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ABSTRACT

ABSTRACT

The Southern African marine ecosystems are dominated by a variety of marine
broadcast spawners. In this study, five species of marine invertebrates, namely
Parechinus angulosus (Echinoidea), Choromytilus meridionalis (Bivalvia),
Crassostrea gigas (Bivalvia), Donax serra (Bivalvia) and Haliotis midae (Gastropoda)
were investigated. The sperm morphology and base-line data were gathered
concerning the sperm concentration, motility and sperm kinematic parameters using
computer-aided-sperm analysis (CASA). Sperm morphology and sperm motility play
an important role in determining sperm quality as they relate to fertilization success.
More specifically, head length and total sperm length have been used to find
associations with swimming speed for best rates of fertilization. The implementation
of CASA allows detailed quantification of the nature of the sperm swimming track,
percentage motility groupings and detailed kinematics for rapid-, medium-and slow-
swimming sperm subpopulations. The analysis of testicular sperm, taken directly from
the gonads, and sperm activated by the introduction to sea water through the swim-
up technique was determined. Using the CASA motility module, the behaviour of
sperm was studied using Choromytilus meridionalis that was thermally induced to
spawn and the activity of sperm in the presence of egg-water was determined using
Parechinus angulosus as a model. A helical swimming pattern was a distinctive
feature found in all species studied. However, species-specificity was found in the
diameters and kinematic differences of the helical pattern, with Parechinus angulosus
sperm creating the largest diameter tracks and Crassostrea gigas sperm the smallest

diameter tracks, including a characteristic serrated helix. Parechinus angulosus and



ABSTRACT

Haliotis midae maintained the progressive helical pattern, post-activation of 60 min,
while mostly straight-line forward progressive sperm was evident in Choromytilus
meridionalis and Crassostrea gigas sperm. The CASA quantitative sperm track
features had a negative association with sperm morphology (head width, tail and total
length), but has a strong positive association with sperm speed. It was evident from
the Parechinus angulosus model that a decrease (thinner) in sperm head-width and
shorter tail resulted in faster swimming sperm, creating a swimming track with a larger
circumference and diameter which covered a bigger surface area. In conclusion, this
finding shows that head shape played a significant role in sperm hydrodynamics and
how it could relate within the fertilization environment. The different patterns of sperm
motility could be related to a search strategy in quickly locating eggs and behaviour to
reproductive strategies such as broadcast spawning and spermcasting. It is with great
interest that this study elucidates the immense contribution CASA has made to being
able to correlate so many of these sperm features and that these associations make

biological sense.

Keywords: sperm motility, sperm morphometry, computer-aided sperm analysis,

broadcast spawners, helical swimming patterns
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CHAPTER 1

INTRODUCTION TO THE STUDY

1.1 General Introduction

Theoretical and practical comprehension of reproduction is the foundation in
understanding gamete biology and the evolution of any species. It is critical in
exploring and anticipating the effects of over-exploitation, climate change, such as
temperature changes and ocean acidification, as well as organic, inorganic and light
pooulicn utdgam 20(CH o'd: gisaeun:, 2 01n0) hiolodichleltnem:eisaits abilitye
to @rodpae ofduicyewhionfefnscpastivin g ¢ wohri o€ dny ceiamn’s licconsatdi

sometimes body composition, as in some marine invertebrates.

Broadcast spawners were generally considered to be resilient to over-exploitation and
infertility. This can be ascribed to their ancestral mode of fertilization (involving the
most simplistic sperm form and function), that has been providing high fecundities with
great larval dispersal and development of new populations (Jamieson, 1993; Roberts
and Hawkins, 1999). However, accumulating evidence indicated a steady decline and
extinction of some broadcast-spawning marine invertebrates, through overfishing,
polluting of natural ecosystems and effects of climate change. An example of such
decline is the white abalone, Haliotis sorenseni located along the United States
western coastline that has been placed on the International Union for Conservation of

Nature (IUCN) Red list in 2001.
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Haliotis sorenseni was the first marine invertebrate to be listed (Davis, 1996; Hobday
et al., 2001). Similarly, in 2007 abalone endemic to South Africa, Haliotis midae was
placed on the list of species under the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES), to prevent illegal trade and

harvesting.

In the present study computer-aided sperm analysis system (CASA) has been used
to better understand the biology of the sperm cell, sperm-swimming behaviour and
sperm functionality in marine invertebrates. This automated system was initially used
to enhance the research of sperm through measuring sperm concentration, sperm
motility and later the focus moved to sperm morphology. It was successfully used to
evaluate sperm in domestic animal production laboratories, such as bull stud farming,
to establish procedural standards useful for production in a field where subjective
evaluations were relied on (Amann and Hammerstedt, 1980; Yaniz et al., 2108). It was
later used in the field of clinical andrology, to assess male fertility based on the
objective evaluation of sperm concentration, morphology and motility (Amann and
Waberski, 2014). However, human seman analysis on the earlier CASA systems had
some difficulties, with sperm clumping, background debri and limitations in the image
analysis (Mortimer, 1994). The development of technology has improved the objective
analysis of CASA systems as a clinical tool (Mortimer et al., 2015), it is used in
varicocelectomy (Ariagno et al., 2017) showing decreased sperm motility (van der
Horst and du Plessis, 2017) and Mortimer et al., (2015) had suggested CASA systems
should be used for sperm functional studies. A study evaluating patients exposed to

cigarette smoking and heavy metals, showed normal semen parameters in routine
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semen analysis. However, CASA analysis of the semen showed a significant
reduction in the average swimming speed as compared with patients not exposed to
cigarette smoking and heavy metals (Mukhopadhyay et al., 2010), indicating a

probable disruption in sperm functionality.

CASA systems measure sperm motility by examining the two-dimensional pattern of
the sperm head in motion, along with capturing changes in the shape of the wave form
of the beating flagellum (Amann and Waberski, 2014, Lu et al., 2014). The images that
are captured provide visual assessments and computer calculated measurements of
the sperm motility. The motility of sperm infree-spawning invertebrates has been
achieved when sperm is exposed to sea water. Sperm motility has been used as a
reliable predictor for sperm quality and a possible indicator of fertility (Au et al., 2002).
This was demonstrated in Cyprinus carpio, fish sperm that had been exposed to
hypoxic conditions which caused a decline in sperm motility and fertilization rate (Wu
et al.,, 2003). CASA sperm morphology is used to aid inthe assessmentof sperm
quality; however, the selection of an appropriate fixative and staining technique for
CASA morphologyis important in retaining the original morphology. The correct
technique should allow for the differential staining of spermatozoa, providing clear
borders indicating the head, acrosome, midpiece and tail, in order to assess the
normality of each sperm component (Maree et al., 2010). Previous studies have shown
that sperm morphology plays a crucial role, in determining sperm quality which often
has been linked to sperm competition and reproductive fitness (Snook, 2005; Maller

et al., 2009; Maree et al., 2010; Van der Horst et al., 2018).

Fertilization success in marine broadcast spawners have been influenced by sperm
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motility and is often regarded as another important factor in quantifying sperm quality
(Cosson et al., 2008). Various other sperm traits have been reported to also influence
fertilization rate and sperm competition, such as sperm size, accessory structures,
longevity, swimming velocity and chemoattractants (Rothchild and Swann, 1951;
Vogel et al., 1982; Levitan, 1993; Levitan and Pertersen, 1995; Snook, 2005; Serrao

and Havenhand, 2009).

For example, in humans and rodents an increase in sperm length has been associated
with faster swimming sperm, providing an advantage in sperm competition and
possible fertilization success (Gomendio and Roldan (1991)). However, this positive
association between sperm length and sperm swimming speed appears to be species-
specific as several studies have reported positive, negative or no associations
between sperm morphology and motility (Malo et al.,, 2006; Pitcher et al., 2007;
Skinner and Watt, 2007; Fitzpatrick et al., 2012). A study by Humphries et al., (2008)
found a more consistent pattern, than using sperm lengh and speed, when using
sperm component ratios (head:flagellum) and sperm swimming speeds. Other studies
on internal and external fertilizing species also found relationships between sperm

length and speed by assessing multiply morphological traits (Simpson et al., 2013).

Sperm motility allows sperm to search for the egg, an essential marker for determining
sperm quality for fertilization success. The helical swimming patterns created by
sperm of many marine invertebrate species increase the spatial potential of sperm to
Otcr a cokob-inmtho @k midvek e glgmatithartonucgrhenitahoes credied byo at t r ac
the jelly coats of the eggs (Riffell et al., 2004, Fitzpatrick et al., 2012). This mechanism

of klinotaxis allows sperm to either continuously or intermittently and gradually adjust



CHAPTER 1 | 1.1General Introduction

their swimming path as a result of Ca?* bursts that changes the beating pattern of the
flagellum (Alveraz, 2012, Jikeli, 2015). This allows the swimming trajectory of the
sperm to be altered by creating tight loops and wide circular arcs, depending on the
distance from the chemoattractant source (Miller and Brokaw, 1970; Miller, 1977,
1985; Kaupp et al., 2008). Sperm movement is further highlighted as an essential
characteristic in human semen evaluation and is a vital tool in commercial animal
productions (Mocé and Graham 2008; Gallego and Asturiano, 2017). CASA
technology has been used for many years in in-vitro fertilization clinics, for animal
breeding production, especially the bull artificial insemination industry, and research
laboratories (Mortimer, 2002; Yeste, 2017). Compared to the substantial volume of
CASA information on various vertebrate species, a limited number of broadcasting
invertebrates have been investigated. The focus has been mainly on commercially
exploited species such as mussels, oysters and abalone (Suquet et al., 2003,
Fitzpatrick et al., 2008, Fabbrocini et al., 2016). This has created a gap in

understanding the uniqueness of the aquatic sperm biology and performance.

The application of CASA is useful as it evaluates sperm quality of various species and
motility of individual sperm. CASA easily and readily provides huge datasets that allow
various statistical analyses to be performed and determines sperm subpopulations
through default settings in the program, that divide the sperm into subpopulations
based on swimming speed. The in-depth analysis of the helical swimming patterns of
the study species and sperm motility could contribute to a better understanding of the
variation in interspecific and intraspecific sperm movement and the implications it may

have on the rate of sperm-egg collisions. The datasets can also be utilized to explore
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the kinematic parameters of commonality within and between species to offer
biological meaning for fertilization success and sperm vitality (Fauvel, 2010; Martinez-
Pastor, 2011). CASA technology is therefore being used extensively in the current

study.

CASA results could assist to examine how physical, chemical and biological factors
affect sperm concentration, swimming behaviour and possible fertilization success;
the practical application of CASA for aquaculture research is important. This study is
designed to add to the knowledge base, by evaluating and quantifying the various
sperm traits, how these sperm traits can be used, what does it mean and what is the
value for aquaculture? This nvestigationwill assist to define sperm traits and sperm
guality and use it as a baseline for the future. CASA sperm velocities may form a
valuable basic evaluation, relating to healthy sperm functionality with a fertilization
potential. Accordingly, are the differences in aquatic habitats reflected in the sperm

traits of these five broadcasters and does it relate to their swimming behaviour?

1.2 Aims and Objectives

This is a baseline study to try to define sperm traits of broadcast spawners sperm. It
is proposed that cutting-edge and sophisticated technology be used to establish which
sperm traits including sperm functionality, better assist to define sperm quality
andfertilization potential. Therefore, these fundamental studies of sperm of broadcast
spawners are important to assess the value of baseline values on which to build

applications for possible aquaculture and future research studies.
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The objectives of this investigation were to:

T Optimize and standardize the CASA experimental procedures utilized to

evaluate sperm of marine broadcast spawners,

T Analyse the baseline sperm maotility parameters of the selected marine
invertebrate species to determine species-specific differences in these

parameters,

T Assess and compare the nature of the helical swimming tracks among species

and determine the degree of variation,

T Determine the sperm motility behaviour in the presence of egg-water and

during induced natural spawning and assess its relation to hyperactivation,

T Assess the sperm morphological structure and how it relates to function by

using both light microscopy techniques and ultrastructure.

1.3 Overview of Thesis Chapters

This thesis is divided into five main chapters, including a literature review and three
research chapters. A general conclusion and a complete reference list are included at
the end of the thesis. A final Chapter 6 has been added to show the potential of new

developments in CASA.

1.3.1 Chapter 1: Introduction to the Study

This chapter provides a general introduction to the study, the aims and objectives as

well as an outline of the thesis chapters.
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1.3.2 Chapter 2: An Introduction to CASA and the Study Species

This chapter contains a review of the literature relating to computer-aided sperm
analysis studies and highlighting its development and importance in spermatology in
both mammalian and invertebrate animals. The sperm kinematic parameters are

introduced as well as the marine invertebrate species studied.

1.3.3 Chapter 3: Material and Methods

In this chapter, the collection of marine samples, housing of laboratory experimental
animals and dissections are described. The extraction of sperm samples and
techniques used for the selection of motile sperm are explained, along with the
induction of spawning methods using both chemicals and temperature. Additionally,
the effect of egg-water and whole eggs to establish potential capacitation changes in
sperm of marine invertebrates were tested. Thermal spawning is described for one
invertebrate species to compare sperm motility parameters of sperm extracted from
the testes versus sperm after induced spawning. The sperm morphology assessment

protocol and the various methods of staining and microscopy are described.

1.3.4 Chapter 4: Results

The sperm concentration, percentage motility, sperm morphology and sperm motility
swimming patterns and nine sperm kinematic parameters are assessed individually
and compared among the invertebrate species. The quantification of differences in the
sperm morphology structures is reported. Various statistical analyses are performed
in order to identify differences and/or similarities among species and reveal possible

relationships between sperm parameters.
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1.3.5 Chapter 5: Discussion and Conclusion

In this chapter, all the data from the previous chapters are used to explain the
importance of the systematic and detailed data generated by the CASA technology
for invertebrate application. The unique helical swimming pattern will be discussed to
highlight selected kinematic parameters and to determine a possible relationship
between marine sperm structure, function, including a general conclusion with a view

to future studies.

1.3.6 Chapter 6: Futuristic Perspectives on Sperm Motility Analysis

Current CASA of sperm maotility is based on head centroid movement and accordingly
sperm track reconstruction is based on x and y coordinates over time which is two-
dimensional and represent the movement of the sperm head in time. This future
preliminary work quantifies sperm movement in three-dimensions by means of the z-

axis to construct a more realistic three-dimensional sperm swimming track.

1.4 Research Output

The following research article and conference presentations were generated during

this study.

1.4.1 Research Article

T van der Horst G, Bennett M, Bishop JDD, (2018) CASA in invertebrates.

Reproduction, Fertility and Development, 30: 907-918.

1.4.2 Conference Presentations

T van der Horst G, Bennett M, van der Horst M, (September 2009), Poster

presentation at the 37th Congress of the Physiology Society of South Africa,
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T van der Horst G, Bennett M, van der Horst M (September 2011). Poster
presentation at the 11th Biology of Sperm Conference, Sheffield, England,
titliect "Brerdy mitiS\p ceirnmed mobtobdbdsitsyawngra’asnitgdtidni neodity i n br o

paadt ewr mosimanmdiisopper m competitiono.

T van der Horst G, M Bennet M, de Kock M (September 2012). Oral paper
presensce m theid 20 @ tinterAqgana coi@ch@:, Pranut eifren '€ompuden-a | conf
aided sperm analysis in broadcast spawners: baseline studies in assessing

spprer numityquuealilativealyy quanti tativel yo.

T van der Horst G, Bennett M, de Kock M (May 2015). Oral presentation, Invited
speaker, at the to Aqua 2015 International conference; Jeju Island, South

Kooer etagrm MrStpreslriems ifi wamectsisoanraels”. t est s i n broadca
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CHAPTER 2

AN INTRODUCTION TO CASA AND STUDY SPECIES

2.1 Introduction

The South African coastline of over 3000 km has a vast variety of marine invertebrates
with approximately 9000 species (Gibbons et al., 1999; Acufia and Griffiths, 2004,
Hodgson, 2010). This relatively short coastline boasts four ecological distinctive
regions: the tropical Maputaland and the northernmost part of the Kwazulu-Natal
coastline, the subtropical East Coast, the warm, temperate South Coast and the cold,
temperate West Coast, which stretches from Cape Agulhas to the Orange River. The
ecosystem along the West Coast is greatly influenced by the cold Benguela system
which is normally subjected to periodic strong winds, causing upwelling of cold
nutrient-rich water that helps to increase phytoplankton growth (van Erkom Schurink

and Giriffiths, 1991; Olivier et al., 2013).

This rocky shore ecosystem also features extensive beds of Ecklonia maxima and
Laminaria pallida kelp, providing a safe habitat and a food source for most shoreline
invertebrates and as a food source. The cooler current produces species with a higher
biomass value, such as limpets, black mussels, white mussels, abalone, rock lobsters
and a number of fish species. The majority of reproductivestudies on species along
the West Coast falls between the Kommetjie and Bloubergstrand regions (Hodgson,

2010) and along the coastal town of Saldanha.

11
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The bay area of Saldanha has become the prime site for mussel and oyster
mariculture, as pulses of nutrient-rich Benguela sea water move into this region

(Monteiro et al., 1998; Olivier et al., 2013).

Mariculture is defined as the cultivation of marine organisms within an enclosed
section of the open ocean through the construction of specialised cages and
suspended rope culture in the case of mussels (Olivier et al., 2013). Over the past few
years, many coastal and surface ocean studies have shown the negative impact of
pollution, ocean acidification, elevated sea-surface temperature and reduced salinity
on the overall fithess of the marine ecosystems which have the potential of changing
marine invertebrate physiology (Morita et al., 2009; Somero, 2009; Byrne et al., 2010).
However, a study by Sunday and her team (2014) disputed this idea and suggested
that marine species possibly have the capacity to adapt through evolutionary change.
The uncertainty of climate change within the scientific realm provides a gap for
alternative solutions and procedures. The mariculture industry has made great strides
in being an alternative source to harvesting wild stocks that may reach maximum
sustainability limits. The over-harvesting of wild stocks has shown significant impact
on both commercial and coastal fishing communities that rely on the wild stocks as a

source of income and sustenance (Olivier, 2013).

The global trend in population growth and healthy living has seen an increase in
consumption of seafood, comprising mainly of finfish, but the demand for marine
molluscs has grown, especially bivalves, with a developing market for echinoderms
(De Silva, 2001; Britz et al., 2009). Growth potential within mariculture research relies

on the establishment of reliable and appropriate technology for commercial

12
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production, focusing on breeding, brood-stock conditioning and spawning, gonad
enhancement, larval-rearing, inducing morphological and molecular diagnosis
treatment and impacts of pathogens on farmed and wild-caught animals. In South
Africa, the government has come to view mariculture as a necessity to address the
rising unemployment rate in rural fishing communities, thus being important
economically as well as preserving the biodiversity and ecology of its rich coastline

(Joemat-Pettersson, 2010; Olivier, 2013).

To have a greater understanding of fertilization kinetics and fertilization success in
free-spawning invertebrates, we need to have more quantitative information on sperm
movement and motility. Free-spawning marine invertebrates are ideal to study male
reproduction; by evaluating its sperm biology and motility patterns; determining the
relationship of spermatozoa at an intraspecific level, as well as its interaction with
eggs, within a laboratory setting. Computer-aided/assisted sperm analysis (CASA)
has been used in some marine invertebrate sperm studies with the focus on
environmental pollutants and environmental factors, such as osmolality, pH and

temperature (Lewis and Ford, 2012).

2.2 CASA Development

The sperm cell has always intrigued scientists, especially the need to understand its
functional components and how it is related to its distinctive movement pattern.
Moreover, this is evident from the volume of publications produced between 1940 and
1970 discussing the quantification of sperm motion (Boyers et al., 1989), which

established the early stages of CASA development.
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Automatic CASA systems were initially designed to visualise and digitize images of
sperm to provide meaningful information about sperm concentration, individual sperm
cell kinematics, and perform statistical analysis of the sperm population, by looking at
the mean values (Lu et al., 2013; Amann et al., 2004). However, advances in

technology have allowed CASA systems to surpass its initial expectations.

The first commercial CASA system was developed in the late 1980s with the arrival of

the personal computer and emerging digitization and quantification of computer video

immang iVmgmer( Moln. tCillmel v, 11979101} Thorn G&@M-206808 {Harkltona n d

Thorn Research) were the initial CASA systems available on the market, designed
specifically for the evolution of sperm motion (Amann and Katz, 2014), and aimed
predominantly as a research tool. Publications soon spiked, describing the application
of these CASA systems on human, rat, mouse, bull and stallion sperm (Budworth et

al., 1988; Mack et al., 1988; Mathur et al., 1986; Amann and Katz, 2004).

These brands of CASA provided meaningful laboratory output data (Gill et al., 1988),
sparking the interest of clinical laboratories processing sperm for artificial insemination
in humans and commercially viable domestic animals. However, the earlier-generation
systems did not provide accurate results and the resolution of the digitized images
were limited for clinical human semen analyses (Mortimer and Mortimer, 1988;

Mortimer et al., 2015).

The progression of CASA into the andrology laboratories directed the improvement of
CASA technology through the hardware, the software algorithms (Amann and Katz,

2004) and increased computational power. This development of the modern CASA
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system, and the concomitant increase in publications over the past thirty years relating
to human and animal sperm analysis (van der Horst et al., 2018) has advanced the
confidence in CASA as an objective, dependable research and diagnostic tool in the
medical, veterinary, laboratory and wildlife fields of study (Holt et al., 2007). The basic
CASA technology has had applications that have remained relevant with the new
generation systems, such as sperm concentration, motility and morphology analysis.
The latest systems are fully integrated with modules to quantify sperm DNA
fragmentation, vitality, hyperactivation, acrosome status and hypo-osmotic swelling.
This improvement in the operational parameters allows the user to adjust the
analytical properties and settings for species-specific sperm motility assessments.
The implementation of the current CASA techniques has rapidly progressed into the
scientific studies over the years, to include various primates (Maree, 2011; van der
Horst et al., 2018), domesticated animals (e.g. ram, goat), fish (Cosson et al., 1985;
Wilson-Leedy and Ingernmann, 2007), birds (e.g. penguin, zebra finch), invertebrates
(e.g. sea urchin, black mussel) (Au et al., 2001, Van der Horst et al., 2018) and wildlife

(e.g. lion, elephant).

Mammalian species, however, have monopolised CASA investigations over the years,
as a result of the impact it has on human andrology clinical studies and the profitable
commercial domesticated animal production units which rely chiefly on artificial
insemination. A small percentage of CASA studies have been dedicated to
invertebrate species, with a large percentage of CASA work being executed mainly

on species classified under Mollusca and Echinodermata (van der Horst et al., 2018).
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2.2.1 General Operation Principles of CASA

Before meaningful and accurate information can be gathered from a semen sample,
the individual spermatozoon has to be recognised by the system. Microscopically
capturing the sperm swimming pattern is the key operational principle of most brands
of CASA available on the market. Clear images need to be captured by a camera,
I
measurements is determined by proprietary specific computer software (Boyers et al.,
1989). The CASA instrumentation has to track spermatozoa from within the
microscopic field of view, which was sent from the camera and this is best achieved
through either dark-field or negative phase-contrast images. These images enable the
translucent cells to be visualised by displaying the sharp-edged white sperm head
against a black background. The moving sperm head centroid generates the
coordinates, needed to construct the sperm tracks created (Mortimer, 1990; 2000).
Using the centroids as reference points, the images of each sperm head are digitized
and enables the computer to O6seeb6 the sperm

successive image of the particular sperm head (Mortimer, 1994).

This is achieved through an algorithm which constructs, within a zone of probability a
predicated radius that circles the sperm head with each movement made, based on
the maximum distance the spermatozoa would have travelled within a given time
period (Mortimer, 2000; Lu et al., 2014). These motility tracks are reconstructed
through the software, integrating the successive positions created by the moving
centroids. The frequency of acquiring images, referred to as the frame rate,

determines the number of consecutive images a sperm trajectory will have within a
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