
REPRODUCTIONREVIEW

Concepts in sperm heterogeneity, sperm selection and sperm
competition as biological foundations for laboratory tests of
semen quality

William V Holt and Katrien J W Van Look

Institute of Zoology, Zoological Society of London, Regent’s Park, London NW1 4RY, UK

Correspondence should be addressed to W V Holt; Email: Bill.holt@ioz.ac.uk

Abstract

Stringent selection mechanisms, in both internal and external fertilisation systems, reject all but a significant minority of the

spermatozoa released at ejaculation. Sperm competition theory provides circumstantial evidence that the selection process

involves mechanisms by which the quality of the fertilising spermatozoon is controlled, thereby ensuring that females and

their offspring receive high quality genetic material. In this review we examine some of these selection processes to see

whether they could be exploited for the improvement of laboratory tests of sperm quality. Such tests are not only required for

clinical and agricultural purposes, but are increasingly needed in fields such as reproductive and environmental toxicology

where the species requirement is much broader. Despite many years of research, sperm quality assessment methods continue

to provide imprecise data about fertility; here we suggest that this may be a consequence of using tests that focus on the sper-

matozoa that would normally be unable to fertilise under natural conditions.

To achieve fertilisation a spermatozoon must be capable of responding appropriately to external signalling stimuli; those invol-

ving protein kinase-regulated flagellar function seem especially influential in governing effects ranging from non-Mendelian

inheritance in mammals to sperm chemotaxis in sea urchins. Examination of the elicited responses reveals considerable het-

erogeneity in all species. Here we propose that this level of heterogeneity is meaningful both in terms of understanding how

spermatozoa from some individuals possess fertility advantages over spermatozoa from their rivals in sperm competition, and

in that the heterogeneity should be exploitable in the development of more accurate laboratory tests.
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Introduction

The ubiquitous occurrence of sperm selection mechan-
isms throughout nature, some depending upon the self-
selective propensities of spermatozoa while others
involve antagonistic selection imposed by the female
reproductive system, has stimulated considerable theoreti-
cal interest and debate for many years. Evolutionary biol-
ogists have developed several hypotheses that link sperm
selection to the inheritance of superior fitness traits (i.e.
disease resistance, offspring survival and fecundity); how-
ever, recognising the properties of the selected spermato-
zoa would also provide valuable insights required for the
development of useful semen quality tests, which, despite
many years of development, still remain elusive. In this
review we examine the value of sperm function tests in
the context of the biological issues involved to see how
much guidance can be gleaned from the natural selection
processes.

Current needs for sperm assessment technology

Semen assessment methods are used extensively in inves-
tigations of human clinical infertility and the last decade
has seen the introduction into andrology laboratories of
computer-assisted methods for both sperm motility and
morphology analyses. Efforts to develop and maintain
high and consistent diagnostic standards have led to the
introduction of national quality control schemes and
nationally organised courses for andrology technicians.
Pig and cattle farmers routinely obtain semen for artificial
insemination from national and international breeding
companies, whose primary goal is to develop and supply
semen from boars and bulls of high genetic merit. These
companies are aware that they must maintain high stan-
dards of product, and therefore subject the semen to rigor-
ous quality control procedures. Some use computerised
methods for sperm evaluation, thus obtaining information
about the quality of overall motility and morphology, and
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others couple this with tests to evaluate sperm plasma
membrane and acrosomal integrity. The instrumentation
used for analysing these tests varies, from subjective
microscopic examinations to the use of computer-assisted
sperm motility analysis or flow cytometry in conjunction
with specific fluorescent probes. The primary objectives of
the clinical and agricultural andrologists relate to the
question ‘how fertile is this sample?’ Unfortunately, a pre-
cise prediction of fertility cannot be provided, although it
is probably true that problematic samples can usually be
distinguished.

However, semen assessment methods are not the exclu-
sive province of clinical and veterinary andrologists. Ferti-
lity effects of new pharmaceuticals must be evaluated,
typically in mice, rats and primates, as part of the national
and international approval process. At present, the resul-
tant data remain imprecise. Researchers who investigate
male reproductive physiology also use a wide variety of
sperm evaluation procedures, depending upon context.
Typical examples of current interest might involve evaluat-
ing sperm quality and fertility after manipulation of sper-
matogenesis through transgenic and gene knockout
treatments, or through experimental exposure to endo-
crine-disrupting chemicals. The latter experiments are fre-
quently undertaken using a variety of model organisms,
including several species of small and rapidly breeding
fishes, such as zebrafish and fathead minnow. Fish sperm
assessment is also needed in aquaculture research where
semen cryopreservation technology is widely used.
Currently there is also considerable academic interest in
explaining aspects of evolutionary biology through the
influence of sperm competition; this body of literature
refers to an array of species from several taxonomic
groups, especially mammals, birds, fishes and insects.
These studies attempt to identify factors that explain why
one apparently normal and fertile semen sample is, in
fact, more capable of fertilising eggs than another. Few of
the semen tests that are currently available are able to pro-
vide mechanistic explanations for these phenomena. This
particular observation strongly suggests that much useful
information about fertility may be gained by looking at
whether the spermatozoa that actually achieve fertilisation
under these conditions can be distinguished from those
that do not.

Fertilisation, sperm quality and selection

Although it might seem that spermatozoa only have to
fulfil a single role, namely to achieve syngamy, this can
only occur if multiple cell functions operate flawlessly
and synchronously during the events preceding, during
and after fertilisation. Inherent failure of any of the crucial
cell systems within an individual spermatozoon will
prevent it from fertilising the oocyte and supporting
subsequent embryonic development. Fertilisations never-
theless continue to occur despite the drawbacks, and the
process is of universal importance for the continuation of

life on this planet. It is relevant to this review that the sper-
matozoa that eventually reach and fuse with oocytes
under natural conditions have almost invariably been sub-
jected to stringent selection. If the selection mechanisms
that operate in nature are able to discriminate the quality
of spermatozoa, understanding the basis of the naturally
imposed selection mechanisms may help to clarify which
of the many laboratory tests are likely to be most informa-
tive about fertility. We therefore begin by briefly reviewing
some of the current hypotheses about sperm selection.

The last three decades have witnessed the development
of a body of theory about sperm competition, which is
said to occur when spermatozoa from more than one
male have the opportunity to fertilise eggs from a single
female during the same fertile period (for reviews see
Parker 1970, 1998). Sperm competition thus occurs when
several males mate with a polyandrous female. In this situ-
ation, the male who can produce the most and best-qual-
ity spermatozoa has an advantage over his rivals, and
several studies have demonstrated that large testes size,
hence a greater sperm production capacity, is a feature of
species which exhibit multimale mating systems (see, for
example, Harcourt et al. 1981). Social dominance is also
a determinant in such mating systems, as age, body
weight and behavioural differences influence the relative
number of spermatozoa contributed by each of the males.

A number of classic experimental studies of sperm com-
petition have, however, established that paternity is still
skewed even if confounding factors such as sperm num-
bers and insemination timing are eliminated (for review
see Dziuk 1996). Elegant heterospermic insemination (HI)
experiments with bull, rabbit and pig spermatozoa, where
equal numbers of spermatozoa from two or more males
are mixed and inseminated in equal proportions, have
shown that spermatozoa from individual males can be
ranked in order of fertilisation efficacy (Beatty et al. 1969,
Stewart et al. 1974, Parrish & Foote 1985, Berger et al.
1996). Such observations strongly suggest that some
aspects of sperm quality per se determine fertilisation suc-
cess. In this context the meaning of the term ‘sperm qual-
ity’ remains unclear and controversial, but implies (i) the
existence of a positive correlation between sperm pheno-
types and the fitness of the offspring that derives from that
particular spermatozoon, or (ii) that some spermatozoa
simply possess a ‘fertilisation advantage’ over others. The
first alternative would seem more satisfactory from an
evolutionary point of view as it suggests a mechanism for
the natural selection of fitness traits (Birkhead & Pizzari
2002).

Evidence from genetic studies of natural mating strat-
egies and their outcomes seems to support this view. Pater-
nity identification techniques have revealed previously
unsuspected levels of extra-pair paternity across many
species. Several hypotheses have been developed that
attempt to explain the evolutionary benefits that females
may derive from such high levels of polyandry (Zeh & Zeh
2001) and sperm competition (Keller & Reeve 1995), most
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of which are highly relevant to issues of sperm quality
assessment. A few of the suggested hypotheses and their
proposed biological benefits are noted in Table 1. Some
authors consider that females can somehow assess the
genetic quality of spermatozoa from different males and
choose those (the ‘good’ sperm or ‘good’ genes) that will
confer genetic benefits to their offspring (Yasui 1997).
Others have pointed out that females could ‘choose’ sper-
matozoa with immunologically compatible characteristics
(Zeh & Zeh 2001), perhaps based on the major histocom-
patibility antigen they express. For species with internal
fertilisation, these and other hypotheses would imply the
existence of subtle but efficient sperm selection mechan-
isms in the female reproductive tract. As the nuclear
genome contained within the sperm head is highly con-
densed and inaccessible, it is implausible to infer that a
DNA-scanning mechanism exists allowing the female
reproductive tract to choose between males or between
different spermatozoa. The hypotheses linking sperm
quality with offspring quality therefore infer another
hypothesis, namely that linkage exists between aspects of
sperm phenotype and genotype. A number of authors
have supported this proposal, especially in terms of sexual
selection and antagonism, where the female reproductive
tract is considered to undergo evolutionary changes that
tend to impede sperm transport, while spermatozoa are
under evolutionary counter pressure to overcome these
obstacles (Roldan & Gomendio 1999). Pizzari & Birkhead
(2002), who recently reviewed this literature, considered
that sperm function is influenced by ‘fertilisation efficiency
genes’, which provide fertility advantages when needed.
This differs subtly from the cryptic female choice models,
since there is no overt necessity that fertilisation efficiency
correlate with offspring quality.

Ultimately, it is important that gamete fusion involves
only one spermatozoon per oocyte. Species with internal
fertilisation mechanisms achieve this state by ensuring that

the oocyte interacts in vivo with very low sperm numbers
at any given moment, while fishes with external fertilisa-
tion use a specialised channel, the micropyle, to limit
sperm entry. In either system the chosen spermatozoon is
the end product of a stringent selection process and, by
definition, it must possess all of the attributes that make it
fertile. The egg, or the female reproductive tract, has prob-
ably not had the opportunity to assess its DNA quality
directly, and thus selection has been based on sperm phe-
notype and function. Evolutionary adaptation has, how-
ever, allowed a few species to adopt a different way of
ensuring that only one spermatozoon is involved in fertili-
sation, by use of a process that does indeed appear to
involve DNA quality assessment. Urodele amphibians (for
example, newt and axolotl) allow several spermatozoa to
fuse with a single egg; these then all undergo nuclear
decondensation to form pronuclei, generate asters and
synthesise DNA (Wakimoto 1979). One of the sperm
pronuclei then fuses with the female pronucleus, where-
upon the accessory sperm pronuclei degenerate. Interest-
ingly, before syngamy is finally achieved, the female
pronucleus executes a complex series of excursions within
the egg cytoplasm, which involves ‘visiting’ the various
male pronuclei and possibly indulging in some kind of
selection process.

What mechanisms may be responsible for sperm
selection?

Any mechanisms for sperm selection must, by definition,
operate on heterogeneous cell populations, and spermato-
zoa within any ejaculate exhibit considerable heterogen-
eity in many different respects. Obvious abnormalities
such as acrosomal absence and flagellar deformity, which
cause clinical infertility in humans and other species, will
disqualify spermatozoa from taking part in fertilisation. In

Table 1 Some hypotheses explaining the existence and function of sperm competition and cryptic female choice of spermatozoa. (The term
‘cryptic female choice of spermatozoa’ refers to the post-copulatory preferential choice of spermatozoa from one male rather than another
within the female reproductive tract.)

Hypothesis Proposed benefit to female References

The ‘Intrinsic male
quality’ hypothesis

Sperm competition or cryptic female choice
of spermatozoon increases the probability of
fertilisation by a high quality spermatozoon or male

Watson (1991), Madsen et al. (1992),
Birkhead et al. (1993)

The ‘Trading-up’ hypothesis In a socially monogamous pair context, the extra-pair
copulations compensate for a poor quality mate

Kempenaers et al. (1992), Hasselquist et al.
(1996), Petrie & Kempenaers (1998)

The ‘Bet-hedging’ hypothesis Polyandry enables females to guard against mate
choice errors

Watson (1991, 1998)

The ‘Sexually-selected
sperm’ hypothesis

The sons of multiply-mated females produce
competitively superior spermatozoa or ejaculates

Harvey & Bennett (1985), Keller & Reeve (1995),
Pizzari & Birkhead (2002)

The ‘Offspring diversity’
hypothesis

Higher offspring genetic variability enhances female
fitness by reducing sibling competition or by serving
as a hedge against environmental uncertainty

Ridley (1993)

The ‘Genetic incompatibility
avoidance’ hypothesis

Females minimise risks associated with immunological
feto–maternal incompatibility or maternal vs paternal
genomic conflict

Zeh & Zeh (2001)

The ‘Good sperm’ or
‘Good genes’ hypothesis

Females ensure their eggs are fertilised by the best
sperm, so that offspring fitness is maximised

Curtsinger (1991), Yasui (1997)
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the present context, we regard such clinical abnormalities
as exceptions and concentrate upon looking for clues
about more subtle types of heterogeneity.

Sperm motility

Motility is a common feature of spermatozoa throughout
the animal kingdom. In aquatic species with external fertili-
sation the spermatozoa are released into a hostile environ-
ment where they typically become activated then survive
for a short period; only 1 or 2 min in the case of freshwater
fishes. Their encounter with eggs is a matter of probability,
many spermatozoa never reaching them at all. Of those
that reach the egg only one enters through the micropyle,
an opening that permits sperm entry for a brief period (less
than 2 min; Linhart et al. 1995). Sperm selection thus oper-
ates at several levels in typical external fertilisation sys-
tems, the first priority for spermatozoa being the need to
reach an oocyte. The presence of numerous spermatozoa
in the ejaculate helps with this initial process, and sperm
motility (flagellar beat frequency, velocity and flagellar
wave morphology) allows the ejaculate to occupy as much
water volume as possible, thus increasing the probability of
sperm–egg interactions. Sperm longevity after activation
also influences fertilising ability. Superior ability to with-
stand the osmotic stresses of exposure to hypotonic (fresh-
water) or hypertonic (seawater) environments confers a
selective advantage upon spermatozoa and is recognised
as determining relative fertility in fishes. Alternative mating
tactics and sperm competition mechanisms in fishes have
undergone elaborate evolution (for reviews see Stockley
et al. 1997, Taborsky 1998), much of it being directed
towards producing large sperm numbers and being able to
deposit them in the most favourable sites.

More subtle sperm selection occurring near the egg sur-
face involves cell signalling systems: (i) sperm-activating
peptides produced by the egg jelly coat of sea urchin
eggs, speract and resact, induce sperm chemotaxis (Ward
et al. 1985, Cook et al. 1994). Recently Wood et al.
(2003) have shown that these peptides induce calcium
fluctuations in the flagellum, thereby controlling the
vigour and nature of sperm motility; (ii) Yu et al. (2002)
have recently shown that trout spermatozoa adhere to the
peri-micropylar region of the egg surface through specific
cell–cell carbohydrate interactions; these activate protein
kinase-related signal transduction mechanisms within the
sperm head; and (iii) Iwamatsu et al. (1997) found that lin-
ear swimming velocity is correlated with the ability of
spermatozoa to enter the micropyle, a finding which
relates to observations by Creech et al. (1998) that fish
sperm velocity increases under the influence of the signal-
ling molecule, nitric oxide, produced by the eggs around
the site of sperm entry. In their paper Wood et al. (2003)
commented that sea urchin sperm populations are hetero-
geneous in their response to speract; one subpopulation
within the sample of spermatozoa was unable to respond
because the calcium concentrations were already high.

Fertilisation success would depend significantly upon the
relative size of the unresponsive subpopulation.

For species with internal fertilisation, motility is import-
ant for sperm transport within the reproductive tract and
for egg penetration. Important clues about the relevance
of sperm motility to mammalian fertility have come from
a series of papers (especially in relation to the t-haplotype
mouse; Olds-Clarke & Johnson 1993) about transmission
ratio distortion (TRD). This is an effect whereby genetic
mosaicism resulting from meiotic recombination during
spermatogenesis leads to the development of genetically
distinct sperm subpopulations that are either functionally
advantaged or disadvantaged with respect to flagellar
activity. While spermatozoa with normal flagellar activity
are able to cross the utero–tubal junction and enter the
oviduct, those spermatozoa with abnormal flagellar func-
tion are unable to do so. Mechanistically, TRD in the case
of the t-haplotype occurs because the cell signalling cas-
cades that control flagellar function and motility operate
incorrectly. The protein kinases controlling flagellar func-
tion in these mice are overexpressed and cause abnormal
sperm motility; however, those spermatozoa carrying the
t-haplotype also possess a t-complex responder gene (Tcr),
which corrects the overexpression of the sperm motility
kinase gene (smok), and restores normal flagellar action
(Herrmann et al. 1999). During meiosis the Tcr co-segre-
gates with the Y-chromosome and causes 95% skewing of
the offspring sex ratio in favour of males by promoting
unbalanced fertilisation success. This extreme example,
which results in non-Mendelian inheritance, is paralleled
by non-Mendelian transmission of retinoblastoma in
humans (Girardet et al. 2000); TRD, due to defects in
sperm motility, has also been detected in transgenic
mouse strains carrying a thymidine kinase reporter gene
or a gene for angiotensin-converting enzyme (Hagaman
et al. 1998).

These data, from what can be viewed as natural sperm
competition experiments, provide an intriguing insight
into possible mechanisms of sperm selection. They indi-
cate how genetic traits, not overtly reproductive in nature,
can be influenced directly by their association with pro-
tein kinase-regulated signalling cascades that affect sperm
motility. Reproductive skews detected in HI experiments
may therefore be partly attributable to similar mechan-
isms. This suggestion is supported by observations that
when porcine sperm populations are activated by bicar-
bonate (Tajima et al. 1987), a stimulator of adenylyl
cyclase and also indirectly of protein kinase A, hetero-
geneous responses are seen both within single semen
samples and between individual boars (Harrison & Holt
2000, Holt & Harrison 2002) (Fig. 1). Subpopulations of
boar spermatozoa respond to bicarbonate in different
ways; some are quiescent in the absence of bicarbonate
but are rapidly stimulated to maximal progressive motility,
some are refractory to stimulation, and others lie some-
where in between. From these observations we hypoth-
esise that when ejaculates from two or more boars are
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mixed within the female reproductive tract, and exposed
to naturally occurring bicarbonate, the relative proportions
of the most active sperm subpopulations would differ, and
the ejaculates with the highest proportion of activated
spermatozoa would be advantaged in terms of fertility.
This would undoubtedly skew the relative numbers of
spermatozoa colonising the oviduct, even if the relative
numbers of spermatozoa initially inseminated were the
same. The hypothesis is supported by findings that repro-
ductive advantage in HI experiments with boars is corre-
lated with the numbers of accessory spermatozoa
attached to the zona pellucida (Stahlberg et al. 2000);
these findings indicate that fertilisation advantage occurs
as a result of preferential ability to reach the site of fertili-
sation, the oviduct. Some evidence that selective breeding
for high fertility boars in breeding centres is associated
with a greater tendency for bicarbonate-induced sperm
activation also supports this hypothesis (Abaigar et al.
1999).

This consideration of sperm motility and its significance
may explain why simple measures of motility based on
parameters like sperm average path velocity, or estimates
of the proportion of motile spermatozoa in a sample,
remain poor predictors of fertility under competitive con-
ditions. In this context the application of sophisticated
methods of motility evaluation will remain uninformative
unless more account is taken of population heterogeneity.
In similar vein, a number of authors have investigated the
significance of flagellar length, based on the presumption

that flagellar length is directly correlated with velocity
(Gomendio & Roldan 1991). This approach is naive as it
ignores the existence of biochemical activation and
switching mechanisms, and therefore it is not surprising
that little evidence for a relationship between flagellar
length and fertility has yet been found.

Capacitation, egg recognition and penetration

In many species with internal fertilisation, spermatozoa do
not immediately proceed towards the egg surface, but
undergo a period of storage within the female reproduc-
tive tract. Storage time can vary from a few hours or days
to several years, depending on the species (for compara-
tive data on sperm storage see Birkhead & Moller 1993).
The mechanisms of interaction between spermatozoa and
the female reproductive tract are of considerable interest,
partly because of the potential for understanding the way
in which the female reproductive tract maintains sperm
viability over such prolonged periods (for review see
Hunter & Rodriguez-Martinez 2004). At present there are
several indications that sperm storage involves selection,
including the observation that the mammalian oviduct
preferentially stores uncapacitated spermatozoa (Smith &
Yanagimachi 1991, Fazeli et al. 1999). In mammals, capa-
citation is a complex physiological process that involves
biochemical, biophysical and metabolic modifications of
all parts of the spermatozoon. It results in altered plasma
membrane architecture and permeability, modulates fla-
gellar activity and leads to hyperactivation, a state in

Figure 1 Bicarbonate-induced motility stimulation in boar spermatozoa. Washed spermatozoa from two different boars were incubated at 38 8C
in a bicarbonate-free Hepes-buffered Tyrode’s-based medium. After 10 min incubation, 15 mM bicarbonate/5% CO2 was added to one half of
the sample while the other half received 15 mM NaCl (as control treatments). Sperm samples were video-recorded and their motion analysed
using a Hobson sperm tracker. Left hand panels show that in the absence of bicarbonate, most spermatozoa (points represent individual sperma-
tozoa) moved slowly and non-linearly (low linearity and average path velocity), but 2 min after bicarbonate addition (right hand panels) most
spermatozoa exhibited significantly increased linearity and velocity. However, while the velocities of most spermatozoa from boar 1 cluster
above 100mms21 (vertical line), most of those from boar 2 remain below this threshold (for more detailed protocols see Abaigar et al. 2001,
Holt & Harrison 2002). Such differential stimulation may be significant in sperm selection mechanisms.
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which spermatozoa exhibit vigorous and high amplitude
flagellar beating that is thought to assist penetration
through the zona pellucida. One interesting consequence
of capacitation is the apparent activation, or unmasking,
of receptors that respond to chemical stimuli from oocytes
or thermal gradients within the oviduct (Fabro et al. 2002,
Bahat et al. 2003). Once the sperm reservoir has been
established in the oviduct, only a small proportion of sper-
matozoa undergo capacitation at any given period. These
spermatozoa, which at that point represent a selected
population from the original ejaculate, are therefore sub-
jected to further stringent selection; in mammals only
about 10% of the capacitated spermatozoa are responsive
to these chemotactic or thermotactic signals (Eisenbach
1999), and they remain responsive for a limited period.
Although the details of this process are unknown it is
clear that this provides yet another potential mechanism,
possibly involving sperm membrane olfactory receptors,
whereby spermatozoa from different males could compete
for access to the oocyte.

A similar situation exists in aquatic species with external
fertilisation where selectivity not only involves discrimi-
nation between spermatozoa of the same species, but also
involves species specificity. Swanson & Vacquier (2002)
recently published a comprehensive review showing that
reproductive proteins involved in gamete interactions, par-
ticularly, but not exclusively, among aquatic species,
undergo unusually rapid evolution driven by sexual antag-
onism and the constant need for sperm selection. One
example of a sophisticated mechanism for cryptic female
choice and sexual selection occurs in the sea urchin,
Echinometra, where one egg prefers to bind a spermato-
zoon carrying a particular allele of the sperm-surface
protein, bindin, while other eggs have little affinity for the
same sperm type (Palumbi 1999).

Sperm selection, fertilisation and embryo development

It is evident from the above discussion that the concept of
‘fertilisation efficiency genes’ (Pizzari & Birkhead 2002) is
deceptively complex. Whether their environment is the
female reproductive tract or water, spermatozoa are sub-
jected to multiple selective processes that ultimately
accept few of their number. This process is thought to
have resulted in an unusually rapid evolutionary rate
among the proteins involved in these processes, regardless
of species or taxon. Because multiple steps are required to
achieve fertilisation, variability and meiotic assortment
among relevant reproductive genes, they provide limitless
ways to affect sperm function. The huge numbers of
spermatozoa produced by spermatogenesis represent the
results of such recombinations, as though males must
strive to cover every likely eventuality of the selective
process.

The need to produce large numbers of spermatozoa has
been regarded as a compensatory mechanism for inevita-
ble errors of DNA replication during spermatogenesis

(Cohen 1969). While this seems an attractive and logical
hypothesis, advances in methods of DNA assessment do
not provide much direct support. There has been a
recent upsurge of clinical interest in assessing the quality
of sperm DNA and chromatin structure in relation to
human infertility, looking especially at aspects such as
DNA fragmentation and the occurrence of strand break-
age. Several methods of assessing DNA in individual
spermatozoa have been developed, which demonstrate
the existence of an inverse correlation between defective
DNA structure and embryonic survival in humans (see
Larson-Cook et al. 2003 and references therein).
Although these tests are highly predictive of negative
pregnancy outcome in humans, several studies have
shown that they are uncorrelated with fertilisation rate.
This discrepancy is important within the context of the
present discussion because it means that the selection
processes for human fertilisation do not screen for the
physical quality of DNA. Studies aimed at investigating
the effects of cryopreservation in fish (loach, Misgurnus
fossilis) spermatozoa (Kopeika et al. 2003) produced
data that parallel the human studies. In these exper-
iments, embryonic mortality was significantly increased
when cryopreserved, compared with fresh, spermatozoa
were used to fertilise eggs. Fertilisation rate was effec-
tively removed as a variable in these experiments by dis-
carding all unfertilised eggs and only monitoring the
development of those that had fertilised normally. As
cryopreservation is an unnatural process that may physi-
cally damage DNA integrity, it is not surprising to find
that natural selection systems cannot detect its effects.
Similarly, human clinical infertility may often be caused
by unnatural factors such as cigarette smoking (Fraga
et al. 1996) and anticancer drug treatment.

Conclusions; implications for sperm quality
assessment

The foregoing discussion has drawn attention to the com-
plexity of natural sperm selection mechanisms, and has
also emphasised that, despite the normally large numbers
of spermatozoa in an ejaculate, only a minority are able
to meet the stringent requirements needed to fertilise an
egg. Does this mean that sperm quality assessment
methods in the laboratory would improve if they could
incorporate aspects of these selective processes? The logi-
cal answer seems to be affirmative, but at present there
are still insufficient data to support this view. For example,
evidence about the importance of motility-related kinases
can be drawn from a variety of species, both vertebrates
and invertebrates. Under natural conditions these kinases
significantly impact upon the success of fertilisation; how-
ever, to the best of our knowledge there are no laboratory
tests that incorporate such factors. Equally, there are no
data that confirm, for example, that conception rates in
pigs, mice or humans are correlated with sperm protein
kinase A activity at artificial insemination. There is also an
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emerging set of data about chemotaxis and sperm plasma
membrane receptors, also in vertebrates and invertebrates,
that provides strong indications that a subset of spermato-
zoa possess the requisite receptors and signalling systems
to allow them to respond appropriately to these signals.
However, this is still a subject for academic study that
needs further investigation.

The foregoing discussion has argued that sperm selec-
tion is a powerful and universally important process, and
that the fertilising spermatozoa are almost invariably sub-
ject to various selective processes prior to, during and,
occasionally even after, the union of eggs and spermato-
zoa. Laboratory-based semen quality assessment methods
may therefore be most informative when a degree of
sperm selection is incorporated. This assertion is sup-
ported by studies of sperm penetration through cervical
mucus (Aitken et al. 1992, Cox et al. 2002), and therefore
the inclusion of a cervical mucus penetration test in the
World Health Organisation’s semen assessment manual
(WHO 1992) makes considerable sense. Combining
sperm selection protocols with other assays, for example
acrosomal integrity and morphology, may also increase
the effectiveness of tests. Species with external fertilisation
would, however, not be amenable to the same simple
sperm selection procedures.

In addition to the use of semen assessment tests for esti-
mating fertility, there is an increasing trend towards the
use of spermatozoa as response indicators for pharmaco-
logical or toxicological tests. In some cases whole animals
are subjected to treatments and their spermatozoa are

subsequently tested, while in other scenarios the sperma-
tozoa themselves are tested after in vitro exposure to var-
ious compounds. Nuclear DNA may be deleteriously
affected during spermatogenesis under the treatment
regimes used, and therefore there is considerable merit in
using tests, such as ‘TUNEL’ or ‘Comet’ assays for the
detection and quantification of DNA strand breakage, that
examine the sperm nuclear DNA directly. These could
also be combined with sperm selection tests. However,
computer-assisted sperm motility measurements are also
increasingly used because the spermatozoa are sensitive
to environmental conditions (Kime et al. 2001). Sperm
motility is suppressed in the presence of low concen-
trations of toxic chemicals such as heavy metals, but as
shown in Fig. 2 the responses also reveal the heterogen-
eity typical of sperm populations. By developing appropri-
ate statistical methods for the analysis of such
heterogeneity, bearing in mind that motility is short-lived
and undergoes transient changes, it may be possible to
increase considerably the sensitivity of such tests by aban-
doning the approach whereby all sperm responses are
measured and averaged.

Gaining an understanding that a minority of spermato-
zoa are the functionally significant population should, in
theory, provide a warning that most spermatozoa are
somehow functionally flawed. Harrison (1998) discussed
the practical implications of this observation in relation
to mammalian in vitro fertilisation (IVF) technology.
Based on his own and the research experiences of others
with porcine IVF systems he estimated that the number of

Figure 2 In vitro mercuric chloride-exposed goldfish sperm. Milt was diluted in goldfish extender containing mercuric chloride and kept at 4 8C
for 24 h. After 24 h, sperm were activated in water and motility analysed using computer-assisted sperm analysis on a Hobson sperm tracker (for
more detailed method see Van Look & Kime 2003), points represent individual spermatozoa. (a) Mercuric chloride (0.1 mgl21 (blue squares))
exposure to sperm of goldfish 4 caused the sperm to swim more slowly than control sperm (black circles), but track linearities and velocities
were heterogeneous in both samples. The higher mercuric chloride dose (1 mgl21 (red triangles)) caused significant suppression of both velocity
and linearity. (b) Spermatozoa from goldfish 6 were more sensitive to mercuric chloride; both doses of mercuric chloride (0.1 mgl21 (blue
squares) and 1 mgl21 (red triangles)) significantly suppressed velocity and caused the spermatozoa to move with more circular paths than the
control sperm (black circles).
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competent spermatozoa in an IVF culture dish (i.e. an
unselected population) might be as low as 0.036%, with
the maximum estimate only rising to 0.88%. In these cir-
cumstances the gross estimates of sperm population par-
ameters that are in common usage would only provide
overwhelming data about ineffective spermatozoa. There
is therefore considerable merit in attempting to concen-
trate on the significant subpopulations, but improvements
in laboratory test methods have typically concentrated on
refining the technology rather than considering the signifi-
cance of the data. Using the data in Figs 1 and 2 as
examples, while it is clear that computer-assisted semen
analysis technology can provide sophisticated data about
sperm parameters, their significance is best appreciated if
the behaviour of individual spermatozoa is considered.
Aggregating the data as simple means and variances hides
much of the significant information.

A common conclusion that emerges from the literature
is that, surprisingly, most spermatozoa are not capable of
fertilisation. The biological issues behind this phenom-
enon suggest that if it were somehow possible to dis-
tinguish this defective majority from the competent cells,
then laboratory tests would become far more effective at
predicting fertility outcomes.
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