexual maturity in Duroc boars.

Limitations and future directions

Our sample size of six boars and focus on a single breed, though adequate for detecting major
transcriptomic shifts, may have limited our ability to identify more subtle changes with lower
effect sizes and applicability to other breeds. We applied a lower fold-change cutoff (|log2FC| >
0.5) than typically used in somatic tissue studies, since mature spermatozoa carry 600 times less
RNAs than somatic cell [75] and even modest expression changes can be biologically meaningful

during the maturation process.

Future studies can expand our findings in several directions. Confirmation of the top 15-20
differentially expressed genes with RT-qPCR on larger cohorts across multiple swine breeds to
validate these transcriptomic signatures would enhance their applicability as biomarkers of sexual
maturity. Moreover, integrating additional omics data, including metabolomics, proteomics, and
epigenetics, would offer a more comprehensive understanding of the regulatory networks

governing sexual maturation.

Conclusion

This study provides the first comprehensive transcriptomic profile of sperm between pubertal (~7
months) and mature (~10 months) boars. Our paired analysis revealed predominantly upregulated
genes during maturation, including NCLN, RGSL2, CIB2, FOXP4, PHCI, CDC25B, and AKAPI
involved in membrane organization, calcium homeostasis, protein kinase signaling, and
reproductive processes. Concurrently, genes associated with sperm development and metabolism,

such as HSP90AAI, EVIS, FSIP2, VDAC3, and ALMSI were downregulated during maturation.
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We identified six differentially expressed miRNAs and predicted 17 miRNA-mRNA regulatory
pairs. Functional enrichment analysis identified biological processes such as reproduction, cell
cycle regulation, and chromatin organization, indicating coordinated transcriptional regulation

during sexual maturation.

These findings advance our understanding of boar sexual maturation and provide a first step
towards potential biomarkers for assessing reproductive development, with practical implications

for swine breeding programs where genomic selection drives earlier introduction of young boars.
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1018 Additional Files

1019  Table S1: Gene biotype distribution in boar sperm transcriptome. The table shows the relative abundance of different

1020  RNA biotypes among 15,637 genes detected by total RNA sequencing after quality filtering (>10 reads in >6 samples).

Biotype Count Percentage

protein_coding 13580 86.91

IncRNA 1807 11.56

snoRNA 96 0.61

psuedogene 51 0.33

snRNA 36 0.23

scaRNA 16 0.1

miRNA 8 0.05

misc RNA 6 0.04

processed_pseudogene 6 0.04
unitary_pseudogene 4 0.03

Mt tRNA 3 0.02

Y RNA 3 0.02

Mt rRNA 2 0.01

ribozyme 2 0.01

rRNA 2 0.01

transcribed _unprocessed pseduogene 1 0.01
translated unprocessed pseudogene 1 0.01
vault RNA 1 0.01

1021 Table S2: Complete list of significantly expressed genes in boar sperm at 10 months versus 7 months age (adj P <

1022 0.05). The table includes Ensembl gene ID (ensgene), Ensembl gene symbol (external gene name), gene biotype,
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base mean normalized values (baseMean), log. fold change (log,FC), standard error of the fold change (1fcSE), Wald
test statistics (stat), raw P-value, adjusted P-value (adj P-value), Entrez gene ID, chromosome name, strand, gene

description.

Excel file is provided.

Table S3: Complete list of differentially expressed genes in boar sperm at 10 months versus 7 months age (adj P <
0.05 & |log2FC| > 0.5). The table includes Ensembl gene ID, Ensembl gene symbol, gene biotype, base mean
normalized values (baseMean), log: fold change (log,FC), standard error of the fold change (IfcSE), Wald test statistics

(stat), raw P-value and adjusted P-value (adj P-value).

Excel file is provided.

Table S4: Gene Ontology (GO) enrichment analysis of differentially expressed genes in boar sperm at 10 months
versus 7 months age. The table lists the ontology category (biological process (BP), molecular function (MF)), GO
ID, term description, the ratio of target genes versus total targets (GeneRatio), the background ratio (BgRatio), the
enrichment factor (RichFactor), fold enrichment, z-score, raw p-value, Benjamini-Hochberg adjusted P-value (adj P),

g-value, NCBI (Entrez) gene IDs, and the count of genes in the term.

Excel file is provided.

Table S5: Target genes for differentially expressed miRNAs in boar sperm at 10 months versus 7 months age. Tables

include miRNAs, the number of target genes (Count) and the Ensembl gene IDs of those targets.

Excel file is provided.

Table S6: Gene ontology (GO) enrichment analysis of target genes for differentially expressed miRNAs in boar sperm
at 10 months versus 7 months age. The table lists the ontology category , GO ID, term description, the ratio of target
genes versus total targets (GeneRatio), the background ratio (BgRatio), the enrichment factor (RichFactor), fold
enrichment, z-score, raw p-value, Benjamini-Hochberg adjusted P-value (adj P), g-value, matching ensembl gene
symbols and the count of target genes in the term, and ontology category (biological process (BP), molecular function

(MF), cellular component (CC)).

Excel file is provided.
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In modern pig breeding, artificial insemination is essential for improving genetics. Early semen collection
from boars can lower costs and speed up genetic progress, but there’s no precise way to determine sexual
maturity in young boars. Standard tests like sperm count, concentration, motility, and morphology don’t
capture deeper biological changes. This research aimed to map the molecular and functional changes in
boar semen during maturation.

We studied the same boars over several months, collecting semen at three time points: around 7 months of
age, then 6 and 12 weeks after the first collection. This longitudinal approach captured genuine maturation
changes while controlling for genetic differences. We used metabolomics to identify metabolite changes,
transcriptomics to understand molecular mechanisms, and functional tests to assess sperm quality.

Ourresearch identified key metabolites in sperm, such as glutamate, alanine, aspartate, choline and taurine
that changed significantly with age and could serve as potential biomarkers. We found that as boars mature,
there were notable improvements in sperm motility, viability, DNA integrity, and storage tolerance. These
functional gains were directly linked to specific metabolites. Transcriptomic analysis revealed changes in
several genes and miRNAs in expression related with sperm development.

This study is the first comprehensive longitudinal examination of sexual maturation in boars, laying a
foundation for developing molecular biomarkers that could help determine optimal breeding readiness,
which may reduce costs and accelerating genetic progress in pig breeding programs.

. University of
INDN

Inland Norway inn.no
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