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Semen evaluation:

can we forecast fertility?

Heriberto Rodriguez-Martinez*

Abstract

This review critically comments on
established and emerging methods of semen
evaluation that would foresee the fertility of
the ejaculate (neat or processed) or the male.
Functional sperm testing through biomimetic
in vitro assays are priority since these, by
resembling events during sperm transport,
storage and interaction with the female
genital tract and the oocyte, best provide
clues for sperm selection and the role of
sperm sub-populations in the ejaculate. The
review also focuses on the exploration of the
genome, the transcriptome and the proteome

Introduction

Over the past decades, we have
experienced an explosive development
of in vitro assays to determine sperm
intactness and measurement of sperm
function as summarised in multiple
reviews  (Rodriguez-Martinez  and
Larsson, 1998; Graham, 2001; Rodriguez-
Martinez, 2003; Parkinson, 2004; Graham
and Moce, 2005; Guillan et al.,, 2005;
Rijsselaere et al., 2005, Rodriguez-
Martinez, 2006, 2007a; Petrunkina et al.,
2007; Rodriguez-Martinez and Barth,
2007; Moce and Graham, 2008; Hossain et
al., 2011; Petrunkina and Harrison, 2013,
Sanchez et al., 2013; Barazani et al., 2014).
However, conventional semen evaluation

of both spermatozoa and the seminal plasma
which may help to unveil how spermatozoa
and seminal plasma components would
signal to the female and link to fertility and
even prolificacy. Specific seminal plasma
components, both among individuals and
portions of the ejaculate, not only relate to
sperm survival but also to signal the female
immune system towards a differential
immune tolerance warranting fertility.

Key words: semen analysis; sperm quality; in
vitro methods; fertility estimation

is restricted to determinations of sperm
numbers, sperm motility and only
sometimes, sperm morphology, following
the paradigm that an ejaculate must
contain above a certain number of motile,
morphologically ‘normal’ spermatozoa
to achieve minimum sperm numbers
reaching the oviducts for eventual
participation in the complex process
of fertilization (Rodriguez-Martinez et
al., 2005; Rodriguez-Martinez, 2007b;
Holt, 2011). More and more methods
are now available for semen evaluation
that not only make it possible to disclose
the level of ‘normality’ of the male
genital organs but also the capability
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of spermatozoa (mostly related to their
membranes but also their metabolomics)
to interact with the surrounding fluids
(SP, female genital fluids and in wvitro
culture media), cells (epithelia, cumulus
cells, oocytes), or extracellular material
(hyaluronan coating, the zona pellucida)
before fertilization. Methods are also
available to disclose the status of the
different organelles, the intactness
of the nuclear genome and of the
available transcriptome; all related to
the capability to initiate early embryo
development. Although some methods,
particularly those of an ‘omic’ nature, are
yet restricted to the research bench, the
accompanying development of relevant
instruments, from Computer Assisted
Sperm Analysers for motility (CASA) or
morphology (ASMA) to bench-model
flow cytometers (FCs), are making assays
accessible for clinical diagnostics and
semen processing. However, considering
many of these methods are only of limited
value for prediction of fertility, this review
aims to critically review methodological
advances in the assessment of semen
and the capacity different assays have to
really prognose fertility.

Outcomes of the

spermiogram and fertility

Current examination of the ejaculate
includes aspect, volume and pH, sperm
numbers (concentration or total per
ejaculate) and sperm motility (often
including kinematics when using CASA
instruments). Sperm numbers are a
blunt variable in relation to fertility, and
only when below possible ‘threshold
numbers’ do we see a proven relation
between sperm numbers and fertility
(Tardif et al., 1999; Christensen et al.,
2011). Subjectively measured sperm
motility has been statistically related to
fertility even for post-thawed semen in
bulls (Rodriguez-Martinez, 2003), and
in pigs (Cremades et al., 2005), while

studies in other species yield variable
results mostly owing to operator bias and
differences in numbers of females bred
when accounting fertility (Rodriguez-
Martinez, 2006). Kinematic analyses
(CASA) of linearity correlate with field
fertility but with large variation among
studies (Bailey et al., 1994; Zhang et al.,
1998; Hirai et al., 2001; Januskauskas et
al., 2001, 2003; Broekhuijse et al., 2012).
Fertility estimation in Al dairy sires
was stronger when motility patterns
were combined with other parameters
of sperm function (Januskauskas et al.,
2001) or gene analyses (Iso-Touru et al.,
2019). Percentages of morphologically
normal bull ejaculated spermatozoa
strongly relates to post-Al fertility
(Phillips et al., 2004; Al-Makhzoomi et
al, 2008; Nagy et al, 2013) reflecting
normality of spermatogenesis and sperm
maturation. Morphological abnormalities
differ in their impact on fertility, some
being specific defects (Nagy et al,
2018) that hamper fertilization while
others (as pear-shaped sperm head
deviation), impair embryo development
(Rodriguez-Martinez and Barth, 2007).
The ASMA instruments analyse sperm
head dimensions but not yet sperm
abnormalities of other nature (Auger,
2010) and lack clear relationships to
fertility (Saravia et al., 2007b; Gravance et
al., 2009).

Functional sperm testing and
fertility prognosis

In specialized laboratories, intactness
of sperm function towards fertilization
is studied in vitro and outcomes related
to fertility (Rodriguez-Martinez, 2007a).
Integrity and stability of the plasma
membrane are paramount, studied via
a multitude of methods (microscopy in
wet smears, membrane impermeable dye
eosin (eosin-nigrosin test), exposure to a
hypo-osmotic saline solution (HOS-test),
or single or multiple fluorophores and FC
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with significant —albeit variable- correla-
tions to fertility (rev by Rodriguez-Mar-
tinez and Barth, 2007). Fluorophores are
most advantageously used combined, for
instance to determine subtle changes in
permeability using SNARF-1, YO-PRO-1
and Ethidium homodimer, the so-called
triple stain (Pefa et al., 2005a, 2007), re-
lated to phospholipid scrambling (Mero-
cyanine-540, YO-PRO-1 and Hoechst
33342) or phospholipid asymmetry (An-
nexin-V/PI) (Januskauskas et al., 2003;
Pena et al., 2003; 2005a, 2007; Saravia et
al., 2007a), all related to capacitation in
several species and with a good correla-
tion with fertility (Hossain et al., 2011).
Sperm capacitation includes, moreover,
an influx of Ca* to the sperm perinuclear
and neck regions and flagellum affecting
sperm motility under the control of spe-
cific membrane receptors as Catsper (Vi-
cente -Carrillo et al., 2017) or opioid re-
ceptors (Vicente-Carrillo et al., 2016). The
Ca*" influx also influences the generation
of controlled amounts of ROS, as well as
the phosphorylation of protein residues
eventually associated to fertility (Harri-
son and Gadella, 2005; O’Flaherty et al.,
2006; Fabrega et al., 2011). Mapping of in-
tracellular Ca* levels in spermatozoa and
of Ca* displacement, for instance using
the CTC-technique has helped discrim-
inate fertility among bull sires (Thun-
dathil et al., 1999; Gil et al., 2000).
Correlations between mitochondria
status and fertility are variable, mostly
due to changes in mitochondria
functionality over time (Martinez-Pastor
et al., 2004; Hallap et al., 2005a; Pefa et
al., 2009) and sperm handling (Macias
Garcia et al., 2012). Besides energy, sperm
mitochondria produce by-products of
the metabolism of oxygen, including
superoxide which converts into the
damaging hydrogen peroxide, a Reactive
Oxygen Species (ROS) (Roca et al., 2016).
A certain level of ROS is essential for
sperm function, including fertilising
capacity, but only when it is kept at

optimal levels by the antioxidant capacity
of the seminal plasma (Awda et al., 2009,
Barranco et al., 2015; Zura Zaja et al,
2019), via antioxidant enzymes such as
paraoxonase-1 (PON-1) or the sperm-
present PON-2 (Barranco et al., 2014).
Levels of ROS are variable, making their
proper determination difficult, albeit yet
possible using the probe hydro-ethidine
or measuring lipid peroxidation (LPO)
levels in the membrane lipid bilayer by
using the 5-iodoacetamidofluorescein
probe family (BODIPY-C,®) (Ortega-
Ferrusola et al.,, 2009a; Hossain et al,,
2011). Acrosome intactness, a pre-
requisite for fertilization, can be readily
examined in vitro using phase contrast
microscopy (Rodriguez-Martinez and
Larsson, 1998) or be examined by
fluorophore-linked lectins by multi-
parametric analysis (Nagy et al., 2004).
Yet, correlation between acrosome status
and fertility are variable (Rodriguez-
Martinez, 2007). Spermatozoa from
human, boars and bulls contain the
hyaluronan (HA) receptor CD44 in their
plasma membrane (Huszar et al.,, 2003;
Tienthai et al., 2003; Bergqvist et al., 2006;
Alvarez-Rodriguez et al., 2018) which
binds to HA in the cumulus cloud. Use
of the PICSI Sperm Selection device, USA
(Huszar et al., 2007), to trap only mature
spermatozoa and select best spermatozoa
for ICSI has been used for stallion
spermatozoa (Colleoni et al., 2011), but
numbers are low to determine a true
relation to fertility. However, HA has per
se a doubtful influence to sperm motility
(Alvarez-Rodriguez et al., 2018).

Simple methods for in vitro separation
of spermatozoa for robustness are
available, from washing/centrifugation to
density gradients (Rodriguez-Martinez
et al, 1997, Samardzija et al, 2006a).
Swim-assays select for sperm motility
and membrane integrity, essential
parameters for fertilization (Rodriguez-
Martinez et al., 1997) and has proven
valuable for fertility prognosis, with
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numbers of viable spermatozoa post
swim-up reflecting innate fertilizing
capacity (Zhang et al.,, 1998, Hallap et
al., 2005a, b, 2006b; Samardzija et al.,
2006b), particularly when hyaluronan
(HA) has been added (Shamsuddin and
Rodriguez-Martinez, 1994). As a follow-
up, artificial (hyaluronate-based, not
sialic-based) cervical mucus has also been
tested, albeit with less discriminative
results (Al Naib et al., 2011). Novel
methods have recently been developed
using alternative multiple micro fluidic
flow streams for sperm self-migration
which allow for the sorting of motile
spermatozoa in a similar fashion as in
vivo (Wang et al, 2011), although not
suitable for the isolation of large sperm
numbers, these latter methods appear
promising when adapted for IVF, where
low, quasi physiological sperm numbers
are co-incubated with oocytes (Suh et al.,
2006). Discontinuous density gradients of
silate coated silica spheres provide higher
sperm yield (Rodriguez-Martinez et al.,
1997) and centrifugation through a single
column of species-specific formulations
of silate-coated colloid spheres (the SLC
method) has proven successful to harvest
the most robust spermatozoa from
any (raw or serially processed) semen
suspension, in all species tested so far
(Morrell and Rodriguez-Martinez, 2009,
2010; Morrell et al., 2011), but selection
per se has a low relation to fertility.
Sperm-ZP binding is a critical step for
fertilization being used in vitro with either
whole ZP (oocytes), or hemi ZPs (cleaved
oocytes) (Rodriguez-Martinez, 2006).
Outcomes from ZP binding tests yield
significant correlations with Al-fertility in
bulls (Zhang et al., 1998) and pigs (Ardon
et al., 2005). The oocyte penetration test
implies testing the ability of presumably
capacitated spermatozoa to penetrate
into homologous oocytes in vitro (Oh et
al.,, 2010) which seem to relate to fertility
(Henault and Killian, 1995), albeit there
is variation in penetration rates which do

not mirror possible fertility differences
among sires. Different end points in
fertilization and subsequent early embryo
development can be determined using
in vitro fertilization (IVF). Most studies
looking for a relationship between in
vitro outcome/s and field fertility are
retrospective and only a few were really
made prospective, ie. the semen was
coded, used in vitro and the outcomes
used to calculate an ‘in vitro fertility’ that
was thereafter contrasted to the ‘real’
fertility in the field. Significant relations
appear when the sires differed widely in
fertility, and results could be accepted as
reliable when the conditions for IVF were
of a certain stringency and stability, i.e.
low sperm numbers used, same levels
of success in a control line over time,
not major differences between cleavage
and morula/blastocyst yields (Zhang
et al, 1997, 1999). Unfortunately, most
studies (Rodriguez-Martinez, 2007b) had
only low to medium relationships with
fertility, lowest for morula/blastocyst
rates.

Sperm genomics

Sperm  chromatin can  show
spermiogenesis-related compaction
abnormalities, with DNA fragmentation
being considered the most frequent cause
of paternal DNA anomaly transmitted to
progeny (Johnson et al., 2011). Pertaining
to its relevance, evaluation of the degree
of DNA integrity has increased over the
years (Barratt et al., 2010, Sanchez et al.,
2013). Sperm DNA fragmentation can be
studied with many techniques, including
staining with the DNA fluorophore
Propidium lodide (PI) which, in species
where DNA compaction is not high,
can present two types of staining,
a dimmer (related to low sperm
quality) and a brighter version (normal
spermatozoa, Muratori et al, 2008).
Other classical methods to determine
DNA damage are: (a) the single-cell gel
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electrophoresis assay (COMET), (b) the
terminal deoxynucleotidyl transferase-
mediated fluorescein-dUTP nick-end
labelling (TUNEL), (c) the acridine
orange test (AOT), (d) the tritium-
labelled 3H-actinomycin D (3H-AMD)
incorporation assay, (e) the in situ
nick translation (ISTN), (f) the DNA
breakage detection fluorescence in-
situ hybridizations (DBD-FISH), (g) the
sperm chromatin dispersion test (S5CD,
Halosperm) or the evaluation of (h) the
degree of induced denaturation of the
DNA (the so called Sperm Chromatin
Structure Assay, SCSA) (Fraser, 2004,
Evenson and Wixon, 2006, Tamburrino et
al., 2012). Most of the above methods can
use fluorescence microscopy while FC is
used for SCSA and TUNEL. Although
SCSA has been extensively used, the
outcome provided conflicting relations
to fertility in selected bull and boar
sires (Rodriguez-Martinez and Barth,
2007; Christensen et al., 2011; D’Occhio
et al, 2013) or unselected stallions
(Morrell et al., 2008). Other methods, less
cumbersome and waiving the need of
FC, as SCD appears to provide a similar
outcome to SCSA, at least in human
(Liffner et al., 2019).

Sperm epigenetics

Both DNA quality and the packaging
of the paternal genome (epigenome) are
essential to embryonic development and
fertility (Miller et al., 2010; Jenkins and
Carrell, 2011). Alongside genetic material,
the spermatozoon also contributes with
epigenetic components (i.e. other than
DNA-coding changes that can alter or
regulate gene expression) that affect early
embryo development (Hales et al., 2011).
Processes such as DNA methylation,
selective histone retention, sperm specific
histones with tail modifications, other
chromatin associated proteins, peri-
nuclear theca proteins, organization of
the DNA loop domain by the sperm

nuclear matrix and of sperm born
RNAs are included (Pacheco et al., 2011;
Yamauchi et al., 2011). Microarray- and
serial- analyses of gene expression assays
of spermatozoa from several species
have shown differential presence of
regulatory non-coding RNAs (either
long [IncRNAs] or short [microRNAs,
small interfering isRNAs and Piwi-
associated piRNAs) (Ponting et al., 2009)
which provide the zygote with a unique
set of paternal mRNAs (Krawetz et al,,
2011). These provide variable array
signals, and use of global RNA profiles
of spermatozoa from fertile and infertile
men (Garcia-Herrero et al., 2010), or
bulls with different NRRs, could lead to
the identification of transcripts (protein
kinase and ADAMSP) associated with
high sperm motility (Bissonnette et al.,
2009). Levels of miRNAs relate to sperm
functional attributes in bull (Govindaraju
et al., 2012), stallion (Das et al., 2013)
or pig (Curry et al., 2009, 2011). In bull
sperm, miRNA profiles show differential
expression in relation to the fertility levels
of the sires (Govindaraju et al., 2012).
Exploration of the miRNAome in sperm
and SP, in relation to sperm quality and
fertility, is relevant to establish molecular
biomarkers.

Sperm proteomics

The study of protein products
expressed by the genome has dramatically
expanded over the past decade, owing to
multidisciplinary methodological and
instrumental developments (Barazani
et al., 2014). Despite these advances,
proteomic studies of spermatozoa are
still limited (Oliva et al., 2009; Arnold and
Frohlich, 2011; Barazani et al., 2014), but
building comprehensive sperm protein
databases (de Mateo et al., 2011; Perez-
Patifio et al., 2018; 2019a, b). The proteins
identified cover a broad spectrum of
function (from energy production to cell
recognition), a relation to the portion of
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the ejaculate (Perez-Patino et al., 2019a)
particularly in relation to seminal plasma
exposure (Perez-Patifio et al.,, 2018a) or
cryopreservation (Perez-Patifio et al,
2019b) and a clear relation to fertility
(Novak et al., 2010a, b; Perez-Patifio et al.,
2018a, 2019a, b).

The seminal plasma, relevant

for fertility prognosis?

The main proteins of the SP belong
to one of three groups: proteins carrying
fibronectin type II (Fn-2) modules (boar,
stallion, bull, buck), spermadhesins
(boar) or cysteine rich secretory proteins
(CRISPs, stallion). SP proteins, acting
as adsorbed proteins to the plasma
membrane, modulate several essential
steps preceding fertilization, regulating
capacitation, the establishment of
the oviductal sperm reservoir, the
modulation of the uterine immune
response, and sperm transport through
the female genital tract, as well as in
gamete interaction and fusion. Therefore,
SP proteomes have been assessed in
relation to sperm quality and reproductive
outcome (Drabovich et al., 2011; Milardi
et al., 2012, Gonzalez-Cadavid et al.,
2014), in several species. SP proteins
have been identified as associated with
high/low fertility in bulls (Killian et al.,
1993), isolated as osteopontin (OPN) and
lipocalin-Type Prostaglandin D synthase
(Gerena et al., 1998, Cancel et al., 1999).
OPN has been related to fertility in pig
(Hao et al., 2008) and stallion (Brandon
et al., 1999) while lipocalins are present
among the fertility-related proteins in the
pig ejaculate (Rodriguez-Martinez et al.,
2009, 2011). Some SP proteins (SP-2, SP-
3, SP-4 and clusterin) have been found
in higher concentrations in stallions with
low fertility scores (Novak et al., 2010a)
with SP-1 being positively (Brandon et
al., 1999) or negatively (Novak et al,
2010a) correlated with fertility. Proteins
explored in pig seminal plasma, using

novel proteomic techniques has provided
clear evidence of the relation of these
proteins to the fertility of the males,
including both farrowing rates and
prolificacy (Perez-Patifo et al., 2016,
2018b).

Abundance of CRISP3 in equine
SP is positively correlated to 1st-cycle
conception rate (Novak et al, 2010a)
suggesting the protein family might
have a role in fertility, as suggested for
rodents and humans (Koppers et al.,
2011). The spermadhesin PSP-I, seems
to be negatively related to pig fertility
(Novak et al.,, 2010b). SP cytokine levels
vary among males, but levels are not
related to fertility, including the most
abundant TGF-p, which lacks a linear
relation to fertility (Loras et al, 1999;
O’Leary et al., 2011). Specific enzymes,
often with strong antioxidative capacity,
as Paraoxonase type 1 (PON-1) and
Glutathione Peroxidase-5, are present
in pig seminal plasma, with a clear
relationship to fertility (Barranco et al.,
2015, 2016, 2017).

Can we then prognose male

fertility by semen assessment?

Assays and/or attributes tested dif-
fer in relation to fertility. For instance,
membrane integrity evaluated via FC
appears more closely related to semen
fertility than sperm motility. Sample
power is most relevant; assessing hun-
dred spermatozoa per sample lead to un-
secure relationship to fertility. Strength
can be gained also by adjoining assays,
even when this implies that some attrib-
utes are repeatedly measured. There is
no risk in this, since spermatozoa that
are tested with one assay are different
from all others, so a battery of tests is
always advantageous (Rodriguez-Mar-
tinez, 2003). Following that path, several
groups have combined the results of in
vitro tests of the same semen samples in
analyses of multiple regression (Rodri-
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guez-Martinez and Barth, 2007), yield-
ing higher correlations with fertility
even when being retrospective. Calcu-
lations of predicted fertility combining
the outcomes of various methods of se-
men evaluation in vitro in multivariate
analysis, before the fertility of the donor
males was tested in the laboratory or the
field, has proven valuable (Zhang et al.,
1999; Gil et al., 2000; Ruiz-Sanchez et al.,
2006). This approach enabled identifica-
tion of sub-fertile bulls, whose expected
and real fertility was below the limit
considered for sub-fertility (62% non-re-
turn rate), while the other young bulls
predicted to have satisfactory fertility
had non-return rates of > 65%. Iden-
tification of sub-fertile sires had been
obtained with other bull (Hallap et al.,
2004) and boar stud populations (Ruiz-
Sanchez et al., 2006). Interestingly, most
sperm parameters (and to some extent
even fertility) appeared maintained over
the functional age of the sires, provided
no pathologies are acquired between
measurements (Zhang et al., 1997, 1998;
Hallap et al., 2005b, 2006a). However,
intrinsic variation between ejaculates
within sire was always present, which
requires analyses of many ejaculates.

Are we looking at the wrong

outcome?

Entry of spermatozoa and of seminal
plasma during mating or artificial
insemination elicit changes in the
expression of genes related to sperm
survival but also of genes involved in
immune processes at the sperm reservoirs
in animals as distant phylogenetically as
chicken and pigs, indicating the genes
affected are conserved over evolution
(Atikuzzaman et al., 2017). Experimental
evidence of female internal genital tract
samples collected 24 h after exposure to
semen, isolated spermatozoa or sperm-
free seminal plasma and examined via
microarrays confirmed the effects are

differential towards immune-related
genes, including those related to the
establishment of a status of maternal
tolerance to paternal antigens present
in spermatozoa or embryos (Alvarez-
Rodriguez et al., 2019). Whether these
gene expression changes canbe monitored
towards fertility of the females, or males,
implies we are closer to new indicators
which might be more relevant than the
classical sperm attributes were classically
explore.
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Ovaj pregledni c¢lanak pruza kriticki
osvrt na standardne i inovativhe metode
za procjenu kakvocde sjemena kako bi se
predvidio oplodni potencijal ejakulata
(nativnog ili obradenog) i muzjaka.
Funkcionalna testiranja spermija u in vitro
uvjetima su nuzna, buduéi da se slicni
procesi odvijaju tijekom transporta spermija,
pohrane i interakcije sa zenskim spolnim
sustavom i oocitama, jer pruzaju uvid u
ulogu pojedinih subpopulacija spermija
u ejakulatu i time pomazu kod odabira
spermija. Nadalje, ovaj se clanak isto tako

usredoto¢uje na istraZivanje genoma,
transkriptoma i proteoma spermija i sjemene
plazme Sto moZe pomocdi pri otkrivanju kako
spermiji i molekule sjemene plazme mogu
dati signal Zenki i povezati to s plodnosc¢u pa
¢ak is brojem potomaka. Specificne molekule
sjemene plazme koje se razlikuju izmedu
jedinki izmedu pojedinih frakcija ejakulata,
povezane su s prezivljavanjem spermija kao i
s maj¢inom imunosnom tolerancijom prema
spermijima $to omogucuje plodnosti.
Kljucne rijeci: analiza sjemena, kakvoca
sperme, metode in vitro, procjena plodnosti
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