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Abstract

Spermcasting is a unigue mode of reproduction iitkvimales release gametes in water
and females acquire male gametes and fertilize ieggte the mantle cavity. Although
spermcasting occurs in variety of sessile spetli€sspawning strategy is the least
known among other reproductive modes in marineispeSome spermcasting bivalves
are also important species in aquaculture but tbeding programs of these species are
hindered due to the poor understanding of spernspastning and lack of techniques to
control reproduction. This thesis aims to (a) elate adaptive strategies in the
reproduction of a spermcasting species - the Alistrélat oysterOstrea angas, (b)
develop techniques for its sperm quantificatiord éx) develop protocols sperm
cryopreservation. Five experiments were conduaexthieve the thesis aims.

In Experiment 1, the structure and functional props of male gametes were
investigated to understand the reproductive styate@. angasi. The male gametes of
this species are released in a spermatozeugma atoduster of sperm is bounded by a
gelatinous membrane. In seawater, individual spmm off the spermatozeugmata by
dissociating the membrane. The spern®oéngas have one more mitochondrion than
broadcasting oysters although their sperm dimessaoa similar. The duration of
spermatozeugmata dissociation and sperm motiltiggtaamong individuals of

different masculine levels. The hermaphrodites w&itarge proportion of male gametes
could maintain spermatozeugmata integrity and speatility longer than those with a
small proportion of male gametes. Spermatozeugstaiature and functional
properties have adaptive significance in gametgedsal in seawater and fertilization

success in the female mantle cavity.

In Experiment 2, adaptive strategies in gametogenssx ratio and energy metabolism
were studied to further understand the advantaiggsesmcast spawning (@. angasi.

During gametogenesis, different stages of spermeatgnata were found within a male

XVii



or hermaphroditic oyster while oocytes mature stemdously within a female or
hermaphroditic oyster. The histological observatbpartially spawned

hermaphroditic oyster indicated that spermatozetgnvauld be released before egg
ovulation. In the sex ratio analysis of 2-3 yedts®. angasi, the percentage of male,
female, hermaphrodite and undifferentiated sexes44a3%, 5.8%, 46.7% and 6.2%,
respectively. Glycogen was the main energy sowrcgdmetogenesis. The periods of
energy storage versus energy utilization overlappedO. angas displayed an
intermediate energy metabolism strategy betweesarwative and opportunistic
species. The patterns in gamete development, #exarad energy metabolism Gf

angasi are of significance to reproductive and physiolagadaptations in spermcasting

species.

In Experiment 3, a rapid, cost-effective and rdeaiechnique for estimation of sperm
concentration was developed with spectrophotométnggression model of y = 1x£0
x + 0.163; r2 = 0.996 was generated at 350 nm veangth. The model was validated by
comparing sperm counts with the haemacytometeradeffhe spectrophotometric
technigue would increase the efficiency of spermceatration determination and

facilitate breeding programs and cryopreservation.

In Experiments 4 and 5, sperm cryopreservationoga$ were developed by using
programmable and non-programmable freezing mett&mkm motility and plasma
membrane integrity were used as indicators to asgessm quality. The highest post-
thaw sperm survival was achieved by the non-prograbte freezing method, with the
protocol including sperm equilibration with 15% y@#ne glycol + 0.2 M trehalose for
20 min, package in 0.25 ml straws, exposure tadigitrogen vapor for 10 min at 8 cm

above the liquid nitrogen surface, and storagegind nitrogen. This protocol would
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open a new option for effective cryopreservatioagsist the development of controlled

breeding and genetic improvement programs.

This thesis provides new knowledge to understaadeproductive strategy and
physiological adaptation of the spermcasting oySteangasi. The regression model
established with spectrophotometry provides a rapthod to quantify sperm
concentration in this species. The newly-develagEim cryopreservation protocol
could overcome the seasonal constraints in spepplysand provide a year-round
superior sperm stock for breeding programs. Theares outcomes of this thesis would
enhance the capacity and efficiency for developrébteeding programs in

spermcasting molluscan species.
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Chapter 1: General introduction

1. General Introduction

The marine environment supports a variety of ldenfs with diverse spawning modes
to maximize reproductive success. While most magpexies release gametes into
water column, some species transfer sperm to fenalidectly by copulatory spawning.
Interestingly, some sessile species have a unjgawrsng mode, termed as
spermcasting, in which sperm are acquired by fesialéertilize eggs in their body
cavity. Spermcasting is involved in diverse taxomgroups including hydroids,
corals, polychaetes, bivalves, tunicates, entopractchiopods, bryozoans and
pterobranchs (Pemberton et al., 2003, appendiX1B).fertilization dynamics in
spermcasting species are different from broadaasipecies. Sperm dilution in
seawater often causes sperm limitation resultiray fertilization rates in broadcasting
species (Yund, 2000), but spermcasting specieadaieve similar fertilization rate
compared with broadcasting species at a spermtgarigivo-three fold lower (Bishop
1998; Pemberton et al., 2003).

Some spermcasting bivalves greatly contribute tmemy through aquaculture.
For instance, oysters of the ger@srea, commonly known as flat oysters, are
commercially farmed worldwide includir@. edulis in Europe O. chilensisin Chile
and New Zealand). angasi in Australia, and. lurida in the USA. One of the major
obstacles for the further development of flat oyafpuaculture is the occurrence of
bonamiasis; a serious parasitic protozoan disdéseiag oyster survival (Engelsma et
al., 2014; Kissner et al., 2014). Selective bregdindevelop an oyster strain resistant to
Bonamia is considered an effective approach to addres8atheyster mortality
associated with the bonamiasis infection (Lynchlgt2014) as this genetic approach
has been applied in many farmed shellfish andsiméipecies (Piferrer et al., 2009).

However, the development of a selective breedingnam in spermcasting flat oysters
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is constrained by their unique reproductive modartificial reproduction of
broadcasting bivalves, the fertilized eggs anddarare incubated in seawater by
maintaining water quality parameters at the optiraabe. However, artificial
fertilization leading to embryo and larval inculmetioutside the maternal body is
difficult to achieve in spermcasting bivalves asées carry fertilized eggs inside the
shells for 2-3 weeks and release the larvae invtdter column at a late stage.

In this study, the Australian flat oyst@r angas has been chosen as a
representative of spermcasting bivalves to imptbeeunderstanding of adaptive
strategies in spermcast spawning and develop tgeésito assist artificial
reproduction. This species was abundant along tistralian south coasts in the late
18" and the early 19century, but aimost disappeared from the natuhitht due to
overfishing (Alleway & Connell, 2015). In recentays, this species has been emerging
as a potential aquaculture candidate with a gradaetase in farm production since the

last decade (O'connor & Dove, 2009).

1.1. Definition of broadcasting and spermcasting imeproductive biology
Considerable ambiguity exists in the literaturetegminology in reproductive modes
among marine species. For example, the term ‘fpawsing’ has been used to describe
sperm release without considering egg releasetanmeent (Levitan, 1998; Yund,

2000; Santelices, 2002), whereas this term hasbalen used synonymously as
broadcasting (Pemberton et al., 2003; Bishop amibeon, 2006). In this thesis, a
species is considered a broadcast spawner whemtadthand female release gametes
in seawater, and fertilization occurs in the amb@ivironment. In contrast, a species is
referred as a spermcast spawner when male gameteseased in seawater, but

maternal adults inhale male gametes to fertilizgsaegside the female body.
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1.2. Spermatozeugmata structure and dissociation

Spermcasting species release spermatozeugmata sgeene heads are bounded by a
gelatinous membrane and tails extend outside (Mwa#& Adrianov, 2005; Falese et
al., 2011). Spermatozeugma has been synonymousigdeas a ‘sperm-ball’ (Coe,
1931) or a ‘sperm sphere’ (Ishibashi et al., 2000seawater, sperm swim off the
spermatozeugma by disintegrating the membranemreantain motility for a certain
period. In this thesis, the word “spermatozeugrsaised as a singular noun and the
word “spermatozeugmata” is used as plural noun.stiuetural and functional
properties of spermatozeugmata have crucial coesegs for recruitment success in
spermcasting species. However, the important questf how the structural and
functional properties of spermatozeugmata coulecafiertilization and recruitment of

spermcast spawners have not been answered.

1.3. Gametogenesis, sex ratio and energy metabolism

Gametogenesis is an important process for reprv@ustecursor cells to undergo cell
division and differentiation and form haploid gas®tReproductive periodicity and
spawning pattern such as synchrony or asynchrangetermined by the
gametogenesis process. Since sessile bivalvesapable of moving to find a mate
during reproduction, the gametogenesis patterralgasat impact on fertilization
success.

The sex changing species may switch to one sex haoal® opposite sex to
optimize reproductive output depending on resoarcémate availability. Oysters are
protandric hermaphrodites but the sex ratio ofrspasting oysters differs from
broadcasting oysters. Within a similar size acdividuals, spermcasting oysters have

a higher percentage of hermaphrodites than broadgasysters (Steele and Mulcahy
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1999; Enrigquez-Diaz et al. 2009; Acarli et al. 20Hermaphroditism is an adaptive
strategy in sex changing species to use either andkamale function to optimize
reproductive success.

Energy allocation for gametogenesis is a fundanhéfednistory trade-off to
maximize fitness. Majority of marine bivalve spexgtore energy in different tissues
and mobilize energy for gametogenesis, but a fexgiep can metabolize energy for
gametogenesis directly from food intake (Mathielidbet, 1993). The energy is stored
as glycogen, protein and lipid but the strategsn&iabolize each energy component is
species-specific. Energy supply from degeneratgd &y the next round of
gametogenesis is another strategy to acquire eritgydo et al. 2016). The
reproductive and physiological adaptations are nt@pd aspects in life history for
recruitment success and viability in different eoaiments. However, the adaptive
mechanisms of gametogenesis, sex ratio and enegtabolism to maximize

reproductive success in spermcasting bivalve remnadchear.

1.4. Sperm quantification

Standardization of sperm concentration is essentiaeeding programs to optimize
genetic variation from multiple males, especiallyan a specific sperm to egg ratio is
required in fertilization (Alliegro & Wright 198350uld & Stephano 2003). Sperm
concentration is one of the most uncontrolled \Aes in cryopreservation because
optimization of cryoprotectant concentration withalknown sperm concentration
leads to inconsistent equilibration during freez{bgng et al. 2007a; Hassan et al.
2015). Haemacytometry is the traditional methadsfeerm counting (WHO, 1999), but
is inefficient for handling a large number of saggpkspecially in family-based

breeding programs and cryopreservation. Severahtgaes such as flow cytometry,
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Coulter counter, Makler counter, and computer-gsdisperm analysis have been
developed and applied to sperm quality and quaatigtysis on human and other
vertebrates (Bailey et al. 2007). But due to cast @quirement of highly skilled
personnel for handling and maintenance, these igads may not be practical in
breeding programs and sperm cryopreservation whartynmdividuals are involved.
The spectrophotometric technique is relatively $avgmd cheap, and is suitable for
rapid sperm quantification (Leclercq et al., 20ddhjch has been developed (Dong et
al., 2005a) and successfully applied in cryoprest@ma of Pacific oysters (Dong et al.,
2005b; Dong et al., 2007b). Although spectrophotioyneas useful application, this
technigue has not yet been standardized for spaamtification in spermcasting

species.

1.5. Cryopreservation

Cryopreservation allows long-term storage of gentaterials without compromising
biological functionality. After the revolutionarpvention of cryoprotective property of
glycerol for human sperm cryopreservation (Polgal.etl949), this technique has been
applied in various purposes including human repctidn (Kuleshova et al., 1999),
breeding programs of livestock and aquatic spgélasdy, 2006; Barbas &
Mascarenhas, 2009; Martinez-Paramo et al., 20hf)canservation of endangered
species (Fickel et al., 2007). Cryopreserved sgeve become a billion-dollar global
industry in livestock breeding programs (TiersabQ&). In aquatic species, although
commercial application of cryopreserved sperm igsfancy, this technique has proven
to be very useful in breeding programs (Tierscal €2007). In oysters, sperm
cryopreservation research has progressed subéditamcuding application in selective

breeding programs (Adams et al., 2008) and higbuinput sample processing for
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commercial application (Yang et al., 2012). The owercial dairy sperm freezing
facilities have also proven to be useful for theiff@oyster (Dong et al., 2007b). Past
sperm cryopreservation research has almost enfoelysed on the broadcasting species
(Hassan et al., 2015), therefore a considerablevlatilye gap exists on cryopreservation
of spermcasting species. Since the cryopreservptimress can cause cellular injury,
optimization of different freezing factors is nesas to develop sperm

cryopreservation protocols for new species.

1.6. The spermcasting bivalv®. angasi
1.6.1. Taxonomy
The taxonomic details @. angasi are as follows:
Phylum: Mollusca
Class: Bivalvia
Order: Ostreoida
Family: Ostreidae

GenusOstrea

SpeciesO. angasi
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Fig. 1.1:Ostrea angasi showing the main internal organs. G, gonad; M, theaAM,

adductor muscle; S, shell (Photo by MM Hassan).

1.6.2. Fishery history ofO. angasi

The native Australian flat oyst€. angasi has been harvested for centuries as human
food, lime and fishhooks. This species used torbengortant component of livelihood
among coastal aborigines, and the remains canumel fim shell middens (Godfrey,
1989). Oyster reefs were explored after Europetileseent (Peron, 1979) and fishing
began by the settlers around 1836, and then flsteogybecame the first commercial
fishery species in South Australia (Nell, 2001;r2004). The oyster beds were
distributed over 1500 km coastline in South Ausdrahd dredging occurred at 67
locations where oysters were densely distributesip@ctor of Oyster Fisheries 1892).
About 30 sailing cutters were used to dredge oystds in one location as a group with
iron bars and mesh bags until the catch becametow (Wallace-Carter, 1987). The
oyster fishery regulators imposed seasonal andizeckfishery closure, and enacted
regulations since 1853 to control overharvestingtter regulations were introduced in
1873 to determine minimum dredging size, seasahaa@as, and penalties for
deposition of injurious matter in the oyster beay€rnor, 1873). The licensing system
was introduced in 1985 for the commercial harviestplector of Oyster Fisheries,
1886). However, these initiatives were not enowgprevent the resource collapse, and

no flat oyster reef is known to exist today in $oAustralia.

1.6.3. Oyster aquaculture in Australia and farmingpotential of flat oyster
Oyster farming has a history of over a century igrmhe of the oldest aquaculture

industries in Australia (Nell, 2001). In the lasuple of decades, the oyster aquaculture
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industry has experienced ups and downs such althon of farming areas leading to
increased production but also recurrent diseasgsaplementation of biosecurity
measures resulting in reduced overall productiorst€ aquaculture in Australia is
mainly based on the native Sydney rock oySterostrea glomerata and the introduced
Pacific oystelCrassostrea gigas. Sydney rock oysters are mainly farmed in New Bout
Wales (NSW) whereas Pacific oysters are farmediurttSAustralia (SA), Tasmania
(TAS) and NSW. Although the initiative of Pacifigsier farming in the mid-20
century was controversial (Medcof & Wolf, 1975)etRacific oyster industry expanded
rapidly. In some growing areas in NSW, the Paa@fister has outcompeted the Sydney
rock oyster due to winter mortality, QX disease almv growth rate of the latter.
Recently, aguaculture of Pacific oyster has forinedbasis of oyster industry in the
NSW, SA and TAS. The Pacific oyster mortality syorde (POMS), caused mainly by
Ostreid herpesvirusl (OsHV-1), is a threat to the Pacific oyster irtdpglobally. The
first outbreak of POMS occurred in France in 2088] caused nearly total loss of farm
stock in the affected areas. In Australia, the ficcurrence of POMS outbreak was in
2010 in the Georges River of NSW. In 2013, POMS8cétiagain in Hawkesbury River
of NSW and destroyed millions of dollars’ farm dtecin early 2016 the virus was
detected in TAS where 80-90% of Pacific oyster Spadre produced in Australia. The
government immediately banned the translocationysters from Tasmania to prevent
disease outbreak in other states. Therefore, the &3-million-dollar industry is in
jeopardy due to the collapse of the spat supplincha

It is expected that the development of nativedigterO. angasi aquaculture
could become one of the solutions for the long-teustainability of oyster farming in
Australia. Because the diseases affecting the iPagi$ter and the Sydney rock oyster

do not affect the flat oyster, diversifying the aqulture with this species has the
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potential to minimize the devastating impact okdise on oyster production,
investment and employment. Flat oysters are afsemium quality product, and fetch
higher market price than other oyster species fdnméustralia, Western Europe and
New Zealand. In Australia, the development of digster farming initiated in the
1990’s, and has increased gradually in the lastdke¢O'connor and Dove, 2009).
Therefore, the flat oyster has become an emergjogaulture species in Australia
(Heasman et al., 2004), with the development dfgeswing and disease resistant

strains as one of the key research priorities.

1.7. Objectives
This thesis aims to understand the reproductiegires in spermcast spawning oysters
and develop techniques for sperm quantification@gdpreservation to facilitate the
development of breeding programs in spermcastirgiep. The specific objectives of
this thesis are:
(1) To understand the role of structural and functigmaperties of
spermatozeugmata in spawning of spermcasting l@salv
(2) To reveal the gametogenesis, sex ratio and eneeggholism pattern if.
angas and their implications in reproductive and physgital adaptations of
spermcasting bivalves;
(3) To establish a spectrophotometric technique foalbd and rapid estimation of
sperm concentration; and
(4) To develop sperm cryopreservation protocol by ogiimg key factors that

affect the quality of post-thaw sperm.

1.8. Thesis structure
This thesis consists of eight chapters, a genetr@duction, a literature review, five

chapters reporting research results and a genistalssion. The literature review
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chapter and each research chapter are writtestasmid-alone manuscript, and these
chapters have been published, accepted for publicat currently under review in
peer-reviewed journals. Consequently, some unabt@dapetitions exist among the
chapters especially in background and methods.

Although independent objectives are specified rhezhapter, all the objectives
are complementary to thesis aims and objectivésdsta this introduction chapter.
Within each chapter, the word ‘study’ refers to slode chapter. All the studies were
performed by the author of this thesis under theesusion of the principal and the
associate supervisor. As such, both supervisorsséed as co-authors for all the
manuscripts. In chapter 6, a third co-author cbaotaed to experiment design and data
collection. Although manuscripts have been subuhitbecepted or published in
different journal formats, all the chapters haverbeeformatted to ensure consistency in
the thesis.

Chapters 1 is a general introduction of the thiegis outlines the knowledge gap
in the reproduction of spermcasting species anad¢led to develop techniques to
facilitate future breeding programs of spermcashivglves.

Chapter 2 addresses the aspects of spawning susgsmcasting. angasi
based on spermatozeugmata structure and dissoc{@imective 1). Spermcasting
species produce spermatozeugma which is a clussgpreomn bounded by a gelatinous
membrane. In seawater, individual sperm swim afp@rmatozeugma by dissociating
the membrane. Interestingly, the duration of spsogeigmata dissociation and sperm
motility varies depending on the masculinity leirel broodstock. The sperm
dimensions of the spermcasti@gangas are similar to the broadcasting species, but
have one additional mitochondrion. The implicatiofshese aspects to spawning

success of spermcasting species are discussed.
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This chapter has been published in Tissue andaSell

Hassan, M. M., Qin, J. G., & Li, X. (2016). Speromwtugmata structure and
dissociation of the Australian flat oyst@stera angasi: Implications for reproductive
strategy. Tissue and Cell, 48, 152-159.

Chapter 3 addresses the adaptive significancerétgayenesis, sex ratio and
energy metabolism in spawning (Objective 2). Gomatblogy reveals that
spermatozeugmata developed asynchronously bugtisedeveloped synchronously.
The population 00. angas had very high proportion of hermaphrodites andntiade
vs female ratio was highly skewed. To adapt togndemand for gametogenesis and
physiological maintenanc®. angas displayed an intermediate energy storage strategy
between conservative and opportunistic speciesinipkcations of gametogenesis, sex
ratio and energy metabolism in reproductive andsplggical adaptations of sessile
species are discussed.

This chapter has been submitted to Journal of Mo#n Studies as:
Hassan, M. M., Qin, J. G., & Li, X. Reproductiveniss of spermcasting marine
bivalve: a case study in the Australian flat oy€dstrea angasi.

Chapter 4 is a review of current research statusyster sperm
cryopreservation. Sperm cryopreservation in brosttlugioysters has progressed
substantially but limited information exists on speasting oysters. This review
chapter explores the lack of standardization imprgservation procedures specifically
in sperm quality assessment. In addition, spernc@&atnation remains the most
uncontrolled variable for inconsistent outcomesrgbpreservation protocols. The
solutions for technical limitations and the scopaplication of cryopreserved sperm

in oyster aquaculture are explored.
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This chapter has been published in Aquaculture as:

Hassan, M. M., Qin, J. G., & Li, X. (2015). Spernyapreservation in oysters: a review
of its current status and potentials for futurel@pagion in aquaculture. Aquaculture,
438, 24-32.

Chapter 5 standardizes sperm quantificatio®.adngas by a
spectrophotometric technique (Objective 3). Theafsual amount of sperm is
important in a breeding program to optimize speavradg ratio and family based
genetic improvement programs. Sperm quantificasadso important in
cryopreservation to optimize cryoprotectant congians. In this study, a regression
model was developed based on sperm concentrattbapattrophotometric
absorbance, and sperm concentration was quaniftedhe regression model. Sperm
guantification by the regression model was validdtg haemacytometer counts to
ensure repeatability of the spectrophotometricrigpre.

This chapter has been published in Aquaculture &ebeas:

Hassan, M. M., Qin, J. G., & Li, X. Developmenta$pectrophotometric technique for
sperm quantification in the spermcasting AustrafiahoysterOstrea angasi Sowerby.
Aquaculture Research. doi: 10.1111/are.13304.

Chapter 6 optimizes the key factors that affectoqbality of cryopreserved
sperm with the programmable freezing method (Object). Optimization of different
factors includes: cryoprotectant toxicity, cryomaiant types and concentrations,
freezing rates, sample volumes and refrigeratoagt Sperm motility and plasma
membrane integrity were used as sperm quality assad indicators. The survival
rates of cryopreserved sperm were similar to spastimgyO. edulis but relatively lower

than other broadcasting species.
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This chapter has been published in Cryobiology as:

Hassan, M. M., Li, X., Liu, Y. & Qin, J. G. Spermyopreservation in the spermcasting
Australian flat oysteOstrea angasi by a programmable freezing method. Cryobiology.
doi: 10.1016/j.cryobiol.2017.03.007.

Chapter 7 is a sister chapter of Chapter 6 to ingpmst-thaw sperm survival
(Objective 4). Because freezing with liquid nitrageapour produces high survival rate
in many marine bivalves, this technique has be¢imaged by further assessing the key
factors that affect post-thaw sperm quality. Optiion of different factors includes:
cryoprotectant toxicity, cryoprotectant types andaentrations, distances between
sample and liquid nitrogen surface, sample holdimgtions in liquid nitrogen vapour
and sample volumes. Sperm maotility and plasma mangbintegrity were used as
sperm quality assessment indicators. Sperm suriat@s between different freezing
methods were compared. This study significantlyrowpd the quality of cryopreserved
sperm.

This chapter has been submitted to Cryobiology as:
Hassan, M. M., Li, X. & Qin, J. G. Improvement afgt-thaw sperm survivals using
liquid nitrogen vapour technique in a spermcastipgferOstrea angasi.

Chapter 8 is a general discussion of the thesisevm@jor research outcomes
are integrated. Based on the conclusions of tleisishfurther research directions are

proposed to tackle those questions beyond the sufdpes thesis.
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Chapter 2: Spermatozeugmata structure and
dissociation of the Australian flat oysterOstera angasi:

implications for reproductive strategy

This chapter has been published as:
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dissociation of the Australian flat oys®@®stera angasi: implications for reproductive
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2.1 Abstract

Variation in reproductive strategy is one of thg kactors contributing to recruitment
success of molluscs in different habitats. Spertimagass a unique mode in mollusc
reproduction where males produce spermatozeugmatajally arrayed sperm cluster
wrapped by gelatinous membrane. In this study,sprzeugmata structure and their
dissociation in the Australian flat oyst@strea angasi were investigated to elucidate
the reproductive strategy in spermacasting molluBles histological observation
indicated that spermatogonia gradually aggregatéda gonad follicle at the early
gonad development stages and developed into spereugimata and became tightly
packed at the advanced stages. Even though maaleesamd female gametes could be
found in a hermaphroditic individual, the animalynpeevent self-fertilization by
shedding different sex gametes at different tinfee@. angas sperm are similar in size
and shape to broadcasting oysters, but have ontoaddl mitochondrion. Variations in
maintaining spermatozeugmata integrity and spertiitgdetween individuals
depended on the level of masculinity or femin€ltye durations of spermatozeugmata
dissociation and sperm viability were longer in @salhan in hermaphrodites. The
unique structure and capability for spermatozeugrtmmaintain the functional
integrity after spawning have adaptive significafarefertilization and gamete dispersal

in this species.

Keywords: Spermcasting, hermaphrodite, sperm, reollu

2.2 Introduction
The dynamics of reproductive pattern are vitallpartant in understanding the
life history and adaptation of marine invertebraf@se general mode of reproduction in

marine invertebrates is broadcast spawning in wtiielrmale and female release
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gametes in water where fertilization and embrya@eelopment occur. Spermcasting is
another type of reproduction where males broads@estm in water and females inhale
sperm to fertilize eggs in the body cavity (Bislasm Pemberton, 1997; Pemberton et
al., 2003). In most of the spermcasting specigslized eggs are incubated inside the
female body and develop to a free swimming larvareebeing released into the water
(Jackson, 1985). In this paper, the term ‘spermugiss adopted from Falese et al.
(2011) though its synonyms are also used, suchassast mating (Bishop and
Pemberton, 2006), egg brooding (Phillippi et a80042), egg brooding free-spawner
(Johnson and Yund, 2004) and larviparity (Burok&85).

Spermcasting differs from broadcasting in the stme&cof male gametes. Rather
than releasing individual sperm, the spermcastuegies spawn sermatozeugmata
which can be carried by water movement to the femradntle cavity for fertilization. In
a spermatozeugma, the sperm heads are clusteeeddigitinous membrane with tails
extending outside (Foighil, 1989). Spermatozeugrado termed as ‘sperm-balls’
(Coe, 1931), ‘sperm spheres’ (Ishibashi et al. 2@nhd ‘sperm morule’ (Jespersen et
al., 2001). Spawning of spermatozeugmata is fonrsbme aquatic invertebrates
including polychaetes (Drozdov and Galkin, 2012)ymws (Maiorova and Adrianov,
2005; Bohn and Heb, 2014), and bivalves (Jespeatsah, 2001; Geraghty et al., 2008),
and some vertebrates such as fishes (Meisner, €080; Fishelson et al., 2007).

Past research on sperm structure is mainly focasdafoadcasting oysters such
as the Pacific oyste&Zrassostrea gigas (Bozzo et al., 1993; Komaru et al., 1994; Dong
et al., 2005; Drozdov et al., 2009; Yurchenko, 20&astern oystet. virginica
(Daniels et al., 1971; Eckelbarger and Davis, 19%&)rtuguese oysté€r. angulata
(Sousa and Oliveira, 1994), Iwagaki oystenippona (Yurchenko, 2012), Jinjiang
oysterC. rivularis (Yurchenko, 2012), Sydney rock oys&accostrea commercialis

(Healy and Lester, 1991) and small rock oyStenordax (Yurchenko, 2012). These
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studies have revealed the dimensional differentgpérm components to support
species specificity of sperm morphology. As subk,dpermatozeugmata dimensions
are also different among taxonomic groups (Ferrawl., 1989). So far, the oysters
that have showed spermcasting behaviour all belotizge genu©strea; including the
European flat oysted. edulis (Foighil, 1989), Chilean oyst&. chilensis (Chaparro et
al., 1993), Puelche oystéx. puelchana (Castanos et al., 2005) and Australian flat oyster
O. angas (O'Sullivan, 1980). Among the spermcasting oysties spermatozeugma
structure is studied only in the European flat eysthile the information on other
species is lacking. Furthermore, the implicatiohspermatozeugmata structures have
not been applied to explain the adaptive strataggproduction success of
spermcasting oysters.

The structural integrity of a spermatozeugma iswaaned by gelatinous
membrane that envelops sperm heads. However, ba@gpérmatozeugma is released
in seawater, sperm become activated and gradwailty-sff by dissociating the
membrane (Foighil, 1989). A bulk of aggregated sper a spermatozeugma improves
the fertilization efficiency but only the disso@dtsperm can successfully fertilize eggs
(Foighil, 1985). In spermcasting oysters, spermaigmata could be released by both
hermaphroditic and male individuals.@ edulis, spermatozeugma dissociation took
place within 24 h after release but the relatiopslatween dissociation rate and the
level of masculinity (i.e., testis dominance) amfeeity (i.e., ovary dominance) has not
been defined. The understanding of the dissociati@permatozeugmata would
provide an insight into the unique reproductiveldmy of these species.

The Australian flat oysteD. angasi is a spermcasting species that release
spermatozeugmata to fertilize eggs. Our understgnaih the basic biology @.
angas is limited to growth, survival (Dix, 1980; MitcHedt al., 2000), and fertility

(O'Sullivan, 1980). After settlement, oysters haseamovement capacity to find
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potential mates. Therefore, the properties of thametes are intrinsically related to the
evolution of reproductive biology in these speclaghis study, we aimed to understand
the structure and dissociation of spermatozeugmata attempt to elucidate the

reproductive strategies of the spermcasting molusangasi.

2.3 Materials and Methods
2.3.1 Oyster source and maintenance

The flat oysters were collected monthly from ApalNovember, 2014 from the
Pristine Oyster Farm in Coffin Bay, South Australra shipped to South Australian
Research and Development Institute (SARDI) in #edhiStyrofoam box within 24 h.
Our monthly sampling revealed that the oysters Wittoded larvae occurred from May
to December in South Australia. After arrival, thesters were cleaned with a brush and
kept in a rectangular tank supplied with flow thgbitseawater and aeration. The
temperature was maintained at 20 + @5and the oysters were fed with mixed
microalgae ofsochrysis sp.,Paviova lutheri andChaetoceros calcitrans. The oysters

were two years old having shell length 75.6 + 5r& and live weight 69.1 + 13.3 g.

2.3.2 Gonad tissue histology

The gonad of a flat oyster located around the digegland and the gonad and
non-reproductive tissues are not anatomically sgpafhe middle portion (3 mm
thick) of the gonad-visceral tissues of twenty eystvas cross sectioned each month.
Immediately after collection, the gonad-viscers$ties were placed in Davidson’s
fixative (95% ethyl alcohol - 300 ml, 38% format®200 ml, glacial acetic acid -100
ml and distilled water — 300 ml). The gonad-vistéssue sections were prepared by an
existing histological procedure (Kim et al., 200Bjiefly, the tissues were submerged

through the graded alcohol solution and xylene feelb@ing embedded in paraffin wax.
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A 5 um cut section was mounted on a microscope siidl stained with haematoxylin
and counter stained with eosin. The specimen slagge scanned and the photos were
taken on an inverted microscope (Nikon Eclipse TBEQ The gonad developmental
stages in this study were based on the criterid fesethe European flat oystéx. edulis
(da Silva et al., 2009). Briefly, gonad developmeas categorized into five stages; (i)
inactive or resting gonad, (ii) early gametogen€si¥ advanced gametogenesis, (iv)
mature gonad and (v) spawned gonad. Spermatogoaiaifferentiated germ cells at
the early stages of spermatogenesis and spermateayerm cells that arise from
spermatogonium. Spermatocytes are more compacters®r than spermatogonia in a
developing spermatozeugma. Spermatid is a haplald gamete that arises from
secondary spermatocyte. Spermatids are denser @medoompact than spermatocytes

in a developing spermatozeugma.

2.3.3 Sperm collection

After the oyster shells were opened, spermatozetajsperm were collected by
stripping from the gonad using a 3.5 ml pipette pladed in 1.5 ml Eppendorf tubes.
As there were a large percentage of simultaneousdphrodites in the flat oyster
population, the presence of male gametes in thadyaras confirmed on a light
microscope at 200x magnification. The sperm cadig@dtom 3-5 individuals were
pooled for each motility observation at differerdsauline levels such as male,

predominant male hermaphrodite and predominantleehemaphrodite.

2.3.4 Specimen preparation for electron microscopy
For scanning electron microscope (SEM) observattmsuspended
spermatozeugmata in filtered seawater were cotlemte0.2um polycarbonate

membrane filters and placed in a fixative (2.25taylaldehyde in phosphate buffer
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solution + 4% sucrose, pH 7.2) for 30 min. Aftesfiion, the specimens were placed in
a buffer (4% sucrose in phosphate buffer solutfonjwo consecutive washing of 5

min each. After washing, the samples were postdfixgh 2% osmium tetroxide

(OsQy) for 30 min. The specimens were dehydrated twic&)%, 90% and 100%
ethanol for 10 min each. Then the samples wergakrpoint dried twice with (i) 1:1
hexamethyldisilazane (HMDS) and 100% ethanol, @hd@% HMDS for 10 min
each. The samples were placed in the fume hoazbat temperature to vaporize extra
moisture. The dried filters were coated with platimat a thickness of less than 100 A
and six filters were observed with an SEM (Philis30). Sperm from individual male

were used and a total of six oysters were usedlémtron microscopic observations.

2.3.5 Dissociation of spermatozeugmata

Sperm surrounded by a gelatinous membrane weredesad non-dissociated
whereas sperm swimming freely were considered digtm. The dissociation of
spermatozeugmata was observed by placing an alcf6t pl suspension on a glass
slide under a light microscope at 200x magnifigatibhe time required for the
dissociation of spermatozeugmata collected frormthke, predominant male

hermaphrodite and predominant female hermaphreadisecompared.

2.3.6 Sperm motility

Although the sperm attached to a spermatozeugmédgadla beating but this
effect was not considered while studying sperm lipbecause the number of sperm
with an active flagellum in a spermatozeugma cabeajuantified. The typical
individual sperm with active forward movement wasiated motile while those
without such a movement were considered non-mdtie.sperm suspension was

produced by passing the sample through a 45 pm.nmsh5 um nylon mesh was
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fitted between two 1 mL pipette tips and filtratimas achieved by creating a downward
force with the pipette. The inner tip was cut bpm@ximately 3 cm from narrow end. A
2 ul sperm suspension was placed on a glass sidi@@pl filtered seawater was added
to activate the sperm and motility was observe2acC. In this study, the duration of
sperm motility was defined as the period from theetwhen sperm were collected to
when all sperm in a randomly selected field stoppedard movement at a
standardised sperm concentration. The durationodflitg of sperm collected from the
male, predominant male hermaphrodite and predorhfearale hermaphrodite was

compared.

2.3.7 Statistical analysis

The duration of spermatozeugma dissociation amspeotility among the
male, predominant male hermaphrodite and predorhfearale hermaphrodite was
compared using one-way analysis of variance (ANQWAE least-significant
difference (LSD) comparison was used while theetifhces considered statistically
significant atP < 0.05. The results were presented as mean + Sia.vib&xe analysed

by SPSS version 20.0 (IBM Corporation, Armonk, NDSA).

2.4 Results
2.4.1 Spermatozeugmata formation during spermatogessis

While the gonad was at a resting stage during sp@genesis, only a few
spermatogonia were present in the follicle (Fig. Spermatogonia are relatively large,
prominent and bulky bundles, and mainly preseihéearly stage of spermatogenesis
(Fig. 1b). The encapsulated sperm bundles wereeggackihe follicles at the advanced
stage of spermatogenesis and became smaller, mongact and darker to form a

spermatocyte (Fig. 1c, d). There were free sperguaiia in the gonad epithelium at the
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early stage but no free spermatid was found aadvanced stage. Although a
spermatogonium was comparatively large in diametsrcame small at the
spermatocyte stage. When the flat oyster was ¢tospawning, sperm in a fully
matured spermatozeugma were much dense and coifittah an individual oyster,
the degrees of spermatozeugmata maturity wererelif€Fig. 1d), indicating the

likelihood of spawning in multiple batches.

Fig. 1: Histological sections @strea angasi showing the formation of
spermatozeugmata during spermatogenesis in maeh.indle in the gonad follicle
represents a developing spermatozeugma. a) inamtiesting gonad: almost empty
follicles between mantle and digestive gland, rughitary spermatozeugmata (arrows)
and gonad follicles (ellipse circle); b) early stagf spermatogenesis: enlarged follicles
containing spermatogonia clusters and free spegoatom (arrows); ¢) advanced

spermatogenesis: follicles filled with spermatogoaind spermatocyte, and d) mature
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gonad: compact and dense follicles containing sperayte and spermatid,
spermatogonia (white arrow), spermatid (doublevasjaand phagocytes (black arrow).
CT: connective tissues; DD: digestive diverticll;: gonad tubules; M: mantle; spc:
spermatocyte, and spg: spermatogonia.

The flat oyster had a unique reproductive systgmmesenting three sex
categories: male, female and hermaphrodite. Basékeorelative proportion of male
and female gametes, the hermaphroditic gonads feher classified into five levels;
(i) hermaphrodite with predominant male gametelicfes filled with approximately
60-90% of male gametes and 10-40% female gam@)dsermaphrodite with
predominant female gametes: follicles filled wiftpeoximately 60-90% of female
gametes and 10-40% male gametes, (iii) hermapleradih rudimentary female
gametes: follicles filled with <10% of female gasgetind >90% of male gametes, (iv)
hermaphrodite with rudimentary male gametes: fielidilled with <10% male gametes
and >90% of female gametes, and (v) hermaphroejteesenting a similar proportion
of both gametes (Fig. 2). There was also a paitetime relative position of male and
female gametes in the hermaphrodite gonad folircighich male gametes are

generally surrounded by a layer of female gametes.
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Fig. 2: Presence of spermatozeugmata in hermaypb@sirea angasi; a)
hermaphrodite with predominant male gametes, bjpaphrodite with predominant
female gametes, c) hermaphrodite only with rudirmgnbocytes (arrow), d)
hermaphrodite only with rudimentary spermatocytesofv), and e and f) both sex

gametes nearly equal.

2.4.2 Spermatozeugmata morphology
In a spermatozeugma, sperm heads were boundedeh-defined gelatinous

membrane, whereas the tails were projected ouBide3a). The gelatinous membrane
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was worn out during the sample fixation for elentcamicroscopy (Fig. 3b). The mean

diameter of spermatozeugmata was 116.8 + 38.4 pr6jn

Fig. 3: Contrasting views of a spermatozeugamastfea angasi; a) light microscope
image: sperm head (white arrow) and tail (blackw)r and b) scanning electron

microscopic image: sperm head (double arrows) aih@single arrow).

2.4.3 Sperm morphology and integrity during fixatian

Although the fertilization process in flat oystevas different from most other
marine animals, the sperm structure of flat oystes considered ‘primitive’ (Franzén,
1970) because the sperm had a radially symmetatabody with a bullet-shaped head
and a long flagellum (Fig. 4a). The flat oysterrspéad five mitochondria to provide
the energy for flagellum beating during movemeng.(Bb). The diameter of a
mitochondrion was 0.4 + 0.0 um (n = 10). The spkead length and width were 1.9 +
0.1um (n=12)and 1.6 £ 0.1 pm (n = 12), respebtj and the ratio of head length to
width was 1.2. A variation in the sensitivity ofesm to the fixation method was found
while preparing specimen for electron microscopagimg. The same fixation method
rendered unimpaired sperm structure (Fig. 4a). Hewet could also cause membrane
disruption, tail detachment and indentation inrtiitochondrial region (Fig. 4b, 5a and

5h).
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Fig. 4. Scanning electron micrographQstrea angasi sperm; a) sperm head, b) five
mitochondria exposed after membrane disruptionaa@some, fl: flagellum, H: head

and mc: mitochondria.

Fig. 5: Damage oDstrea angasi sperm during fixation for electron microscopy; a)
detached tail, and b) indentation in the mitoch@idegion. ac: acrosome and fl:

flagellum.

2.4.4 Spermatozeugmata dissociation

During dissociation in seawater, the extracellatatrix of a spermatozeugma
was disintegrated, leaving the isolated patchésesperm relics. The concentration of
dissociated sperm increased with the increasetivadion duration. The duration of
spermatozeugma dissociation of male, predominaméie hermaphrodite and
predominantly female hermaphrodite was 19.7 208 +1.9and 3.5+ 1.6 h,
respectively. There were significant differencethie spermatozeugma dissociation

duration among the three masculine levels4= 139.97 P < 0.001) (Fig. 6).
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Fig. 6: The duration of spermatozeugma dissociatfidhree masculine levels Ostrea
angas exposed to filtered seawat®&ifferent letters indicate significant differences
among the masculine leveSperm from three to five males were pooled in dcate.

Each bar represents mean * SD of five replicates.

2.4.5 Sperm motility

Sperm started swimming immediately after activatiobroadcast spawners,
whereas sperm motility in flat oysters had two @sdsased on the tempo and
magnitude of flagella beating action: (1) low fligdeating while attached to a
spermatozeugmata and (2) high flagella beating tfeebreak-off from
spermatozeugmata membrane. Sperm collected froesmaintained longer motility
duration compared to hermaphrodites. The durati@perm motility of male,
predominantly male hermaphrodite and predomindetiyale hermaphrodite was 20.1
+2.8,10.8 + 2.0 and 4.8 £ 1.7 hours, respectivEhere were also significant
differences in the duration that a sperm maintaswithming capability among the

three masculine levels {R>= 166.04P < 0.001) (Fig. 7).
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Fig. 7: Motility duration of sperm of three masawdilevels ofOstrea angasi exposed to
filtered seawater. Different letters indicate sfgraint differences among the masculine
levels. Sperm from three to five males were poabeal replicate. Each bar represents

the mean + SD of five replicates.

2.5 Discussion

This study revealed the pattern of spermatozeugwaalopment in the
Australian flat oyste©. angas during spermatogenesis. The formation of
spermatozeugmata is discussed based on the pmtbfeand aggregation of germ cells
in the gonad follicles. At the beginning of speraggnesis, the follicles were partly
filled with the primary spermatozeugmata as a elust spermatogonia (<100 sperm).
At this stage, both clusters of spermatogonia aeel $permatogonium were present in
the gonad. With the progress of spermatogenessistogonium started to condense
but the area occupied by gametes in the follictaslgally increased. At the advanced
stage of spermatogenesis, the individual gametes emmpacted and no free spermatid
was found in the gonad follicles. A pattern of mgéemete condensation due to

shrinkage in the diameter of sperm nucleus at dinky stages of development was also
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observed in the Pacific oyster (Franco et al., 2008e concurrence of spermatogonia,
spermatocyte and spermatid in the gonad of aninhai¥ suggests that a multiple
spawning strategy may exist@ angasi. The multiple spawning of this species as
hypothesized from the micrograph of gonad histolisgglso supported by the
microscopic observation of spent individuals. Ttigoped spawning of spent
individuals revealed relict of mature spermatozeaignn the gonad.

Oysters in the genu@strea are protandric hermaphrodite, i.e., the individual
mature as a male and change the sex from a médentde in life history (Orton, 1933).
Simultaneous hermaphroditism is also commo@.iedulis (Wilson and Simons, 1985;
da Silva et al., 2009D. chilensis (Jeffs, 1998andO. lurida (Coe, 1932). However, the
term ‘simultaneous hermaphroditism’ does not explae magnitude of different sex
gametes in the gonad because hermaphrodites mayhaying proportions of male
and female gametes between individuals. The madmidéi masculinity or femineity in
a hermaphrodit®. angas ranged from highly skewed to one sex to almosakiqu
both sexes. Such hermaphroditism, either skewedéacsex or equal proportion of both
sexes was also found in the European flat oyste6{ya et al., 2009). In Australian
flat oysters the dynamic of protandry has not baeastigated. Literature in other
oysters suggests that the proportion of hermapteaatdividuals in a population is
influenced by environmental factors such as tempegand photoperiod (Joyce et al.,
2013), food availability (Gonzalez-Araya et al.12) and hereditary constituents (Guo
et al., 1998; Harding et al., 2013).

The mechanism to avoid self-fertilization in sinaméous hermaphrodite
individuals has never been clarified in the flastey species. Self-fertilization refers to
the fusion of male and female gametes from the sadieidual to produce a zygote,
and this phenomenon also occurs in some gastrq@basn, 1994; Jarne et al., 1991),

and other bivalves (Kurihara et al., 2010). Basethe presence of mature eggs and
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spermatozeugmata in the same individual, our stughkes two fundamental
questions: (1) is self-fertilization a reality ilaf oysters? and (ii) if not, how do flat
oysters avoid self-fertilization in nature? Yetith has been no evidence of self-
fertilization in Ostreidae and this could be ackigWby releasing the matured male and
female gametes of an individual at different tim&ervals that the self-fertilization can
be avoided. However, in the hermaphrodite tuni®gtea chilensis, self-fertilization
occurs as an alternative mode of reproduction whenunicates are captivated in
solitary (Manriquez and Castilla, 2005). Furthefeistigations are needed to reveal if
similar phenomenon can occur in the simultaneousnaghrodite flat oysters.

The evolution of gamete structure in different spgenay follow the
physiological demand of their fertilization proce$ke production of
spermatozeugmata is one of the mechanisms foeictdsperm transfer in sessile
brooders. As the number of sperm in a clusterrgelathe intake of a few clusters
would have enough sperm to effectively fertilize #ggs in a female. The flat oysters
become sessile after metamorphosis resulting itiadganstraints in gamete dispersals.
Unless transported by flagella beating and watereat, the male gamete cannot reach
females (Le Pennec and Beninger, 2000). Therefloedntake of spermatozeugmata
would facilitate the fertilization in the mantlevtty of spermcasting species. The
morphological features of spermatozeugmata in sp&sting oysters are similar, and
the sperm head is bounded by a gelatinous membrahthe tail extends outside.
However, the mean diameter of a spermatozeugmatd Wapm irO. angas which is
larger than that oD. edulis (Foighil, 1989).

Oyster sperm have common morphological featuresngrspecies. The overall
structure ofO. angasi sperm is similar to other species in the familyr@se in
acrosome shape, sperm head, mitochondrial regidfia@gellum. Oyster sperm also

have species specific linear dimensions and letogéidth ratios (Yurchenko, 2012).
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The sperm head length and width are respectivély2d 2.3 pm ii€C. gigas (Dong et
al., 2005), 1.4- 1.9 and 0.8-1.4 umGnvirginica (Galtsoff and Philpott, 1960) and 1.9
and 1.6 um irD. angas (current study). The ratio of sperm head lengtWittth is 1.1

in C. gigas (Dong et al., 2005) and 1i2 O. angas (current study). Overall, the bullet-
shaped sperm head and a long tail are an adaptdtgperm morphology to swim a
longer distance (Suquet et al., 2012).

The number of mitochondria in sperm is an intengstopic because
mitochondria play an important role in sperm mutiby supplying energy for
movement. We found five mitochondria@ angasi, whereas all broadcasting diploid
oysters investigated so far only have four mitochi@(Yurchenko, 2012). The
tetraploid Pacific oysters, on the other hand, Haue to six mitochondria (Dong et al.,
2005). This trend of increase in the mitochondmiainber with the increase in ploidy
level also occurs in Mediterranean musa&silus galloprovinciallis, with diploid and
tetraploid counterparts having five and five toesewnitochondria, respectively
(Komaru et al., 1995). The intra-specific compamism the number of mitochondria
among different levels of ploidy reveals that thdividuals with higher ploidy levels
also have a bigger sperm head, which normally aesitaore mitochondria. But sperm
with a larger head contains more mitochondria mayatways be true for inter-specific
comparisons. The reason for the additional numbsaritochondria in tetraploids is
probably due to more energy requirement to drileeger sperm head in tetraploid
bivalves. In the sperm of other bivalve species,thmber and diameter of
mitochondria are species specific (Table 1).

Table 1: Sperm head dimension, mitochondria nurabdrdiameter in some bivalves

Species Sperm head lengthMitochondri | Mitochondria References

x width (um) a number | diameter (um)
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Arca boucardi 3.2x26 5 0.8 Drozdov et al.,
2009
Crassostrea gigas 2.6x23 4 - Dong et al.,
(diploid) 2005
2x25 4 0.8 Drozdov et all,
2009
C. gigas (tetraploid) 3.4x3.0 4-6 - Dong et al.
2005
Mya japonica 55x15 4 0.8 Drozdov et al.,
2009
Mytilus - 5 - Komaru et al.,
galloprovincialis 1995
(diploid)
M. galloprovincialis - 5-7 - Komaru et al.,
(tetraploid) 1995
Ostrea angasi 1.9x1.6 5 0.4 Present study
Pododesmus 52x2 4 1 Drozdov et all,
macrochisma 2009
Trapezium liratum 26x1.4 5 0.6 Drozdov et al.,
2009

In the present study, many sperm observed on asgpalectron microscope

had a broken tail, ruptured membrane and dentedl figeese morphological anomalies

have also been observeddngigas sperm fixed in the non-isotonic solution (Dong et

al., 2006). In this study although the sperm watigailly suspended in isotonic
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seawater, the osmolality was unknown during spéxatibn in glutaraldehyde and
post-fixation in osmium tetroxide. It is possibtat the damages were caused by one of
the following factors or their combination: (1) thas a difference in sensitivity to the
fixation procedure between sperm at different matuand (2) theD. angasi oyster

sperm are more sensitive to the fixation method us¢his study than on other species.
Future research is needed to investigate if otkatibn methods are more suitable for
scanning electron microscope observations in beslv

The time when sperm swim off a spermatozeugmadaigmnificantly between
individuals at different masculine levels@ angasi. The mean duration of
spermatozeugma dissociation was 19.7 h in ‘purééspavhereas it depended on the
proportion of male and female gametes in the gadermaphrodite individuals; the
higher the proportion of female gametes, the quitke dissociation of
spermatozeugmata in seawater. This was the fudyshat unveiled the magnitude of
spermatozeugma dissociation relating to masculontgmineity in aquatic species.
Further study is needed to investigate its impiicain the reproduction strategy in this
species.

Unlike the teleost sperm where motility lasts fatyoa few seconds to minutes,
oyster sperm in general have motility duration frioours to days. The average motility
duration ofO. angas sperm was 20.1 h (present study) whereas thei®agster
sperm had a movement duration of up to 24 h (Suepedt, 2012). Sperm of
spermcasting oysters have two phases of motilgin(hbattached to a spermatozeugma
and free swimming), whereas those of the broadaastysters only have the free
swimming phase. Like spermatozeugma dissociati@retwere variations in the sperm
motility duration among males and hermaphrodité® 3perm collected from the
‘pure’ males maintained a longer motility duratitwan the sperm of hermaphrodites.

This result leads us to hypothesize that althoypghrs of the hermaphrodites are
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capable to take part in the fertilization procegsthey might be less competitive than a
‘pure’ male if brooders locate in a far distancesperm of hermaphroditic individuals
have a shorter life. However, when brooders atberproximity, the duration of sperm
integrity or motility would have less effect on tfegtilization success. In another
spermcasing oyst&. puelchana, this potential distance impact has been overdmyne
directly releasing male gametes into the mantlétga¥ the female where the dwarf
male attached (Pascual, 1997).

In conclusion, this study examined the developnaéspermatozeugmata,
sperm morphology, and the post-spawning dissociatiGspermatozeugmata in the
Australian flat oyste©. angasi. The understanding of these processes would povid
basic information to further unveil the mechanisrastrolling spermatozeugmata
acquisition and storage in the female mantle cauaitygl the reproductive strategy in

spermcasting species.
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Chapter 3: Gametogenesis, sex ratio and energy
metabolism in the spermcasting Australian flat oysr
Ostrea angasi: implications for reproductive and

physiological adaptation

This chapter has been submitted to the JournaladiuScan Studies as:
Hassan, M. M., Qin, J. G., & Li, X. Reproductivenfss of spermcasting marine

bivalve: a case study in the Australian flat oy€dsirea angasi.
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3.1 Abstract

Spermcast spawning is a unique reproductive syaitbgome sessile marine
invertebrates such as the oysters in the g@strea in which a functional male releases
spermatozeugmata to fertilize eggs inside the loaghity of a functional female.
Oysters of the genu@strea have high ecological and economical importancehmit
adaptive strategies in spermcast spawning remairiyponderstood. This study
elucidates how gametogenesis, sex ratio and emeetgbolism regulate the
reproductive and physiological fithess in spermeastvner through monthly sampling
of a representative speci®sangasi over a year. Gonad histology indicated that
spermatozeugmatieveloped asynchronously within an individbat the oocytes
matured synchronouslyhe hermaphroditic individuals spawnggermatozeugmata
before egg ovulationThe population of 2-3 years old oysters compri&ed %
hermaphrodites and displayed a highly-skewed nealerale ratio of 7:1. This species
primarily metabolized glycogen as energy sourcegonetogenesis, with the periods of
energy storage and energy utilization being oveeap The gametogenesis pattern
suggestsnultiple productions o$permatozeugmata in a reproductive season in male
and hermaphroditic oysters but single episode gfagilation in female and
hermaphroditic oysters. The high proportion of haphrodites and skewed male to
female ratio are generally common among spermaeaspecies when they are young or
smaller in sizes. The energy metabolism indicdtasQ. angasi follows an

intermediate strategy between conservative andropmstic species. The gamete
development pattern, skewed sex ratio and energ¢gtoksm strategy are of
significance to reproductive and physiological adapns in spermcasting molluscan
species.

Keywords: Reproductive strategy, spermatozeugmata, fertitimaspawningmollusc
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3.2 Introduction

The recruitment success of a marine invertebrgtertds the development of an
appropriate reproductive strategy(ies) during tleehlistory. Diverse reproductive
strategies have evolved in different marine invd#es to maximize species fitness in
the context of reproductive success. Broadcast sipgws a mode of reproduction
strategies commonly shared in most marine inveatebrwhile other species such as
some molluscs have developed a unique strateggragasting spawning to provide
maternal protection for embryos and larvae in tlaathe cavity (Bishop and Pemberton,
2006; Mardones-Toledo et al., 2015). To increasadproductive success, different
reproductive systems such as gonochorism, sequantssimultaneous
hermaphroditism have evolved in different specstgtegies for allocating more
energy to reproduction are fundamental trade-offméximize species fitness in the life
history (Llodra, 2002). Energy is obtained fromheitrecently ingested food in
opportunistic species or pre-stored in conservapeaxies prior to gametogenesis
(Bayne, 1976).

Although oysters of the family Ostreidae are gelhemnsidered protandric
hermaphrodites, i.e., a male changes sex to a éeaa certain stage of the life cycle
but sex changes in both directions are also obdanveastern oystefSrassostrea
virginica (Yang et al., 2015). The mode of spawning of th&ters differs among
generaMales/ hermaphrodites in the gerdgrea release sperm as spermatozeugma
(also called spermcast spawning) that are inhaledthe female mantle cavity to
fertilize the newly released eggs. The subseqaewall development is protected by the
female inside this cavity (Chaparro et al., 2006)he genufrassostrea, on the other
hand, both types of gametes are released intoemudtaint embryos develop in the

water column (broadcast spawning). Although oystéthe genu®strea are of
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immense ecological and fishery importance, the tnaptrategies in spermcast
spawning remain poorly understood.

Gametogenesis process is useful to elucidate gredactive strategy of a
species. A synchrony in maturation of the malefentale gametes during
gametogenesis leads to synchronous spawning, vheéigaepancy in gamete
development leads to asynchronous spawning (StyamBatler, 2003; Chaves-
Fonnegra et al., 2016). Since spermcast spawneia@pable of movement after
settlement, acquisition of functional spermatozeaigniy a female is necessary for
successful reproduction. The development patterspermatozeugmata and eggs
provide a cue to understand the spawning biologgpefmcasting species (Foighil,
1989; Falese et al., 2011). Depending on the rejutock strategy of a species and
environmental cues, gametogenesis is either resirto a certain period or protracted
throughout the year. As such, gametogenesis cdaiaxpe temporal pattern of
reproduction of a species.

Sex change is a regulatory strategy to optimizeoagctive output. The 1:1
male to female ratio is common in gonochoristiccsge (Fisher, 1930), but when
reproductive output of hermaphrodite species exc#eel capacity to support progeny
survival by the available resources, animals caftchwo an opposite sex to adjust the
guantity of reproductive output to improve spedigsess (Charnov, 1982). Although
all the species in the family Ostreidae are pratarftermaphrodites, the sex ratio varies
among the broadcasting and spermcasting speciesl¢3tnd Mulcahy, 1999;
Vaschenko et al., 2013; Acarli et al., 2015). Nasation makes species in the
Ostreidae family a suitable model to study sexoriatirelation to spawning strategy.
The sex ratio needs to be examined before theitexamnt pattern of a protandric

species can be determined in the family Ostreidae.
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The energy metabolism in marine invertebratesasety associated with
reproductive activities. Energy is stored as glyuggrotein and lipid in various tissues
and mobilized for physiological and reproductivéates (Berthelin et al., 2000;
Benomar et al., 2010). The dynamics in biochengoahpositions in the storage tissues
and body condition index reveal the energy metabobtrategy of a species. As
gametogenesis is a high energy demanding process)arbivalves use either
opportunistic or conservative strategy to contra@rgy expenditure during
gametogenesis (Bayne, 1976). In a temperate reomperature and food are
seasonally variable and environmental variationilags the reproductive clock
(Garrido and Barber, 2001; Enriquez-Diaz et al092@hat results in most species to
follow the conservative energy metabolism strat@prriba et al., 2005; Li et al., 2006;
Karray et al., 2015). However, the energy metahobsrategy needs to be evaluated for
a species which has a protracted spawning periddjaws in an area with low food
supply such a®. angasi to understand how energy is fuelled for a long spaw
season without much calorie intake.

The endemic flat oystéd. angasi used to be abundant in Australia, but was
almost perished from the natural habitat in the 8" and early 19 century due to
overfishing (Nell, 2001; Alleway and Connell, 2015)nce the last decade, the
production ofO. angas has increased and it has become an emerging sgecie
aquaculture in Australia (Heasman et al., 2004o@1ior and Dove, 2009). In recent
years, flat oyster reef restorations have stadeépair the bays and estuaries that locals
rely on. Despite the importance of this specidssttery, aquaculture and ecological
system, some fundamental questions pertaining tenitgue spawning strategy remain
unanswered. The objectives of this study are toi@#te the adaptive strategies of

spermcasting species by answering the followingtjomles: (1) How does
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gametogenesis facilitate spermcast spawning? (2) ditees sex ratio regulate spawning
success in a spermcasting population? and (3) Whethbolism strategy does

spermcasting species adopt to allocate energefwoduction?

3.3 Materials and methods

3.3.1 Oyster and seawater sampling

Monthly collection of seventy flat oysters and satar was conducted at the leases of
Pristine Oyster Farm in Coffin Bay, South Austrdiam April 2014 to May 2015.
Oysters were transported within 24 h in a chilleggt&oam box to the laboratory at
Flinders University. The oysters were then cleangd a brush and blotted using paper
towel prior to length and weight measurements. €gsvere assigned randomly into
three groups to study gonad histology, biochengoatposition and condition index.
The age of oysters in this study was 2-3 yearg#8®B £ 5.2 mm shell length and 72 +

10.9 g wet weight).

3.3.2 Environmental parameters

Monthly measurement of environmental variablesudet water temperature, salinity
and chlorophylb. After filtering out debris and zooplankton thréug 300um screen, |
collected the phytoplankton on a 04 Millipore filter, wrapped the Millipore filter
with aluminium foil, and stored at —2Q for <7 days before analysis. Chlorophyli
was extracted by dissolving the filter paper in 9886étone and stored at@ for 24
hours. The determination of chlorophglboncentration was on a microplate reader
(CLARIOstar, BMG Labtech) at the wavelengths of 647 and 664 nm, using the
formula: Chlorophylla (mg L) = 11.8%es4 —1.78647 for calculations (Ritchie, 2006),

where A664 and A647 represent absorbance at 66847nmm, respectively.
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3.3.3 Histological observation on gonad tissues
The procedures for histological preparatiorDofingas gonad-visceral tissues followed
an early paper by Hassan et al. (2016). In bitef grotocol included fixing 3 mm cross
sectioned middle portion of gonad-visceral tissnd3avidson'’s fixative (95% ethyl
alcohol - 300 ml, 38% formalin — 200 ml, glaciak#c acid -100 ml and distilled water
— 300 ml), submerging the specimens in differeatigs of alcohol and xylene,
embedding them in paraffin wax, cutting a 5 pm sr®esction, mounting the section on
a microscope slide, staining with haematoxylin, aadnter-staining with eosin. The
histological specimen slides were photographednomzerted microscope (Nikon
Eclipse TS100-F).

The gonad development of this species was descabearding to the following
five stages (Fig. 1 and 2):
Inactive or resting gonad (stage 1)Gonads of sexually immature and recently-
spawned individuals. Immature gonads comprise galrdutts but post-spawned
gonads comprise inflated empty follicles. Connextigsues predominantly filled the
spaces between the mantle and digestive glandefire®f rudimental spermatogonia
and up to 3Qsm diameter oocytes.
Early gametogenesis (stage 2§5onad follicles are larger and occupied with more
gametes than in the previous stage. Gonad follexhelsconnective tissues almost
equally share the space between mantle and digegtnd. Presence of small
spermatogonia clusters and 30460-diameter developing oocytes.
Advanced gametogenesis (stage 3ponad follicles are larger than the previous stage
and occupy over fifty percent of the areas betwhemantle and the digestive gland.
The gametes occupy majority of the area in the ddoldicles. Oocytes are 60-8dn

in diameter.
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Ripe gonad (stage 4)Large gonad follicles occupy the entire area betwtae mantle
and the digestive gland. Mature oocytes of p8®diameter are present.
Spawned gonad (stage 5Xsonad follicles are partially or almost completeiypty.

Presence of phagocytes and residual gametes gottea follicles, and larvae in the

mantle cavity.
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Fig. 1: Histological sections of male (left) ananf@e (right)Ostrea angas at different
stages of gonad development. a) male, inactivesimg gonad. Arrows indicate
developing gonad follicles between mantle and digegland. b) male, early
spermatogenesis. Arrows indicate developing spemoaaia in the gonad follicle. ¢)
male, advanced spermatogenesis. Black, single whdedouble white arrows indicate
spermatogonia, spermatocytes and spermatids, teadecd) male, ripe gonad. Single
and double arrows indicate spermatocytes and spielsneespectively. e€) male,
partially spawned gonad. Single and double arrodate residual spermatids and
phagocytes, respectively. f) female, inactive sting gonad. Arrows indicate
rudimentary oocytes in the gonad follicle. g) feeyaarly oogenesis. Arrows indicate
developing oocytes in the gonad follicle. h) femaldvanced oogenesis. Arrows
indicate medium sized oocytes. i) female, ripe goarows indicate mature oocytes.
j) female, presence of larvae (arrow) in the pbadavity in spawned oyster. CT:
connective tissue; DD: digestive diverticula; GBngd follicle; M: mantle; PC: pallial

cavity. Bar = 100 pum.
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Fig. 2: Histological sections of hermaphrodi@istrea angas at different stages of

gonad development. a) inactive or resting gonadjlsiand double arrows indicate
rudimentary spermatogonia and oocytes, respectib@lgarly gametogenesis, single
and double arrows indicate developing spermatogamisoocytes, respectively. c)
advanced gametogenesis. Presence of spermatodyte &rrow), spermatid (single
yellow arrow) and medium sized oocytes (doubleoyelarrow) in the gonad follicles.
d) mature gonad. Presence of spermatocyte (yeltoawg spermatid (single white
arrow) and mature eggs (double white arrow) ingtwead follicles. e) Partially
spawned gonad. Presence of residual spermatidgesutite arrow), eggs (double
white arrow) and phagocytes (yellow arrow). f) Rt spawned gonad. Presence of

residual spermatids (double white arrow), egggy(siwhite arrow) and phagocytes
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(yellow arrow). CT: connective tissue; DD: digestdiverticula; GF: gonad follicle;

M: mantle.

3.3.4 Larvae occurrence and sex ratio

A total of 60 oysters were opened each month toclauvae-bearing oysters. This
study adopted the classification of oyster larnaevhite-sic, grey-sic and black-sic
from Carson (2010). Identification of sex categfmnale, female, hermaphrodite or
undifferentiated sex) was based on gonad histodmglymicroscopic observation of 840
oysters from April 2014 to May 2015. Unless thesprece of spermatozeugmata,

larvae-bearing oyster was considered a female.

3.3.5 Biochemical composition

The gonad-visceral tissues were the material falyales of glycogen, protein and lipid
contents because oyster gonad anatomically mergbdhe digestive system. Tissues
from ten live oysters were collected in a replicate three replicate per sampling,
freeze-dried for 48 hours, and stored at®B0dor no more than three months prior to
analysis. Glycogen, protein and lipid contents wksermined according to the
modified Anthrone technique (Roe and Dailey, 19€8)pmassie Bradford assay

(Bradford, 1976) and modified Bligh Dyer method Iffoet al., 1957), respectively.

3.3.6 Condition index
Prior to condition index analysis, oysters weragokd by scrubbing off barnacles and
debris, blotted dry, opened shells, freeze-driedisland soft tissues for 48 hours, and

measured weights using an analytical scale (0.0Trg condition index (Cl) was

dry flesh weight

calculated with the formul&l = x100

dry shell weight
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3.3.7 Data calculation and statistical analysis
To calculate gonad maturity index, oysters werd&edrfrom 1 to 4 based on the gonad
development stage. The rank of inactive, restirdysgpawned gonads was 1; early

gametogenesis was 2; advanced gametogenesis wad B1ature gonad was 4. The

calculation of gonad maturity index (GMI) used fhemula of GMI = =X

(Vaschenko et al., 2013), where, n is the numberysfers at certain gonad stage F (1-4
score) and N is the total number of oysters insdmaple. Pearson correlation was
applied to measure the relationships of (a) gonatlirty index vs biochemical
compositions and condition index, and (b) tempeeais chlorophylb. One-way
repeated measures ANOVA was the method to determarehly variations of (a)
chlorophylla, (b) biochemical compositions and (c) conditioder. Duncan multiple
range test was used to compare the differencesbattreatment levels when the effect
of main treatment factor was statistically sigrafit atP < 0.05. All the data were

analyzed using the SPSS version 23 (IBM Corpora#iomonk, NY, USA).

3.4 Results

3.4.1 Environmental parameters

Seawater temperature gradually decreased from°@9if3 April to 11.2 °C in July 2014
and increased from 12.0 °C in August 2014 to 2€.°February 2015 (Fig. 3a).
Salinity was relatively stable but decreased frdn¥ 4 pt inApril to 36.5 ppt in July
2014 and then increased from 36.8 ppt in Augus#t20141.3 ppt in April 2015. The
monthly differences in chlorophydl contents were significanP(< 0.0001).
Chlorophylla decreased from 1.27 mgtlin April to a minimum of 0.92 mgtin July

2014 and then increased to a maximum of 1.95 rhig Uanuary 2015 (Fig. 3b).
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Seawater temperature and chloroplaylVere positively correlated (r = 0.7 <

0.0001).
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Fig. 3: The monthly variations of environmentalgaeters (a) seawater temperature
and salinity, and (b) chlorophydlin Coffin Bay, South Australia from April 2014 to
May 2015. Different letters indicate significanffdrences P < 0.0001) among the

monthly values. Each bar represents mean + SEe¢ tleplicates.
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3.4.2 Gametogenesis

Spermatogenesis involved the formation of encapstilspermatozeugmata. The same
oysters carried different development stages afnsg®zeugmata, i.e., presence of
spermatogonia, spermatocytes and spermatids atittaced spermatogenesis stage
(Fig. 1e). At the start of oogenesis, gonad falicbnsisted of only a few oogonia (Fig.
1b) but the oogonial cells gradually aggregatedl@whme larger in the next stage (Fig.
1d). The same individual carried similar size oesytand the oocytes matured at a
similar time (Fig. 1h). Vitellogenesis, yolk depisn in the ooplasm, started at stage 3
and continued until the eggs fully matured. In entephroditic gonad, the gametes of
each sex were in a similar development stage leugdimad follicles of the partially
spawned individuals indicated that spermatozeugmata released before egg
ovulation (Fig. 2e and 2f). The inflated empty gorallicles indicated complete

absorption of residual gametes after spawning.

3.4.3 Larvae occurrence
This species carried larvae in the mantle caviiynfiMay to December. The percentage
of larvae-bearing oysters gradually increased f205% in May to a maximum of 10%

in October and decreased to 3.3% in December 4Big.
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Fig. 4: The monthly variations of (a) gonad devetent stages, and (b) frequency of
larvae-bearin@strea angasi collected from Coffin Bay, South Australia from ép

2014 to May 2015.

3.4.4 Spawning periodicity

Gonad histology revealed an active gametogenesisghout the year in this species
(Fig 4a). However, both gonad histology and larlbearing oysters indicated a
spawning period from May to December with a rekinhigher spawning intensity

from September to December (Fig. 4a and 4b).
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3.4.5 Sex ratio

The percentages of males, females, hermaphroditearadifferentiated sexes were
41.3%, 5.8%, 46.7% and 6.2%, respectively (FigThe male to female ratio was 7:1.
In hermaphroditic gonads, male and female gameteqgptions ranged from highly

skewed to one sex to similar proportions in bottese

@male Ofemale Mmhermaphrodite mundifferentiated

I

Fig. 5: The percentage of different sex categafe3strea angasi collected from
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Coffin Bay, South Australia from April 2014 to M&p15. Sixty oysters were observed

each month to determine sex categories.

3.4.6 Dynamics in biochemical composition

The monthly differences in glycogeR € 0.0001), protein = 0.0011) and lipidR <
0.0001) contents were significant. The glycogernt@oinincreased from 171.7 mg i
April to 217.5 mg ¢ in August and subsequently decreased to a minioful06.9 mg
g!in December. The glycogen content again increfrsed 140.9 mg @ in January to
a maximum of 252.7 mg'gin May. The protein content increased from 320g7ghin
April to a maximum of 338.8 mgigin August and decreased to a minimum of 258.5
mg g* in February. In the following months, the proteomtent further increased up to
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324.3 mg ¢ in May. The lipid content was relatively stable lmcreased from 136.5

mg g in April to a maximum of 146.2 mg'gn August, and subsequently decreased to
a minimum of 113.5 mgbin December (Fig. 6a). The gonad maturity indes wa
positively correlated with glycogen (r = 0. 7= 0.0052), protein (r = 0.6, = 0.016)

and lipid (r = 0.91P < 0.0001). Chlorophylkh was negatively correlated with protein (r
=-0.51;P =0.00055) and lipid (r = -0.5% = 0.00016) but the correlation between

chlorophylla and glycogen was not significant (r = 0.083; 0.69).
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Fig. 6: The monthly variations of (a) glycogen, tein and lipid content (mggdry
tissue) in the gonad-visceral tissues, and (b) itondndex ofOstrea angasi from

April 2014 to May 2015. (a) Tissues from ten indivals were pooled in a replicate and
each bar represents mean = SE of three replidaiéstent letters within each row
indicate significant differences among the montrdiues of glycogen (middle row?, <
0.0001) protein (top rowR = 0.0011) and lipid (bottom rowe < 0.0001) contents. (b)
Each bar represents mean + SE of twenty individiifserent letters indicate

significant monthly differences in condition ind@x< 0.0001).

3.4.7 Dynamics in condition index

The monthly variations in oyster condition indexrevsignificant P < 0.0001). The
condition index increased from 3.8 in April to axamum of 4.7 in July and decreased
to a minimum of 2.8 in December (Fig. 6b). In tbédwing months, the condition
index gradually increased up to 4.0 in May. Thedition index was positively
correlated with gonad maturity index (r = 0.87« 0.0001), glycogen (r = 0.5R;=

0.045), protein (r = 0.69? = 0.011) and lipid (r = 0.822 = 0.00036).

3.5 Discussion

During spermatogenesis, the existence of spermagozata at different developmental
stages indicates that the same individual can tegggoroduce mature
spermatozeugmata. In contrary, the similarity af dgvelopmental stage within the
same individual indicates synchronous ovulatioeggs. Although the development
stages of both male and female gametes were simitkeermaphrodites, the partially
spawned individuals reveal that spermatozeugmateeteased before eggs are

ovulated.
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In spermcasting species, the differences in tinrelaiv between egg ovulation
and spermatozeugmata release determine fertilizatiocess. Egg fertilization requires
acquisition of functional spermatozeugmata inskseefemale/hermaphrodite mantle
cavity and earlier spawning of spermatozeugmataressa time window within which
spermatozeugmata can be acquired. In flat oysspesmatozeugmata maintain
functionality up to 24 hours after release in sdawgHassan et al., 2016), and
successful fertilization would be possible if a Bdaihermaphrodite acquires them
within this period. However, if eggs are ovulateddre spermatozeugmata acquisition,
the egg fertilization or embryonic development el In a spermcasting ascidian,
when insemination was delayed experimentally thpritga of oocytes was fertilized
but the resultant embryo failed to complete theettgwgment (Stewart-Savage et al.,
2001). Spermatozeugmata may also bring a cue fiealéss or hermaphrodites to initiate
ovulation process as early spawning of sperm ctrigder egg ovulation in ascidian
Diplosoma listerianum and bryozoarCelleporella hyaline (Bishop, 2000). However
further studies are required to understand if pinccess also exists in the spermcasting
oysters.

As spermatozeugmata could only survive within dgagemperiod, the density of
brooders in the population is critical to ensuffe@fve acquisition of
spermatozeugmata. The increased distance betwderanthfemale brooders may
reduce chance for female to acquire spermatozeagasahey could sink to the bottom,
drift away from the female or lose motility duedoergy depletion. A low density
among brooders has been showed to reduce feitlizaticcess in the scalléjecten
fumatus (Mendoet al., 2014) and the distance >50 cm between dpgvecallop
Chlamys Bifrons could result in unsuccessful fertilization (Stya899). The potential

brooder distance impact on egg fertilization wasimised in some spermcasting
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oysters. For example, the female€irpuel chana deploy a strategy by attracting dwarf
males on the shell (Pascual, 1997).

The temporal pattern of gametogenesis and spavmiglgt be species-specific
among spermcasting oysters. In addition, the sgreees originated from different
geographic location may also differ in gametogenpaitern. For exampl®. edulis of
Irish and Greek origin showed significant differeagn the temporal pattern of
gametogenesis (da Silva et al., 2009)0Ilrangasi collected from South Australia
gametogenesis took place throughout the year lawtrspg occurred for a period of 8-
months. Year-round gametogenesis was also obsarg@cdcomades but the spawning
time was remarkably irregular among different yg&igdiqui and Ahmed, 2002). In
other species, spawning occurred for 8-months geni®. chilensis (Brown et al.,
2010) and 4-months period @ puelchana (Castafnos et al., 2005).

In this study, the sex ratio &. angasi was highly skewed to males and
hermaphrodites. The high percentage of males (41ca3%be explained by the fact that
the average size of oysters used in this studyAvasm (2-3 years of age), as it is
common for oysters to firstly mature as the maleZbh Suastegui et al., 2011). The
high percentage of hermaphroditic individuals (46) Tn O. angasi might be an
adaptive strategy to use either the male or fefualetion to increase the mating
opportunity in a female liming population. In tBeropean flat oysted. edulis, 43%
males and 37% hermaphrodites at the size of >SAmari et al., 2015) suggest a
generality of high percentage of hermaphroditemniearly spawning population of
spermcasting oyster species. In contrast, verypergentage of hermaphrodites (2%)
and high percentage of males (80%) in a populaifdd. edulis limited the opportunity
for maternal role, and rendered recruitment failarthe Solent, UK (Kamphausen et

al., 2011).
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A brief review on the sex ratio of two gene€xdssostrea for broadcasting
oysters an@strea for spermcasting oysters) in Ostreidae revealsthigasex ratio of
the broadcast spawners and spermcast spawner$farend (Table 1). The percentage
of hermaphroditic individuals in broadcast spawngi@bout 1% (Steele and Mulcahy,
1999; Enriquez-Diaz et al., 2009; CastilMestphal et al., 2015) whereas in spermcast
spawners is over 35% (Acarli et al., 2015; thigigjlat the similar size range between
these two genera. The contrasting sex ratios betegsters in different taxonomic
groups would provide a hint to understand the r&gan of sex ratio in relation to

spawning strategy of broadcasting and spermcastistgrs.
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Table 1: A comparison of sex ratio between two eygenerarassostrea andOstrea) that represents broadcast and spermcast spawners.

Reproductive Scientific name Geographic location

Oyster ageMale to female Hermaphrodite References

strategy and size ratio occurrence
Broadcast  Crassostreagigas Dungarvan an@€ork Harbour, 2 years; 9.2 1:1 <1% Steele and Mulcahy,
spawning Ireland cm 1999
Northern >4 cm 1:1 None Castafos et al., 2009
Patagonia, Argentina
English Channel and bay of 1-2 years 1.69:1 and <1% Enriquez-Diaz et al.,
Biscaye, French 1.22:1 2009
Gulf of Tunis and Bizert 8-10 cm 1.4:1 <1% Dridi et al., 2014
lagoon, Tunisia
C. angulata Western coast of Taiwan island 10-15 cm 1.0.9 4.2% Vaschenko et al.,
2013
C. Coastal lagoon in Northwest 8-10.3 cm 1:3 None Rodriguez-Jaramillo

corteziensis Mexico

et al., 2008
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C. brasiliana Parana, Brazil 1.1-94cm  1:2.65 1% CastilhoWestphal et
al., 2015
Spermcast  Ostrea edulis Solent, United Kingdom 4-6 years; 6:1 2% Kamphausen et al.,
spawning 5-7 cm 2011
Ilzmir Bay, Turkey >5cm 19.3:1 37% Acarli et &015
O. angasi Coffin Bay, South Australia 2-3years; 7:1 46.7% This study
6.4-8.9 cm
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Gametogenesis affects energy storage status aryccbadition index (Vite-
Garcia and Saucedo, 2008; Karray et al., 2015)wisialso supported by this study as
the gonad maturity index was positively correlatedlycogen, protein and lipid
contents, and the condition index. However, theatieg correlations of protein and
lipid with chlorophylla involve complex interactions in this study. Thedaoavailability
and spawning intensity are positively related tafgerature elevation, but the increase
of spawning activity decreases energy storage steoy (Newell and Branch, 1980),
resulting negative correlations of protein anddipiith chlorophylla in O. angasi.

Marine bivalves allocate energy to gametogenesisdétabolizing biochemical
compounds such as glycogen, protein and lipidthmistrategy to metabolize each
compound is species-specific. Glycogen serveseamtin energy reserve in most
bivalves, but protein and lipid are also used aadditional or alternative energy source
(Mathieu and Lubet, 1993). The high variation igagigen content between pre-
spawning, spawning and post-spawning oysters stgytied glycogen serves as the
main energy source for gametogenesi®.angas. However, this species could use
protein as an additional energy source especidignihe level of glycogen reserve
become low. Like this species, both glycogen amdegim are metabolized to supply
energy for gametogenesis in other bivalves such gsyas (Dridi et al., 2007)Mactra
veneriformis (Ke and Li, 2013)Perna picta (Shafee, 1989) anéltrina japonica (Lee et
al., 2015). The consistent lipid content throughtbwetyear indicates minimal lipid
metabolization for gametogenesiginangasi, although lipid metabolization is the
main energy source 0. edulis (Ruiz et al., 1992).

The energy required for gametogenesi®.angasi was derived from both
stored energy metabolism and food intake. The gerad energy storage and energy

utilization for gametogenesis overlapped from Makeptember, thereby this species
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would use an intermediate energy metabolism styatégonservative and
opportunistic species. The intermediate energy Inoditan strategy is also adopted by
other bivalves such & perna (Benomar et al., 2010)). veneriformis (Ke and Li,
2013) andPteria sterna (Vite-Garcia and Saucedo, 2008) although nonee§pecies
has a protracted spawning period I®eangasi. In contrast, spermcastii® edulis use
opportunistic energy metabolism strategy in whiclrgy supply for gametogenesis is
predominantly sourced from food intake (Ruiz et H92). The variation of energy
metabolism between conger@redulis andO. angas in different geographical
locations suggests that the strategy for energgloodism depends on species and
environment conditions. Interestingly, energy pso from degenerated eggs is
another energy retrieval strategy for a protrasggalvnePecten fumatus during a
period of low food availability (Mendo et al., 201@ he inflated empty gonad follicles
suggest thaD. angasi could resorb the unspawned gametes but futurg ssuteeded
to understand the pathways of energy allocatiom fdegenerated gametes towards the
next round of gametogenesis.

In conclusion, the asynchronous development ofrsprzeugmata and
synchronous development of eggs favours fertilmatiuccess in spermcasting species.
The high percentage of hermaphrodites is an adaptrategy to increase mating
opportunity by taking the role of either male amide. The intermediate energy storage
strategy between conservative and opportunisticiepés a further adaptation to use
both conserved energy and consumed food to ensargyesupply for gametogenesis.
The asynchronous sperm development pattern, skeserhtio and intermediate
energy metabolism are adaptive strategies to iseregproductive success of

spermcasting molluscan species.
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4.1 Abstract

Cryopreservation has been expected to improveffiveeacy of hatchery operation by
supplying gametes on demand without live broodst@id genetic improvement
programs by achieving desired mating and establishcross-generation controls. The
preservation of genetic materials of improved ssoakd the original population is
immensely important for oyster aquaculture industrpgrepare the potential impacts
from epidemic diseases and natural disasters.réllisw summarizes the research
progress of sperm cryopreservation in oysters #&uligses the scope of application of
preserved sperm in aguaculture. A bulk of aboutep@rts have been published on
oyster sperm cryopreservation since 1971, nevedkehe application of this technique
in aquaculture is limited. These studies primdidigused on the development of
protocol for individual species by optimizing a séinteracting variables at different
steps from sperm collection to post-thawing antlization. A number of approaches
such as sperm motility, morphological integrity dedility are used to evaluate the
cryopreserved sperm quality but there are condiderariations in practice. We
synthesized the outcomes in the existing literaituign attempt to suggest the
standardization of sperm cryopreservation technaqeprovide directions for future

research.

Keywords: Sperm, Cryopreservation, Oyster, Aquacelt
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4.2 Introduction

Cryopreservation is the preservation of living €elhd tissues in liquid nitrogen
(LN) at —196°C for a longer period without compromising biolagi€unctionality. This
technique offers an opportunity to transport livoedls to multiple locations with less
disease or biosecurity concerns because frozeisde#s likely to carry diseases than a
whole organism. As cryopreservation has wider apgibbns in aquaculture,
biotechnology, ecotoxicology and basic researcle(Git al., 1998; Paredes and Bellas,
2009), there is a need to develop a reliable mefiiosiperm cryobanking to meet the
demand of different applications (Lubzens et &97). The earliest successful
cryopreservation is reported by Luyet and Hoda@®38). in frog sperm and Jahnel
(1938) in human sperm. A major breakthrough cartex #ie use of glycerol as a
cryoprotective agent in human sperm cryopresemdfmlige et al., 1949). In livestock,
sperm cryopreservation is a proven technique feeldging, maintaining and
distributing genetic materials. Since the firstagpf Pacific herring sperm
cryopreservation in 1953 (Blaxter, 1953), the pcote have been developed for more
than 200 aquatic species around the world (GwoQ20@rsch, 2000), and many more
in the last decade.

Along with terrestrial vertebrates and fishes, ndls have received attention in
cryopreservation studies including oysters (Dongle2005b; Adams et al., 2008;
Yang et al., 2012), mussels (Di Matteo et al., 2@8ith et al., 2012), scallops (Yang

et al., 2007; Espinoza et al., 2010), pearl oygi&essta-Salmoén et al., 2007;
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Kawamoto et al., 2007), clams (Dupré and Guerr20@]) and abalones (Zhu et al.,
2014). While sperm is noted for a wider range otigs, the eggs, embryos and larvae
are also considered for cryopreservation in thpseiss (Chao et al., 1997;
Paniagua-chavez et al., 2000; Smith et al., 208hpng the molluscan species in
sperm cryopreservation, oysters are most widelgistwith more than 50 published
papers (including research articles, thesis, bbalpters, short papers, technical reports
and abstracts) since the first report on Pacifgt@ysperm cryopreservation (Lannan,
1971). The Pacific oyster is most extensively itigeged with 70% of the reports
having been published on its sperm cryopreservation

Sperm cryopreservation has become a billion dglialoal business for artificial
insemination in dairy cattle whereas the technology been limited to research
exploration in oysters (Tiersch et al., 2007). dha&y cattle industry almost entirely
depends on cryopreserved sperm for breeding pragtians offering a model for
commercial application (Caffey and Tiersch, 200M)e strategies for application of
cryopreserved fish sperm for aquaculture are ayr@aglace (Tiersch, 2008). Gene
bank of cryopreserved sperm for Atlantic salm@mo salar is established in Norway
to preserve the genetic diversity of the naturatlst (Walso, 1998). Moreover, high
throughput application of cryopreserved sperm focpssing at commercial scale has
already established in fish and oyster (Hu e28l1,1; Yang et al., 2012).

Sperm cryopreservation in oysters has progressedtioe last a couple of decades

by developing protocols for a number of species niany issues are still unresolved
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for the application of research results. Applicatad cryopreserved sperm for
aquaculture is constrained by technical requiresmom research findings to
commercial operations. The commercial scale speyopceservation has been
evaluated (Dong et al., 2005a; Adams et al., 208%],the use of existing livestock
cryopreservation facility has proven practical dgster sperm (Dong et al., 2007b). In
addition, the application of cryopreserved spernstdective breeding has been
assessed in Pacific oysters (Adams et al., 20@8)sidering the biological potentials,
we would like to draw attention towards the fedgipof application of cryopreserved
oyster sperm in aquaculture.

There are a number of reviews that focused ojileem cryopreservation in
aquatic shellfishes and invertebrates (Gwo, 200@oCand Liao, 2001; Tiersch et al.,
2007). However, the information on oyster spernoprgservation remains scattered in
literature. There has been a general lack of stdimdion among studies, rendering it
difficult for the future researcher to reproduce thsult (Dong et al., 2011), therefore,
standardization of cryopreservation proceduregsiired to ensure repeatability.
Moreover, the feasibility of application of cryopegved oyster sperm should be
discussed to represent the potential of cryopresesperm in breeding programs, such
as selective breeding, hybridizations through ties<of inbred lines established by
self-fertilization and production of triploids. Tieehas been substantial progress in

Pacific oyster and eastern oyster sperm cryoprasernvand can be used as a model for
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other oysters. Furthermore, inclusion of new apghea and improvement of the
existing procedure is also desired in future redear

In this review, we attempt to (1) summarize thecpoures and the factors affecting
sperm quality in cryopreservation (2) discuss thedardization of cryopreservation
procedures, (3) explore the feasibility of appii@as of cryopreserved oyster sperm to
selective breeding program in aquaculture, andigbuss the directions for future

research.

4.3 Procedures in cryopreservation

Cryopreservation procedures involve a series qisstéhich are optimized by
experimental trials. The steps include: 1) speritection, 2) selection of extenders for
sperm dilution, 3) Choice of cryoprotectants foersp equilibration and evaluation of
toxicity, 4) packaging of sperm, 5) cooling andefzeng and 6) thawing. Optimization
of a set of interacting variables at each of tle@sis crucial in any cryopreservation
development. However, all the mentioned steps gangiderably within and among
species (Tiersch, 2000). Cryopreservation inclubdesntire cycle from sperm
collection to thawing without major change in fupnoil capability of sperm. Some of
the steps (e.g., sperm collection and dilutiomgriopreservation are relatively mild,
while the other steps (e.g., cooling, freezing dradving) are extremely stressful for

sperm. The steps in sperm cryopreservation of g/ate discussed as follows.
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4.3.1 Sperm collection

The suitability of sperm collection methods for@pyeservation needs critical
appraisal based on the merits and purposes ofyoereservation. Sperm is collected
from individual males or pooled from several malesing cryopreservation. The
pooled sperm would minimize individual variatiomssperm quality but it cannot be
used in selective breeding programs for a singillerpating. Oyster sperm can be
collected by natural spawning (Hugh&873; Yang et al., 2013), biopsy with notching
or anaesthesia to access gonad (Li, 2009; Yanlg @043) and stripping (Dong et al.,
2007b; Adams et al., 2008; Yang et al., 2012). iflaée oysters can be induced to
spawn without sacrificing the animal by keeping aC overnight in air and
subsequently increasing water temperature and ga@dijae after immersion (Wang et
al., 2008). Injection of serotonin in the gonadsdue also induces a mature oyster to
release sperm within 30 min (Gibbons and Castat@d). Cryopreservation involves
maintenance of sperm at a suitable concentratiosadmple handling at different stages,
but natural spawning fails to yield desired speancentration. The method for
obtaining sperm should be determined by the purpbseyopreservation and the case
of study.

Notching or applying anaesthesia is another ndmaletperm collection technique
for cryopreservation. Notching is the process okimghole on the shell by a grinding
wheel that ensures collection of a desired volufreperm for cryopreservation but this

technigue damages mantle tissue and reduce theahahanimal survival. Anaesthetic
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agents such as dead sea salt (33.3% M@al3% KClI, 5.5% NaCl, 0.2% CaD.5%

Br, 0.15% sulfates and 36.4% crystallization wateg Bpson salt (MgS£7H0)

have been used to collect sperm. These salts dadwate spawning activity but help
opening of shells which are otherwise tightly ctbéy the adductor muscles. Dead sea
salt is used as an anaesthetic in Pacific oysdampa et al., 1995; Suquet et al., 2009),
American oysters (Yang et al., 2013), Sydney rogiters (Butt et al., 2008) and flat
oyster (Suquet et al., 2010) with varied effecte@mamong species. The Epson salt that
is traditionally used in biomedical anaesthesiolbgg also been effective in opening of
oyster shells. Epson salt is found more effecte®veen the two anaesthetic agents
during sperm collection in American oysters (Yahgle 2013). Oysters response
asynchronously after applying anaesthesia duriegnsgollection, which may be an
advantage for the application requiring sperm findividual males in selective
breeding. The asynchronous response is disadvantsgfehe required number of
individuals does not response on time. Cryopreservaormally involves sperm from
multiple males thus the effect of asynchronousarse can be minimized by
anesthetizing more broods during sperm collection.

Stripping of gonad is the most widely used methodryopreservation because of
suitability of a required volume of sperm collecti@asy to practice and less time
consuming. In general, stripping involves insertirfiga Pasteur pipette beneath the
gonad epithelium to suck sperm from a ripe gondu. dollection of oyster sperm by

dissecting gonad is also termed as stripping. Tésedted gonad is placed in seawater
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and the suspension is filtered through a 15u0screen to separate the chunks of
gonad tissues from sperm. Large volume of spernbearollected by gonad dissection
and the method is suitable for cryopreservatioth@lgh stripping is a fast and
efficient method for sperm collection, the animadse to sacrifice. Variation in initial
sperm quality due to gonad development stagesoihankey weakness of this

technique.

4.3.2 Selection of extenders for sperm dilution

Extender is a balanced salt buffer solution useslisgpend sperm during the
preparation of sperm cocktail for cryopreservatiextenders can be sterilized with or
without the addition of an antibiotic. The bactegeowth can affect sperm survival
during short-term cold storage in a variety of takatibiotic reduces bacterial growth
and improves sperm viability, but it can be toxisperm, and dosage must be
optimized prior to use. Antibiotic supplementatisauld be important if the collected
sperm need to be delivered to another place fapreservation. Otherwise, the use of
antibiotics in cryopreserved sperm is not desirall®acteria cannot multiply in liquid
nitrogen. The most commonly used extenders areateagnatural, sterilized or filtered,
artificial), Hanks’ balanced salt solution (HBS®\)dacalcium-free HBSS. Calcium
induces acrosome reaction and agglutination ofeoysgierm, therefore, sperm can

retain high motility in calcium-free HBSS (PaniagQhavez et al., 1998). Bougrier and
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Rabenomanana (1986) used a sperm diluent, DCSBZafufic oyster sperm without
any further details and no other study followedhgp extender.

In freshwater teleosts, sperm is diluted in extemdenimic the osmolality of
seminal plasma and immobilize sperm, as the duraticperm movement is short. In
contrary, the duration of oyster sperm movemeseigeral hours to days, therefore,
extenders are not used to immobilize sperm. In gén@ypotonic exposure of sperm to
external medium activates motility in freshwateeaps whereas the opposite happens
to the marine species. Although the osmolalityeshmal fluid is similar to that of
seawater, oyster sperm is activated in seawatgestigg that osmotic pressure is not
involved in sperm motility activation which is arteasting process with teleost sperm
(Suquet et al., 2012). However, a non-isotonictioraleads to deformities such as
formation of tail vesicles, detached tails, and roeme rupture (Dong et al., 2006b).
Dilution of sperm a non-isotonic solution can produnisleading interpretation
regarding a structural defect because the deforoaitiged by the osmolality of fixation
solution might be interpreted as a crypreservgtimtess. Pacific oyster sperm is
isotonic at 800 to 1086 mOsmol®dDong et al., 2006b) whereas eastern oyster sperm
is isotonic at an osmolality of 650 mOsmofk¢rang et al., 2013). Consequently, the
osmolality of seminal plasma and extender shoulkinmsvn for sperm dilution.

The choice of dilution ratio of sperm to extendeeds careful appraisal because
sperm density affects cryoprotectant equilibraBod cooling. A range of dilution

ratios of sperm to extender has been used in oegepration starting from 1:1 to 1:100
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(Paniagua-Chavez and Tiersch 2001; Dong et al520@itiello et al., 2011). Since

low motility of sperm is observed at higher dilutja lower dilution ratio of sperm and
extender up to 1:3 is suggested for eastern ogpam (Paniagua-Chavez et al., 1998).
There has been a wide variation in concentratidneshly collected sperm, therefore, a
final density of sperm in the suspension shoul#érmmvn irrespective of the dilution

ratio.

4.3.3 Choice of cryoprotectants for sperm equilibraon and evaluation of toxicity
The choice of a cryoprotectant depends on theatelicalance between its toxicity and
capacity to protect sperm. A cryoprotectant redwedisdamage by balancing
dehydration and ice-crystal formation during cryegarvation (Leung, 1991). The
equilibration is the exposure of sperm to a crytgutant solution to balance solute
influx and water outflow so that the cells can miize ice formation and/or shrinkage
during cryopreservation. There are variations enghuilibration time of oyster sperm
from 5 min to 60 min depending on the cryoprotectgpe and concentration. The
equilibration of sperm with a cryoprotectant isaal for sperm survival because
shorter equilibration might be insufficient to prot sperm from cold shock whereas
longer equilibration could exert toxic effect toesm. The rule of thumb is the higher
the cryoprotectant concentration, the shorter thalieration duration or vice versa.
Identification of the point of equilibration andxioity tolerance of sperm is important

for selection of a cryoprotectant. Cryoprotectgrssent damage during cooling but
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exert toxic effect on sperm at higher concentratioherefore, a cryoprotectant having
low toxicity and high permeability is desirable €fsch, 2000).

There are functional differences between cryoptatdés depending on their types
(e.g., permeating or non-permeating to sperm).mueboling, non-permeating
cryoprotectants like sugar or polymer stabilizerspmpembrane (Meryman, 1971), but
permeating cryoprotectants enter sperm to baldresdlute influx or water outflow.
Single cryoprotectant as well as a combinationesfreating and non-permeating
cryoprotectants has been used for oyster spernp@yervation (Paniagua-Chavez and
Tiersch 2001; Dong et al., 2007b). The non-permgatryoprotectants such as glycine
and trehalose are most commonly used in combinatitnpermeating cryoprotectants.

A combination of permeating and non-permeating prgtectants can improve
sperm viability by (1) regulating membrane fluidityth more cohesive sperm
membrane and (2) increasing the membrane hydrogiybesulting minimal chance
for intracellular ice formation. In oyster, the plgmentation of non-permeating
cryoprotectant along with permeating cryoprotectargroves sperm fertility. For
example, the inclusion of 0.45 M trehalose with efihyl sulfoxide (DMSO) yields
higher fertilization than DMSO alone in Pacific tgts(Adams et al., 2004). The
permeating cryoprotectant DMSO is most widely usedi the highest fertilization rate
with thawed sperm is achieved at 4 - 20% conceatrgHughes, 1973; Yankson and
Moyse, 1991; Yang et al., 2013). DMSO can penetralis quickly and gives better

protection from freezing and thawing injury. Thé@t permeating cryoprotectants,
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glycerol, ethylene glycol, propylene glycol and haetol are also effective at different

concentrations (Table 1).

4.3.4 Packaging of sperm

Since the rate of heat transfer during freezingtaad/ing depends on packaging of
sperm samples, selection of straw or containermelis another critical step in
cryopreservation. Regardless of the freezing/thgwmethod, the volume of packaged
sperm sample determines the cooling and thawirg rand this is particularly critical
if LN vapour is employed for cryopreservation. Titemhally, 0.25 mL and 0.5 mL
French straws offer efficient cooling and thawifgefsch et al., 2007), but the use of
large volume straw or vial (e.g., 4.5 mL cryovidis)s wider application in aquaculture
(Adams et al., 2008). The use of large volume saasumes a trade-off in
heterogeneity of temperature inside a straw andbtiger freezing point plateau may
lead higher percentage of cell damage. Althouglbamt vial has been cooled at 50 °C
min~! by a controlled-rate freezer, the sperm insidevthkcools at 9.5 °C min
(Adams et al., 2004). Sperm is loaded in the straivg a micropipette (pipette tips are
cut to fit straws), or drawn by suction. Althouglesm loading into straws, sealing the
straws, and further loading of straws into a cryblae done manually in most of
studies, the computer controlled system that auticaiby fill, seal, and label the straws
is also used for oyster sperm, allowing greateopgrgservation efficiency in a

commercial scale (Yang et al., 2012). The commEkagjaaculture involves a large
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number of frozen samples that require reliableguidk identification. The suitability
of French straws for permanent printing codes asliable sample identification

allowing the use of cryopreserved sperm in breednograms at a commercial scale.

4.3.5 Cooling and freezing

Among all the steps in cryopreservation, cooling &eezing are most stressful for
sperm because of cold shock and formation of iethalar ice. Identifying suitable
cooling and freezing rates is the most criticahpaa cryopreservation. During lowering
temperature from 10C to —16°C, cold shock is caused by the increase in membrane
tension due to change of membrane lipid from ligoidolid phase. Major injuries
occur within (°C to —40°C due to formation of intracellular ice-crystal, ialnis one of
the greatest challenges for successful cryopresernvdf ice-crystals are formed
outside of the cell, water moves out of cell toalpake the salt concentration. To prevent
cell damage against the formation of intracelludarcrystal, a slow freezing rate is
ideal, whereas a faster freezing is ideal agahestdxic effects of higher solute
concentration. As both solute concentration anaigstal contribute to cell damage,
the freezing rate should be fast enough to minirtiizeexposure time of sperm to
extracellular solvents/cryoprotectants and slowughao minimize the intracellular
ice-crystal formation (Tiersch et al., 2007).

Both programmable method such as the controllezlfraezer and

non-programmable method such as LN vapour arefosdbezing of oyster sperm.
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When the programmable method is used, samplesaent by a single-step freezing
(Dong et al., 2007b; Yang et al., 2012), two-stepszing (Dong et al., 2006a; Dong et
al., 2007a) and multiple-steps freezing (leropbhle2004). In the single step freezing,
a range of freezing rate is used which is termesi@s freezing rate (<—8 °C mif),
medium freezing rate (-8 °C mirto —20 °C min') and fast freezing rate (>—20 °C
minY). In the two-steps freezing, freezing rate infirst step is slower than the second
step. In the multiple-steps freezing employed ia study, the freezing speeds of sperm
samples varies at different steps, i.e., (a) —i€?, (b) =11 °C mint, (c) =16 °C min

1 and (d) =21 °C mitt (leropoli et al. 2004). When the dairy commeréiakzing
methods are tested for oyster sperm, straws acegblan horizontal racks and frozen at
—16 °C min' to —140 °C in a freezing chamber (Dong et al.,72)0The viability of
oyster sperm in the fore mentioned studies indsctitat oyster sperm is able to
withstand a wide range of cooling rate during crgsgrvation.

During freezing with LN vapour, sperm samples deegd above the surface of LN
before being plunged into LN for long-term storagjee freezing rates in LN vapour
are affected by the distance between the spernthanid\ surface, exposure time and
the volume of a sample. Therefore, a single fastich as height above LN surface
cannot be optimized unless the exposure time amglsavolume are known. Pacific
oyster sperm is frozen by placing straws above bthN surface in one study
(Kurokura et al., 1990) whereas, 70% sperm surissathieved by placing straws 17

cm above the LN surface in another study (Yun .e28I02). In our study with a flat
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oysterOstrea angasi, the highest post-thaw motility was achieved wh&b0nl and 0.5
ml straws were placed at 6 to 14 cm height abogd._th surface. Sperm frozen in 0.25
ml straws of the Australian greenlip abalone atchri3to 5.2 cm above LN surface
produced the highest post-thawing motility (Litaét 2014). Therefore, there are
species specific ranges for optimum rack heightsdeuassume that oyster sperm can
be frozen at a wide range of heights above LN serfaespective of sperm volume and
exposure time.

The controlled-rate freezer is commonly used f@rspcryopreservation research
but it involves high initial investment and subsequmaintenance cost. Although the
dairy commercial freezing method is not suitablesimall scale operation, the system
can handle a large number of samples automatiaatlyconsidered a commercially
viable approach. In contrary, LN vapour is easldadle and offers cost effective
application of cryopreservation. This techniqual& suggested to establish a sperm

cryobank for the aquaculture industry in Austrélia 2012).

4.3.6 Thawing

Determining suitable thawing procedure is vitattgopreservation because sperm
can experience stresses due to thawing tempeatdreecrystallization of water
molecule. In general, the thawing rate is fastanttihe cooling rate (Pegg, 2007) and
rapid warming of cryopreserved sperm can preveysgallization of internal ice

(Mazur, 2004). Thawing is optimized in a rangeashperatures from 16 °C to 75 °C
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that can be categorized as low (<29 °C), mediurrd@0C) and high (>50 °C)
temperatures. The oyster sperm have been thavwerhage of thawing duration from 2
sec to 2 min, which is also categorized as shdfd @ec), medium (10-30 sec) and long
(>30 sec) thawing durations. As the thawing temijpeeaand duration are inversely
related, the higher is thawing temperature thetesh@ thawing duration or vice-versa.
Sperm cell is considered thawed once the ice i iméhe container. In general, sperm
samples are placed in a stagnant water bath dtiravgng. In addition, frozen samples
have been thawed with flowing seawater (Yun et28l02) or in a stirred water bath
(Gwo et al., 2003). A 37-40 °C temperature for $e8 thawing in 0.25-0.5 ml straws
can be regarded as a preliminary standard becaoseafithe sperm cryopreservation
studies in oysters and fish have optimized thawimgocol at this temperature. The
thawing temperature and duration cannot be pred@ted unless the sample volume,
sperm concentration, container type are known Iscthese factors influence the rate

of heat transfer to the cell (Tiersch, 2011).
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Table 1. A brief summary of sperm cryopreservagwotocols in oysters including key references. CBépprotective agent; DMSO, dimethyl
sulfoxide; EG, ethylene glycol; HBSS, Hanks’' balkaacsalt solution; LN, liquid nitrogen; NR, not refeal; PEG, polyethylene glycol; PG,

propylene glycol; SW, seawater.

Species Sperm acquisition and | Extender and CPA Equilibration| Packaging Freezing and thawing Outcomes Refesence
concentration (min)
Crassostrea gigas | notching and biopsy UV-irradiated SW; 20% NR 1 mL ampules 2 min in LN vapour & plunged intd;LINR up to 10% Lannan, 1971
DMSO fertility

stripping; motility score | UV-irradiated SW; 30 1.8 mL at —4.7° C mintup to —70 °C and plunge into | 48-93% fertility | Yankson and
4 or 5 (0-5 scale) 10-20% DMSO cryotubes LN, thawed into water bath at 55 °C for 20 sec Moyse, 1991
stripping; concentrated polysaccharide 10-30 MR50.5 at-50 °C mirtin LN vapour; 0-100% fertility | Smith et al., 2001
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2x10°mL? in distilled water; mL and 2.5 mL | thawed at 20 °C for 15 sec or 75 °C for 2 seq
5% DMSO straws
stripping; artificial SW; 10% DMSO 5 1.5mL from room temperature to —3€@ at 15 C 0-40% fertility Gwo et al., 2003
>75% motility; 3.7x16 tubes min~ and plunged into LN, thawed into stirre
mL™? water bath at 70C for 1 min
stripping; vigorous NR; 45 4.5 mL vials placed in dry ice pellets with nathl at =75 | 81% fertilization | Adams et al., 2004
motility; 1.7x1¢mL™? 5% DMSO + 0.45M °C for 10 min or 3 cm above LN for 10 min
trehalose and plunged into LN; thawed at 20 for 5-8
min
stripping; >80% motility | sterilised SW 30 2 mL containers| at —6 °C mtrfrom 26 °C to —70 °C and 58.9% leropoli et al., 2004
10% EG plunged into LN; D-larvae
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thawed at 74C min™up to 26 °C

stripping; motility 57%; | calcium-free HBSS; 25-30 0.5 mL straws at—1& mintup to —140 °C and plunged | 0-96% fertility Dong et al., 2005a
2x10mL™* 8% DMSO into LN, thawed at 40C into water bath for 7
sec
stripping; motility 82%; | calcium-free HBSS; 10-15 0.5 0r 0.25 mL | at -5 °C mint up to —30 °C and at —45 °C mir) 98% fertilization | Dong et al., 2005b
2x10mL? 2% PG + 6% methanol straws 1 up to —80 °C held for 5 min then plunged into
LN, thawed at 40 °C into water bath for 6-7 gec
stripping; motility 64%, | calcium-free HBSS; 30-60 0.50r 0.25 mL | at -5 °C mint up to =30 °C and at —45 °C mir) 21% fertilization | Dong et al., 2006b
2x10 cells mL* 6% PEG + 4% PG or 6% straws 1 up to —80°C then plunged into LN, thawed at
PEG + 4% DMSO 40 °C into water bath for 6-7 sec
stripping; motility calcium-free HBSS; 10-15 0.3 straws at -5 °C mifiup to —30 °C and —45 @in™* 96% fertilization | Dong et al., 2007a
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90-95%; 2x18cells mL-

10% methanol or 12%

DMSO

up to —80 °C then plunged into LN, thawed &

23 to 25 °C by placing straws on paper towe

for 4 min or at 40 °C for 7 sec

it

stripping; 1x16 cells calcium-free HBSS; 45 0.5 mL straws at—16 °C mhup to —140°C and plunged intd 49% fertilization | Dong et al., 2007b
mL™? 5% methanol or EG LN, thawed at 40 °C water bath for 7 sec
stripping 5% DMSO + 0.54M NR 4.5 mL vials frozen with dry ice up to —75 °Qdgplunged 90% fertilization | Adams et al. 2008
trehalose into LN, thawed at 20 °C water bath for 5 to
min
C. virginica natural spawning filtered SW, NR 2 mL ampule at -1 °C mihup to —8°C, —5.5 °C mitifrom 11% fertility Hughes, 1973

5% and 10% DMSO

—8 °C to —25 °C and plunged into LN; thawin

by exposing ampules at 21 °C
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stripping 2.6xHBSS; 80 mM 5 0.25 mL straws at -5 to —7.5 °C mifrom 0 °C to —20 °C, at | up to 91% Zell et al. 1979
glycine + 55 mM NaHC@+ -5 to0 —13.5 °C mirt from —20 °C to —80 °C fertility
8% DMSO and plunged into LN; thawing into water bath

at 55 to 60 °C for 10 sec

stripping; 1x18 mL* calcium-free HBSS; 20 5 mL straws at —2.5 °C mirfrom 15 °C to —30 °C then 8-131% relative | Paniagua-Chavez et
15% PG held 5 min and plunged into LN; thawed into| survival al., 2000

water bath at 70 °C for 15 sec

stripping; calcium-free HBSS, 20 5 mL straws at—2.5 °C mirfrom 15 °C to —30 °C then 57% fertilization | Paniagua-Chavez
4.4x1GmL? 10% PG held 5 min and plunged into LN; thawed into and Tiersch, 2001

water bath at 70 °C for 15 sec

stripping; calcium-free HBSS; 20 0.5 mL strawg —20 °C min* up to —80 °C and plunged intg 77% fertilization ngeet al., 2012
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2x10¢ mL™? 10% DMSO LN; thawed at 40 °C for 8 sec

nonlethal collection; calcium-free HBSS; 20 0.5 mL straws at —20 to —25°C mlinp to —80°C and plungedl 20% fertilization | Yang et al., 2013

2x1¢ mL? 20% DMSO into LN; thawed at 40 °C in water bath for 7 to

8 sec

C.iredale stripping; motility score | UV-irradiated SW; 30 1.8 mL at —4.7 °C min‘ up to -70 °C and plunged intq 11-35% motility | Yankson and

4 or 5 (0-5 scale) 10-20% DMSO cryotubes LN; thawed into water bath at 55 °C for 20 sec Moyse, 1991
C. tulipa stripping; motility score | UV-irradiated SW; 30 1.8 mL at —4.7 °C min‘ up to -70 °C and plunged intg 0-71% fertility Yankson and

4 or 5 (0-5 scale) 10-20% DMSO cryotubes LN; thawed into water bath at 55 °C for 20 sec Moyse, 1991
Saccostrea stripping; motility score | UV-irradiated SW; 30 1.8 mL at —4.7 °C mint up to -70 °C and plunged intg 0-78% fertility Yankson and
cucullata 4-5 (0-5 scale) 10-20% DMSO cryotubes LN; thawed into water bath at 55 °C for 20 sec Moyse, 1991
Ostrea edulis stripping, motility score filtered SW; 15% EG 10-30 NR at -3 °C mint up to —70 °C and plunged into 50% motility Vitekt al., 2011

103 |Page



Chapter 4: Review on sperm cryopreservation

= 3 (0-5 scale) LN; thawed into water bath at 55 °C up to 18|

°C straw temperature

stripping, motility 63% calcium-free HBSS; 30 0.5 mL straws LN vapour for 3 min and plunge iLN, 8% motility Horvath et al., 2012

10% DMSO thawed into water bath at 40 °C for 13 sec
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4.4 Standardization of cryopreservation procedure

A general lack of standardization is recognizethenoverall sperm
cryopreservation procedure in oyster (Dong et28l1,1). There are inconsistencies in
reporting of different terminologies, for instantiee percentage of swimming larvae is
termed as fertilization rate (Gwo et al., 2003) evdas, the same criterion is also used to
calculate hatch rate (Yankson and Moyse, 1991; @rad., 2005a). Therefore,
standardization of the cryopreservation procesec®ssary to improve the existing
methods. Here, the discussion is focused on timelatdization of sperm concentration
and quality assessment of oyster sperm becausetiiedactors are most inconsistent

in the published protocols causing difficultiesctompare the results between studies.

4.4.1 Sperm concentration

Standardization of sperm concentration is cru@akfyopreservation since a
cryoprotectant concentration suitable for a spesncentration may be toxic at a lower
sperm concentration. Alongside, agglutination gbpreserved sperm is a relatively
common phenomenon which is primarily found dueatklof sufficient cryoprotectant
at a certain sperm concentration. For examplensfem diploid and tetraploid Pacific
oyster showed higher levels of agglutination whénd®D concentration was lower than

12% at sperm concentrations of 2.5%i®5x10 cells mL! (Dong et al., 2007a).
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However, higher agglutination of post-thaw spermasinot necessarily lead to lower
fertilization rates.

The accurate estimation of sperm concentratioadsired for a number of reasons:
1) to provide optimal dilution of sperm, 2) to fliteite estimation of cryoprotectant
toxicity during equilibration, 3) to prevent speagglutination due to lack of optimal
cryoprotectant at a given sperm concentration,Zgrid maintain optimal sperm to egg
ratio for fertilization. Estimation of sperm con¢eation by a haemocytometer is
considered a gold standard but this techniquetisuitable for rapid counting.
Cryopreservation requires rapid handling of spasnfdrther processing, therefore, one
of the techniques such as photometry, flow cytoynetithe computer assisted sperm
analysis (CASA) system can be used to rapid andrateestimation of sperm
concentration. In oyster sperm cryopreservatidewaprotocols are developed based on
sperm dilution ratio but without optimizing spermwncentration. There are considerable
differences of sperm density based on individugdssnal, animal age and gonad stage
variations in the collected sperm. Therefore, spepncentration must be determined

during cryopreservation to ensure reproducibility @rotocol.

4.4.2 Quality assessment of sperm
The standardization of the evaluation of cryopresgisperm quality is necessary to

improve the existing approaches. The quality ofspean be evaluated based on single
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or a combination of multiple criteria, such as @grsn motility, b) morphological and
functional integrity of sperm organelles, and cjifieation and hatching of eggs.

The biological differences of sperm of broadcasting spermcasting oyster should
be taken into account to evaluate sperm qualite. Aeadcasting oysters release sperm
to fertilize eggs outside the female body cavitiieveas spermcasting species release
spermatozeugmata that enter the female mantleydaviértilize eggs. In
spermatozeugmata, the sperm tails are projecteideuthile the sperm heads are
enveloped by a gelatinous mass (Foighil, 1989). Sgematozeugmata retain structural
integrity less than 24 hours and eventually diss#ednto motile sperm in the water
column. In our study, the dissociation of spermatmgmata is quicker after the addition
of cryoprotectants in flat oyst€strea angasi. After cryopreservation, the sperm is
mostly dissociated from spermatozeugmata but tetibattached to spermatozeugmata
are non-viable after thawing (Horvath et al., 2002)e frozen thawed sperm quality in
flat oyster is assessed by evaluating motility fumtttional integrity. The sperm quality
assessment by fertilization trials is not feas#diléhe moment due to the lack of a
reliable fertilization technique in flat oyster.

Sperm motility is assessed by quantifying the propo of mobile cells in aliquots
of suspension. Sperm movement is categorized astil/e forward movement, 2)
vibration movement, and 3) non movement. Genefatlyard moving sperm is
considered as motile. Either absolute or relateeg@ntage of motile sperm, or motility

107 |Page



Chapter 4: Review on sperm cryopreservation

at different scales (0-4, 1-4 or 0-5) is used ffedent studies. Any of the motility
estimation can produce reliable assessment ifritexia of motile cells are defined and
quantified objectively. The estimation of sperm ititgtpercentage under a microscope
by visual observation is a quick and easy methadhmisubjective observation leads to
higher variability. Video recording of sperm moverhér motility estimation can
provide reliable assessment. A more reliable tephaithe CASA system enables
quantitative estimation of motility describing thercentage of sperm having
curvilinear, straight line, angular and vibratiowltitity (Wilson-Leedy and Ingermann,
2007). The CASA system is a rapid and reproduddxtnique that can be used to
quantify sperm motility with definitive criteria.

The morphological and functional defects of frozperm are usually found in
plasma membrane, acrosome, mitochondria, midpiedeaal (Kurokura et al., 1990).
The ultrastructural studies with a scanning electrocroscope (SEM) are useful to
investigate the reasons causing low motility antliiy in cryopreserved sperm (Yao et
al., 2000). For example, sperm tail damage is @ssatwith lower motility, whereas
head damage is related to the development of theyemAs only a few numbers of
sperm out of millions are considered during ulmastural studies with SEM, there is a
chance of sampling bias. The computer assistedhmotogy analysis is used to detect
morphological alterations of fish sperm after cmggervation (Pefiaranda et al., 2008).
The system has advantages over SEM by providingrfaad automated sperm
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morphology analysis and allowing rapid and reliabintification of sperm defect.
More advanced cryo-scanning electron microscopyiges morphological information
in a frozen state without sample fixation and soalseful to identify sperm defects
(Ekwall, 2009).

Assessment of key sperm organelles such as plasmdbrane, acrosome and
mitochondria can provide reliable information tgkn the damage caused by the
cryopreservation process. There are readily aVailaolecular probes that can be used
to diagnose sperm defects based on differentimdista For example, live/dead sperm
viability kit identifies plasma membrane integritysoTrack green kit identifies
acrosome integrity and a combination of RhodamimeRropidium lodide identify
mitochondrial membrane potentials. Lower motilidéertilization of eggs are caused
by the damage to plasma membrane, mitochondriaemmd$ome of sperm
(Paniagua-Chéavez et al., 2006). Determination afpmalogical or functional integrity
of thawed sperm provides crucial information ofrepguality, and we suggest
incorporations of morphological or functional intiég with other quality assessment
indicators to specifically identify the sourcessperm defects.

Although motility, structural and functional intetyrare important sperm quality
assessment indicators, the ultimate criterionasathility of sperm to fertilize eggs and
subsequent larval survival. Along with sperm, tbeilization rate is also affected by
eggs so the egg quality should be ensured dursgntlbrpretation of fertilization. If the
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number of fertilized eggs with thawed sperm is esped as absolute percentage, the
fertility of fresh sperm must be determined to eaghe consistency of egg quality.
Otherwise, a relative fertility percentage (frepkersn vs thawed sperm) of eggs should
be explained. In some of the past literature, ¢yali frozen thawed sperm is compared
based on fertility percentage without mentioning $iperm to egg ratio.

In general, thawed sperm is capable of fertilizuggs, but a 30 to 100-fold more
sperm is required to achieve a similar fertilizatrate compared to fresh sperm (Adams
et al., 2004). The threshold of using the minimwmber of sperm to fertilize an egg
can be species-specific and confounded by thdigatton method. The sperm to egg
ratio in of fresh and cryopreserved sperm has b&plored to validate the
cryopreservation protocol, but the minimum numtesrgopreserved sperm required to
fertilize an egg has not been rigorously definesl sAch variable numbers of the sperm
to egg ratio for fertilization are employed whikesassing thawed sperm quality from
10-15 to 18,000 sperm per egg. In Pacific oystetou06% fertilization rate was
achieved with 10,000 thawed sperm per egg. Thiéizatton method itself can bias the
fertilization rate, so further explanation of tletilization technique is desirable while
assessing sperm to egg ratio. We assume that Im00ALsperm per egg should be
applicable to other species to compare fertilithd sperm functionality is not

compromised exceptionally by cryopreservation.ifgrassessment must be integrated
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with the sperm to egg ratio to provide an indicatm the number of straws/vials

required for a breeding program to produce dessrabimber of spat.

4.5 The scope of application of cryopreserved sperin oyster aquaculture

Oysters are classified into two distinct categoaebroadcasting and spermcasting
species based on the mode of reproduction (Co&; Ba#oker, 1985). Application of
cryopreserved sperm in aquaculture has differerspgetives in broadcasting and
spermcasting species. Cryopreserved sperm canmdmlgiapplied in breeding
programs in broadcasting oysters whereas it canawilas repository of genetic
material at the moment in spermcasting oysterstdicial fertilization has not been

investigated in the latter.

4.5.1 Implications of cryopreserved sperm in oystegenetic improvement

Oysters are farmed in Japan from th& tBntury while in many other countries
such as Australia, Canada, France, Korea, and dJSit&tes the oyster farming has been
practiced almost a century. Among the 40 oystecispethe Pacific oyster is the most
important contributor of global molluscan produatia aquaculture followed by
eastern oyster, rock oyster and flat oyster (FATLZ). There has been significant
improvement in culture operations because of tveldpment of hatcheries and
application of genetic improvement techniques. Wild spat collection for farming is
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widespread in areas having natural productiontiabundance of wild spat is highly
variable because of the environmental uncertairtig. gradual depletion of oyster beds,
diseases of wild populations and demand for unifolutchless seeds are causing a shift
towards the hatchery spat for stocking (Robert@éacard, 1999; Wieland and
Economics, 2007). In this scenario, there has bemnstant increase of oyster hatchery,
leading to the advances in genetic improvementrarag such as selective breeding

and triploidy.

The selective breeding program can substantiallgtitiiee commercial needs of
oyster culture attaining faster growth rate an@ake resistance. The selective breeding
has already demonstrated its potential with 13%amesincrease in growth rates per
generation in a number of fish and shellfishes d@&m, 2002). Selective breeding of
Sydney rock oyster has led to 4 - 18% live weighihgn two subsequent generations
compared to non-selected controls (Nell et al. 619999). Likewise, selection has
resulted in an increase in 10 - 20% growth rateRadfific oyster (Langdon et al., 2003;

Li et al., 2011), 16 - 39% increase in easternanyahd 21-42% increase in flat oyster
(Newkirk and Haley, 1982) in each generation. Alevith better growth rates, selective
breeding has yielded oyster strains resistantionaber of diseases such as winter
mortality, MSX, dermo and QX diseases (Haskins lamdl, 1988; Vrijenhoek et al.,

1990; Calvo et al., 2003; Nell and Perkins, 2006).
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In other areas of oyster genetics, productionipfaids (3n) has widely been
practiced in many parts of the world (Stanley et81). One of the reliable ways of
producing triploids is to cross tetraploid with thermal diploids (Guo et al., 1996;
Eudeline et al., 2000) which can be achieved wijlogreserved sperm. The sperm
from the tetraploid Pacific oyster has been sudabtgsryopreserved. As the tetraploid
males are not readily available in many parts eflorld, cryopreserved sperm from
tetraploid males can be transported elsewhereoimnuercialization of triploids. The
farming of triploid oyster has a number of advaetagompared to farming diploids for
a number of reasons. Oyster gonad occupies alnatfstfithe soft body parts in the
reproductive season and after spawning the saf$ pacome emaciated and watery
rendering unsuitable for marketing. On the otherdhhe triploids are acceptable to
consumers all the year round and offer an extenum#teting period. Due to the
inability of triploids to spawn, the energy is miaed for growth and more meat can be
produced per individual.

The triploids are produced by applying heat shaokhemical treatment but these
techniques have never been successful to produdé friploids (Quillet and Panelay,
1986; Downing and Allen Jr 1987; Desrosiers etl#l93). Tetraploids (4n) are crossed
with diploid to produce almost 100% triploids, wihibas also been adopted by the
commercial hatcheries (Guo et al., 1996). Fresinsf®m diploid and tetraploid
oysters produced a similar fertilization rate irading the compatibility of tetraploid
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oyster sperm to diploids. In the fertilization tsiat 1x18 sperm/ml, the cryopreserved
sperm from tetraploid oysters produced a signitigdower fertilization rate compared
to diploids (Dong et al., 2005a; Dong et al., 200&perm of tetraploids are generally
larger than the diploids so the cryopreservatiaaupaters used for tetraploid sperm
might need different factor optimization. Sperntlod tetraploid oysters are either more
delicate or have different plasma membrane praggedompared to diploids, leading to
more sperm damage during sperm freezing and thaiisiagg et al. 2006a). However,
this higher sensitivity of tetraploid sperm to qoyeservation can be compensated by
increasing the sperm to egg ratio at the fertilorato produce triploids for farming.
Acquisition of cryopreserved sperm offers an imaottreserve of genetic material
that can be used in oyster aquaculture in a nuwib&ays. Cryopreserved sperm allow
production of self-fertilized inbred lines in Pacibind eastern oysters after sex reversal
from male to female (Lannan, 1971, Li, 2009; Yahgle 2015). The inbred line is an
important system providing opportunities for exgdtion of hybrid vigour and genetic
research. Cryopreservation has the potential tmpte the capacity of selective
breeding programs by preserving sperm from imprastedk (Adams et al., 2008).
When desired mating is required, the stored spamcontribute to improve the
efficiency of a breeding program. Furthermore,dh@preservation of sperm allows

backward selection by providing sperm beyond tfetitne of an individual. The
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challenging breeding design to compare the gegaiits across generations is
otherwise impossible in natural breeding.

Cryopreservation can protect existing breeding g of oyster by providing
preserved sperm from selected stock. The breediolgus can be collapsed because of
disease outbreak, natural disaster or anthropogetivties. The summer mortality,
parasitic and viral diseases have caused masslityoofaoyster in the recent past. The
oysters have poor immune mechanism compared teetiebrates (Lacoste et al., 2002),
consequently, once the stock is infected, it isnsically difficult to control diseases.
The frequent collapse of the farm production duéhéomass mortality episodes has call
for attention to preserve oyster sperm for futttewever, the breeding nucleus cannot
be reconstructed solely based on cryopreservedspeless the acquisition of female

broodstock or preserved eggs for fertilization.

4.5.2 Logistics in quality insurance of cryopresergd sperm

During the application of cryopreserved sperm,mitan challenge would be
maintaining the quality of the frozen sperm aftergessing of a large number of
samples. Short term storage &CAcan also be carried out where sperm cannot be
cryopreserved immediately after collection (Vandeshet al., 1985). Cryopreservation
at a commercial scale involves a large volume efrspcollection, short-term storage,
and shipping, and all of these steps are critidlymportant as basic cryobiological
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aspects like freezing and thawing (Tiersch, 20Thgoretically, the quality of
cryopreserved sperm should not change over tima betrease in sperm viability is
found in Pacific oyster sperm after 4 years ofager(Usuki, 2002). An integrated
framework is required on sperm cryopreservatiorsm®@ring the strength, weakness
and opportunities of the oyster aquaculture indesstr

A bulk of research on protocol optimization is ablg in place, and the future
research should include the improvement of intégmadnd efficiency of the
cryopreserved sperm for aquaculture. In conjuncidh research, private sector
involvement to improve current practices would keeassary to protect investment of
the entrepreneur by solving disease and bioseaosiigerns. Furthermore, cost-benefit
analysis, available facilities of the aquacultur@ustries and the scale of application of
the preserved sperm have to be determined priappbcation (Caffey and Tiersch,
2000). The cost analysis for selective breedingamm using cryopreserved sperm is
assessed in Australian aquaculture industry. Usiagxisting protocol, cryopreserved
sperm in a 0.5 ml straw can fertilize 31,250 eggRaxific oyster. Theoretically,
84,375,000 fertilized eggs can be produced per 88viar with cryopreserved sperm at
$71,416 initial capital investment for oysters (2012). Along with cost analysis, the
marketing of cryopreserved sperm also demandstgualntrol and biosecurity

measures.
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4.6 Future research

The variation in fresh sperm quality leads to irgistencies of the outcome of
cryopreservation studies so that future researotpgired to explain the mechanisms
controlling sperm quality in oysters. Sperm cartbkected by relaxing the adductor
muscle but the effect of using anaesthesia on spedtity is unknown. Generally the
sex ratio of oysters is skewed depending on age mwdre male at younger population
or more female at older population. The effectg# ar changing sex on sperm quality
is not known yet. These factors can bias initi@rspquality, and eventually affect the
quality of cryopreserved sperm.

Future research is also desirable to improve tisieg cryopreservation procedure.
The addition of compounds such as proteins, lipidamins and anti-oxidants have
improved post-thawed sperm viability in fish angeBtock(Penaet al., 2003;
Prathalingam et al2006; Martinez-Paramo et al., 2012). We suggesntt@poration
of these compounds to test the efficacy of pratgotiyster sperm. New approaches
such as vitrification should be tested for oyspare preservation. As there is no
published report, we have limited understandingtiwevitrification can be useful to
preserve in oyster/aquatic invertebrate spermifi¢ation is tested with a number of
cryoprotectants cocktail in flat oyst®strea angasi but no post-thaw sperm survival is
achieved (unpublished data). Furthermore, the sesnpunged in LN after cooling with
LN vapour less than 2 cm is also non-viable. Timeight have species-specific

117 |Page



Chapter 4: Review on sperm cryopreservation

response to vitrification technique, thereforettar study should be carried out to test

whether oyster sperm can withstand ultra-rapidingol

4.7 Conclusion

Cryopreservation of oyster sperm has prompted anotat research effort at
protocol development and produced some promisisigjtee The integration of past
research with a standard approach would lead &tgrefficiency of cryopreservation
procedure towards expanding application. Cryopueskesperm has greater
applicability in aquaculture through genetic impeoent programs of the economically
important species. However, there are challengeadgoaculture industries during the
transition from research to commercial operationrgbpreserved sperm. Without any
doubt, if these challenges are overcome, cryopredasyster sperm would become a

promising sector in future for the oyster aquacelevelopment.
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Chapter 5: Development of a spectrophotometric
technique for sperm quantification in the spermcasng
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5.1 Abstract

Sperm quantification is vitally important when speroncentration is required for
standardization of different fertilization treatmt®m a hatchery. Although the
haemacytometer method is generally used to detersgarm concentration, the
procedure is tedious and the attributes are ntdtgeifor handling a large number of
sperm samples within a short period. In this sttildg,efficiency of sperm concentration
determination was improved in the spermcastingesy3strea angasi by optimising the
regression model and parameters critical to spglettometric reading. Although sperm
concentration can be estimated in a wide rangeavklengths, the 350

nm wavelength produced the best fit to the regoessiodel (y = 1x18x + 0.163; r2 =
0.996). In addition, the sperm counts estimated s model were similar to the
haemacytometer counts. The reading repeatabilitifistechnique was further
validated with samples from different individua®omparisons with literature suggest
that when the spectrophotometric technique is efdb a new species for estimating
sperm concentration, the regression relationshiyvd®n sperm concentration and

wavelength reading should be reassessed due tesppecific discrepancy.

Keywords: Sperm concentration, spectrophotometay ofyster, mollusc

5.2 Introduction

Quantification of sperm concentration is importanaquaculture, especially in
breeding programs when standardization of the spemregg ratio is required across
different fertilization treatments to minimize thperm density-dependent effect such as
abnormal development due to polyspermy (Alliegrd ®right, 1983; Gould and
Stephano, 2003) and unsynchronized embryo develojptue to a lower sperm to egg

ratio. In addition, when sperm from multiple masge required for fertilization to
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optimize genetic variation, a common practice igge a similar number of sperm from
different males. Standardization of sperm concéotras also one of the important
procedures in cryopreservation as sperm concemregtithe most uncontrolled variable
rendering inconsistent outcome of an establishetbpol (Tiersch et al., 2006; Dong et
al., 2007a; Hassan et al., 2015). The choice oy@ptotectant concentration is
critically linked to sperm concentration. For irsta, a cryoprotectant suitable for a
certain sperm concentration can be toxic to spéral@ver concentration (Dong et al.,
2007b) or unable to prevent agglutination at a &igiperm concentration (Dong et al.,
2007a). Furthermore, the assessment of sperm mogbal and functional parameters
such as plasma membrane integrity, acrosome itfyeggrd mitochondrial membrane
potentials require quantification of cells in thesgension (Gravance et al., 2000).
Without sperm concentration, the reagent conceatraind incubation time cannot be
standardized for fluorescence imaging, and comserttie reliability of the results.
Determination of sperm concentration by a haemawgter is the basic method
and has been considered a gold standard for egim@ftaccuracy (WHO, 1999). This
method is well accepted worldwide with high premns(Bailey et al., 2007). However,
the haemacytometer method is tedious and time caingy requiring 10-15 min to
determine the concentration of a sperm sample.eftwer, the method can be
impractical for processing a large number of sasymepecially in sperm
cryopreservation for family based genetic improvetpgograms. To find a solution
to these limitations, a number of sperm countifptéjues such as flow cytometry,
Coulter counter, Makler counter, and computer-gsdisperm analysis have been
developed and applied for sperm quantity and guahtlyses in human and
economically important animal species (Makler, 1,988ng et al., 2016). However,
these techniques cannot be routinely used in lmgegmograms of cultured species

mainly because of cost and technical limitationscdntrast, estimation of sperm
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concentration by spectrophotometry is simple, rapid reliable, and has been used to
facilitate breeding programs and sperm cryopre$envan some bivalve species
(Miguel and Beaumont, 2008). The spectrophotomé&tchnique might be
species-specific as different absorbance specttaegression equations have been
reported in different bivalves (Del Rio Portille96), but its suitability to spermcasting
species has not been investigated.

Some spermcasting marine species such as the karstitat oysterOstrea
angasi have unique spermatological characteristics (Rbiya89; Falese et
al., 2011). At spawning, sperm are clustered immmp&zeugmata in which sperm heads
are bounded by a gelatinous membrane and taisxéeeded outside of the membrane
(Hassan et al., 2016). The individual sperm thexdgally dissociates from
spermatozeugmata at various time up to 24 hours.t®increasing interest in the flat
oyster aquaculture in Australia (Heasman et aD42@'connor and Dove, 2009), the
establishment of a selective breeding program wbald necessary step for the
long-term sustainable development of the induJtoyfacilitate further development of
this core business, this study aimed to develqgpeatsophotometric technique for
sperm quantification, with the specific objectiggo identify the appropriate
wavelength in the absorbance spectra and generatgession line based on sperm
concentration and absorbance, (ii) to validateatt®iracy of the spectrophotometric
technique for estimation of sperm concentrationd, (@i) to test the repeatability of

spectrophotometric technique.

5.3 Materials and Methods
5.3.1 The oysters

The Pristine Oyster Farm in Coffin Bay, South Aak# provided flat oysters
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within the natural spawning season of this speft@a June to August 2014 by
overnight delivery in a chilled Styrofoam box tet8outh Australian Research and
Development Institute (SARDI). The oysters wereankd off epifauna and placed in an
indoor tank in which temperature was maintaine®0at 0.5°C. The tank was supplied
with flow-through seawater containing a similar podion of three mixed microalgae
(Isochrysis sp.,Paviova lutheri andChaetoceros calcitrans). The oysters used in this
study were 2-3 years old, with length and wet welging 74.9 + 4.2 mm and 64.3 =

9.7 g, respectively.

5.3.2 Sperm collection and screening

Sperm were stripped from the gonad using a dispmpatte (3.5 mL,
Livingstone International) and placed in 1.5 mL Epgorf tubes. A 45m pore sized
mesh was used to separate sperm from gonad tisedespermatozeugmata. The
average diameter of spermatozeugmata isubi {Hassan et al., 2016). The mesh was
fitted between two 1-mL pipette tips while the infip was cut at the 3 cm from the
narrow end. Both pipette tips were fitted to theegpie. The sperm suspension was
placed in the inner tip and filtered by a downwpaudh with the pipette. Same volume

of sperm pooled from 3-5 males were used in eadtrtrent.

5.3.3 Sperm counting with the haemacytometer method

When this method was applied in this study, theceatration of a sperm
sample was determined by an improved Neubauer lagomaeter chamber
(Marienfeld, standard depth 0.1 mm). Sperm werngtehil 500 times in filtered
seawater. An aliquot of 1@ sperm suspension was loaded, and a coversliplaased
on the chamber. A drop ofid Lugol's iodine was placed on the edge of the siye

After 5 min, sperm on the five large squares (afezach square 0.04 mm?2) were
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counted diagonally and the sperm concentrationoabsilated using the following
formula: sperm concentration (sperm W= total number of sperm counted x dilution
factor x 4 x 1&number of large squares counted. An average eétbounts from each

sample was used to estimate sperm concentration.

5.3.4 The absorbance spectra and development of regsion lines

When original sperm concentrations were determitiedlsamples were
sequentially diluted in filtered seawater to 1.6%XBx1®, 4x1F, 2x1F, 1x1¢, 5x10
and 2.5x10sperm mLL. The absorbance spectra of known sperm concenisatiere
generated at the wavelengths of 280-800 nm usmglafunctional microplate reader
(CLARIOstar, BMG Labtech, Germany). Filtered seavatas used as a blank during
absorbance measurement. Sperm samples were hosedjéyitapping the tubes 10
times prior to being pipetted into 96-well flat tayh microplates (Apogent, Denmark).
The absorbance was then measured within 10 secspiem loading to avoid
precipitation. While measuring absorbance, fifgsfies were used per well bi-
directionally, from top to bottom and left to rigltour wavelengths 350 nm, 450 nm,
500 nm and 600 nm were chosen to generate regndssés by plotting the
haemacytometer sperm counts and the resultanttabsm. The absorbance values

between 0.1 to 1.0 were used to generate regrelasesn

5.3.5 Validation of the optimised regression line
To validate the accuracy of regression line optaais the previous experiment,
concentration results produced with the haemocytermethod were statistically

compared with those generated with the spectropietiac technique. In this
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validation, sperm suspensions were prepared usengadme method described in the

previous section.

5.3.6 Repeatability of the spectrophotometric techique

To test the repeatability of the technique, theodtence of sperm suspensions
of 5 x10, 2.5 x10, 1.25 x10, 6.25 x16 and 3.125 x10sperm mL! were measured at
the wavelength 350 nm with three sets of samptas three different individual
groups. The sperm concentrations calculated bgplketrophotometric technique from
different sample sets were compared with the speumt by the haemocytometer

method to test repeatability of the technique.

5.3.7 Statistical analysis

A simple linear regression (SLR) was generatedgusperm concentration and
resultant absorbance in the equation y=ax + b hithvx is sperm concentration and y
is absorbance. The coefficient of determinatidphas calculated to test the goodness
of fit in the regression model. The sperm counth®y/spectrophotometric technique
was compared with the haemacytometer method usdependent sample t-tests. The

data were analysed with SPSS version 20.0 (IBM Qmatpn, Armonk, NY, USA).

5.4 Results
5.4.1 The absorbance spectra and regression lines
Figure 1 shows that the absorbance decreasedheitincrease in wavelengths
at all the sperm concentrations assessed but aysmipeaked at different wavelengths.
The absorbance peaked at relatively higher wavéiseng less diluted sperm than in

more diluted sperm. For instance, the absorbanalespleat 350 nm for the
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concentration of 2.5 x I1Gperm mttbut peaked at 400 nm for the concentration of 2 x

10° sperm mL! (Fig. 1).
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Fig. 1. Absorbance spectra of serially dilu@slrea angas sperm measured

at the wavelengths from 280 to 800 nm.

The absorbance peaked at certain wavelength msgsrm concentration and

reduced gradually with the increase in wavelengfhs. wavelengths of 350, 450, 500

and 600 nm were primarily selected to determineatiieelength most suitable for

sperm concentration estimation@angasi. The regression equations based on sperm

concentration and absorbance at each wavelengthywvern x1® x + 0.163 (350 nm), y

= 8x10°x + 0.146 (450 nm), y = 8xTx + 0.150 (500 nm) and y = 7x2& + 0.118

(600 nm), respectively (Fig. 2). All the four wagebths produced SLR equations but

the best fitted regression model was derived atrB6@?2 = 0.996).
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Fig. 2. Standard curves generated by the specttoptadric technique usin@strea

angasi sperm at different wavelengths (350 nm, 450 nm,@Cand 600 nm).

5.4.2 Validation of the regression line

The sperm concentrations read from the regressien(y = 1x1& x + 0.163) at
350 nm wavelength were validated by the haemacyeEmneethod. The difference in
sperm counts between the haemacytometer methothasel calculated by the

regression line was not significait € 0.985).

5.4.3 Repeatability of the spectrophotometric techique
There was no significant difference in sperm cdgtiveen the haemacytometer

method and the spectrophotometric technique in Eagrpup 1 P = 0.921), group 2R
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=0.992) and group (= 0.802), respectively.

5.5 Discussion

The use of light absorbance to measure concentrafisuspended particles is a
common practice in life science. In this study, $hectrophotometric technique was
developed for estimating sperm concentrationsersffermcasting oysté. angasi.

The determination of absorbance spectra at diffex@mcentrations is the first
step in sperm guantification using the spectropinetoc technique. The spectra were
generated by plotting the absorbance from 280 €r80 at a 1-nm interval to identify
the wavelength of maximum sensitivity. In the spgch peak of absorbance indicates
the most sensitive wavelength, and is recommenalespiectrophotometric
measurement (Harris, 1987). The absorbance grgdiedreases with increasing
wavelengths from the point of the most sensitideealn this study, a peak of
absorbance existed around 350 nm, and the wavalehgighest sensitivity at 350 nm
or above would be most suitable for spectrophotdmeteasurement.

In general, sperm concentration and absorbandenasely correlated but if the
samples are too diluted and the absorbance wathis®.1, the relation between
absorbance and sperm concentration becomes ceavil{Dong et al., 2005). When the
absorbance is below 0.1, the polynomial regressiodel can be used for calibration.
However, it would be better to exclude the datanfver diluted samples because the
linear model is more robust than the polynomial elddr estimating sperm
concentration. On the other hand, all the spermat@bsorb light properly if the
samples are too dense due to the shadow effectgagp@nm. Consequently,
absorbance above 2 represents less than 1% tréanseeiof the incident light (Poole

and Kalnenieks, 2000). The absorbance above 1semie20% transmittance whereas
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absorbance below 0.1 represents 10% transmittabhserbance values from 0.1 to 1.0
represent 70% transmittance and this absorbange ramecommended in
spectrophotometric assays (Harris, 1987) whichsis applied in this study.

In the photometric technique, light absorbanceapertional to the density of
suspended particles. The timing between samplerigachd absorbance reading is
critical because sperm can sink to the bottom efthll in a few seconds. Stripping is
the most common method for sperm collection in@ngsbut relics of gonad and
somatic tissues might be present in the sperm sggpeleading to a bias in absorbance
measurement. The oyster gonad is anatomically edwith digestive tissues, and
contamination with gut contents would also affedtlration. The particle size, shape
and homogeneity also affect absorbance. Theredperm handling is critically
important because a difference in the procedureatfant repeatability of the
estimation.

The wavelengths for developing regression linefeddmong previous studies.
In this study, four wavelengths in the range ofbleslight 350, 450, 500 and 600 nm
were compared to select an appropriate waveleragbdoon the best fit in the
regression model. Sperm concentration can be dsiihad any wavelength if a good fit
in the regression line exists. The wavelength geimey the best fit regression model
differs in among species. For example, 400 nm vgasl in Atlantic croaker and small
bodied fishes (Tan et al., 2010; Leclercq et &12), 320 in blue mussels (Miguel and
Beaumont, 2008), 581 nm in Pacific oysters (Dongl.e2005) and 350 nm in the
Australian flat oysters (present study). Thesesddhces suggest that the sperm
absorbance spectra are species-specific and tusdhession model for sperm
concentration estimation needs to be developeddoln species.

Although the accuracy of haemacytometer countigxdtudy was confirmed by

immobilizing sperm with microwave, the additionlafgol's iodine in the sperm
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solution during haemacytometer count may changspbenm concentration. In future
practice, the dilution factor of using Lugol's indishould be considered. If necessary,
Lugol's iodine should be added to sperm prior togdteparation of sperm solution and
the volume of Lugol’s solution added should be ¢edrior calculating sperm
concentration. The accuracy of spectrophotometghriique developed in this study
was validated by the haemacytometer method. Nofsignt difference in the sperm
count was found between these two methods. Thesperof spectrophotometric
technique was further evaluated with sperm frorfed#it groups of individuals. Again
no significant difference in sperm count was foundjcating the high repeatability of
the spectrophotometric technique.

The spectrophotometry was established as an effiaied reliable technique for
estimation of sperm concentrationgdnangasi. This technique measures absorbance of
a sample within 10 sec, and is able to measureladsce of at least 30 samples at a
time (with three replicates in each sample) usi®g-avell plate, whereas the
haemacytometer method takes 10-15 min to countrspéa single sample. It should
be noted that the regression line generated irstbdy might not be applicable to other
oyster species as the sperm-density and absorbalatienship might be species
specific. This study would improve our capacity a&fiiciency in determining sperm
concentration irD. angas to facilitate the development of artificial breegiand other

techniques such as cryopreservation.
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6.1 Abstract

Cryopreservation offers long-term storage of gametiéhout constraint from seasonal
gamete maturation, provides opportunities to imprihe efficiency of breeding and
genetic programs, and protects endangered specrasiktinction due to epidemic
diseases and natural disasters. In this studygtagmi for cryopreserving sperm of the
spermcasting Australian flat oyst®strea angasi was developed by optimizing key
factors influencing the quality of cryopreserveeérsp. Dimethyl sulfoxide (DMSO)
was non-toxic to sperm within the concentration dachtion assessed in the toxicity
experiment whereas 10% methanol or a higher corateont was toxic to sperm from
the exposure duration of 30 min onwards. DMSO pecedihigher post-thaw sperm
motility of 21.6 % * 2.7 % among the treatmentdwatsingle cryoprotectant. The
inclusion of trehalose with DMSO increased the fibatv sperm motility up to 33.3 +
1.4 %. Sperm equilibrated for 30 min produced phatw motility of 32.2 + 2.3 % and
plasma membrane integrity (PMI) of 38.6 = 2.0 % tare higher than those produced
for 10 or 50 min. Higher post-thaw sperm motility37.7 + 1.7 % and PMI of 42.8 +
1.3 % PMI was produced at °G/min than at -?C/min freezing. Sperm packaged in
0.5 ml straws had a higher post-thaw motility andl Ehan those packaged in 0.25 ml
straws. In this study, 44.4% post-thaw sperm ngteind 49.2% PMI were achieved
when sperm were equilibrated in 10% DMSO + 0.45&halose for 30 min, packaged
in 0.5 ml straws, frozen at °€/min from 4°C to -80°C, and thawed at 4T for 8 sec.
The availability of viable cryopreserved sperm wbapen an option for future breeding

and genetic improvement programs for the spermagtustralian flat oyster.

Keywords: Sperm cryopreservation, flat oys@strea angasi, mollusc
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6.2 Introduction

Cryopreservation is the most practical option @rg-term storage of biological
specimen. With the increasing importance of presgrgenetic materials for future
research, there is a strong need to develop dkelayopreservation protocol to ensure
long-term storage of gametes (Stacey and Day, 2@&4) since the revolutionary
invention of the cryoprotective capacity of glydeimimprove the survival of post-thaw
sperm in human (Polge et al., 1949), the cryopvasien technique has been applied to
study cellular and developmental biolagfymany terrestrial and aquatic species such
cow, horse, lamb and fish. The worldwide dairyledtteeding programs are heavily
dependent on cryopreservation for distribution@fetically improved sperm but
application of cryopreserved sperm in aquatic s« limited to a laboratory scale
(Tiersch et al., 2007). Recent reviews have dematest the applicability of
cryopreserved sperm in aquaculture if quality calstand biosecurity measures are
ensured (Hassan et al., 2015; Martinez-Paramo, &Cdl6). Cryopreservation protocols
have been developed for over 200 aquatic speciess€h, 2000) since the successful
cryopreservation of the Pacific herring sperm (Btax1953). Compared to mammals
and fishes, cryopreservation research on marin&ustdl started relatively late (Liu et
al., 2015) but considerable progress has been mamenmercially important species
such as oysters (Dong et al., 2005a; Yang et@L2), pearl oysters (Kawamoto et al.,
2007), mussels (Di Matteo et al., 2009; Smith gt26112), scallops (Espinoza et al.,
2010), clams (Dupré et al., 2011) and abalone éLial., 2014a).

Oysters are classified into broadcasting and spestimg species depending on
where the fertilization and early larvae developtracur. The broadcasting species
release gametes in seawater where the fertilizamonarval development take place.
The spermcasting species, on the other hand, peashermatozeugmata which are

inhaled by the spawning females to fertilize eg@$-6ighil, 1989; Hassan et al., 2016).
152 |Page



Chapter 6: Sperm cryopreservation by programmabkzing

The Australian flat oysteDstrea angasi, a spermcasting marine mollusc, perform both
fertilization and embryo incubation inside the $hé&br two to three weeks before
releasing larvae in seawater (O’Sullivan, 1980kiicthough over 50 research papers
have been published on oyster sperm cryopresenvétiassan et al., 2015) including
high throughput sample processing for large sgapdi@ation (Adams et al., 2004;

Yang et al., 2012), past research has almost gntoeused on broadcasting oysters.
Sperm cryopreservation research in spermcastingmys at infancy, with established
protocols for only the European flat oys€@strea edulis (Vitiello et al., 2011; Horvath

et al., 2012) and the Chilean flat oysteostrea chilensis (Adams et al., 2013).

The structural and functional integrity of cryopgpged sperm can be
compromised by cryoprotectant toxicity, non-equilin between extracellular and
intracellular solutes, and intracellular ice forraatduring freezing and thawing
(Watson, 2000). The intracellular ice formation tenprevented by adding
cryoprotectants, but depending on the concentratnwhexposure time, cryoprotectants
might be toxic to sperm (Fahy, 1986). Therefordineging cryoprotectant
concentration and exposure time is critical to mize toxicity and maximize
protection for gametes. Identifying suitable freggrate is another critical factor in
cryoprervation because slow freezing preventsaethalar ice formation whereas fast
freezing minimizes toxic effect at a higher solatecentration. Intracellular ice and
toxicity of solute both contribute to cell damage,the freezing rate should be slow
enough to minimize ice formation and fast enougmiimimize the solute effect. In
addition, the sample volume can also affect the ohheat transfer during freezing and
thawing (Xu et al., 2010). Therefore, sample volwsheuld be optimized to ensure
reproducibility of a cryopreservation protocol.

The spermcastingysterO. angasi used to be an important species for fishery in

a few Australian states but this species was oxeloged in the late 18and early 19
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centuries (Nell, 2001; Alleway and Connell, 2015yen though harvesting has stopped
for decades, the natural population®fangasi has not been recovered. Recently, the
aquaculture production @. angas has increased gradually due to (a) an increasing
interest to diversify oyster aquaculture and (h)gin consumer demand on seafood
markets (Heasman et al., 2004). The developmeselettive breeding programs would
further facilitate the sustainable aquaculture tgwaent in this species. Pedigreed
families can be established by using cryopresespedm which allow greater control
over parental crosses in breeding programs. Irtiaddcryopreserved sperm allow the
production of self-fertilized inbred stocks to figaite exploitation of heterotic vigour.
This study aimed to develop a cryopreservationqualtof O. angasi to facilitate future
breeding and genetic improvement programs. A pragrable freezing method was
developed and the factors affecting sperm qualityng cryopreservation were
optimized using sperm motility and plasma membiategrity as assessment

indicators.

6.3 Materials and methods

6.3.1 The oysters

Two-year old flat oysters (76.2 + 4.7 mm in shetigth and 70.3 £ 12.1 g in total
weight) were provided by the Pristine Oyster FamrCoffin Bay, South Australia

within the natural spawning season from July tooDet, 2014 and transported to South
Australian Research and Development Institutechibed Styrofoam box. On arrival,
the oysters were cleaned with brush and placedectangular tank supplied with flow-
through seawater and aeration. The water temperatas maintained at 20 £ 006

and oysters were fed a microalgal mixturésothrysis sp.,Paviova lutheri and

Chaetoceros calcitrans.
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6.3.2 Sperm collection

After opening the shells, sperm were collectedtbpging the gonad using a 3.5 ml
Pasteur pipette. To separate sperm from gonadcketissud spermatozeugmata, the sperm
suspension was filtered through a 45 um screerghalias fitted between two 1 mL
pipette tips with the inner tip cut at 3 cm frone tharrow end. The sperm samples were
filtered by a downward push with a pipette. Speancentration was estimated with the
spectrophotometric method and standardized to *ledl®/ml by diluting with filtered
seawater in all the experiments (Hassan et al.72@&perm pooled from 3-5 males

were used in each experiment.

6.3.3 Sperm quality assessment
Sperm quality was assessed by estimating the peageof motile sperm and plasma
membrane integrity (PMI). Sperm motility was videszorded using an Olympus BX50
microscope and blind assessed by two observeraliduot of 2 pl sperm was placed
on a glass slide and 20 pl filtered seawater wds@during sperm motility assessment.
The motility percentage from two observers was aged as sperm motility of the
subsample. Three subsamples were collected inreptibate. Sperm moving forward
were considered motile whereas those vibratindanguor not moving at all were
considered non-motile. The fresh sperm with attlB@ercent motility were used in
the experiments.

The sperm PMI was assessed by using the moleaulbep LIVE/DEAD®
sperm viability kit (L-7011). During PMI evaluatiparyopreserved sperm
concentration was adjusted to 1&tells/ml with filtered seawater. The dye was
thawed at room temperature after being taken otlteofreezer and the container was
tapped 8-10 times by a finger to ensure homogengrtyaliquot of 1 ul SYBR 14 was

added to 100 pl sperm for 10 min in dark, and theu of propidium iodide for further
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10 min in dark. Aliquots of 10 ul stained sperm &vebserved on an Olympus BX60
fluorescence microscope. At least 100 sperm cedi®wounted in each replicate.

Sperm emitted green and red fluorescence weredernesi live and dead, respectively.

6.3.4 Experiments

6.3.4.1 Cryoprotectant toxicity during storage onge

Permeable cryoprotectants, dimethyl sulfoxide (DM&ad methanol were used to test
cryoprotectant toxicity during sperm equilibrati@oth were used at 5, 10 and 15% in
the final sperm suspension. Sperm motility wasatald as a measure of

cryoprotectant toxicity after 10, 30 and 50 min esyre.

6.3.4.2 Cryoprotectant selection
In the initial step, the effect of single cryoprdnt on post-thaw sperm motility was
evaluated. Sperm were equilibrated with 5, 10 &% DMSO or methanol, and
cryopreserved. The following cryopreservation pcotavas used in both steps. Sperm
were equilibrated with cryoprotectants for 30 npackaged in 0.25 ml French straws,
frozen at -7 C/min using a computer controlled freezer (FREEZENTROL® CL-
863) from 4°C to -80°C, immediately plunged in liquid nitrogen, and figatored in
the liquid nitrogen dewar. The frozen sperm weesvbd at 40C water bath for 6 sec
prior to sperm motility evaluation.

In the final step, the combined effect of permeanié non-permeable
cryoprotectants on post-thaw sperm motility waduwatad, with the former being 5, 10

and 15% DMSO and the latter 0.45 M trehalose oM dlucose (final concentrations).

156 |Page



Chapter 6: Sperm cryopreservation by programmabkzing

6.3.4.3 Effect of equilibration duration on post-tlaw sperm motility and PMI
Post-thaw motility and PMI of sperm equilibrated 1®, 30 and 50 min in 10% DMSO
+ 0.45 M trehalose were evaluated. The freezingthading protocols described in

Experiment 6.3.4.2 were used in this experiment.

6.3.4.4 Effects of freezing rate on post-thaw spermotility and PMI

The effects of freezing rate on post-thaw spermiityoand PMI were evaluated with -
3 °C/min and -7C/min freezing rates. Sperm were equilibrated i%IDMSO + 0.45
M trehalose for 30 min, packaged in 0.25 ml straamsl thawed at a 4@ water bath

for 6 sec.

6.3.4.5 Effects of sample volume on post-thaw spemmotility and PMI

The effects of sample volume on post-thaw motdityl PMI were evaluated by
packaging sperm in 0.25 ml and 0.5 ml straws. Speene equilibrated in 10% DMSO
+ 0.45 M trehalose for 30 min and frozen at€min. The 0.25 ml and 0.5 ml straws

were thawed for 6 sec and 8 sec, respectivelyat’@€ water bath.

6.3.4.6 Cold storage of sperm

Sperm were stored in a refrigerator &C4to evaluate the effect of cold storage on
sperm motility Sperm were suspended in filtered seawater indh&a@ group. In the
three treatment groups, sperm were separatelyile@dd with the final cryoprotectant
concentrations of 5% DMSO, 5% DMSO + 0.45 M trebalaand 5% DMSO + 0.3 M
glucose. Subsamples were warmed &t@@r 20 min prior to motility assessment.

Sperm motility was evaluated at a daily intervaldp to seven days.
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6.3.5 Statistical analysis

For statistical analysis, fresh sperm motility vgas to 100 percent while post-
equilibration and post-thaw motilities were caltathas a relative percentage of fresh
sperm motility to standardize motility in differetneatments. However, the actual
motility percentages are presented in the reslifts.relative sperm motilities were then
arcsine transformed prior to statistical analy®spending on the number of factors
involved, treatment effects on sperm motility aMdIfh experiments 6.3.4.1, 6.3.4.2,
6.3.4.3, and 6.3.4.6 were analysed with one-famtéwo-factor analysis of variance
(ANOVA). A repeated measures design was appliedwdata were collected at
intervals. In experiments 6.3.4.4 and 6.3.4.5 tineat effects on sperm motility and
PMI were analysed with independent sample t-testaWere expressed as mean + SE.
The differences in mean were examined by Duncaalgpte range test (DMRT) and
considered significant & < 0.05. The data were analyzed with SPSS versidn 20.

(IBM Corporation, Armonk, NY, USA).

6.4 Results

6.4.1 Cryoprotectant toxicity

Based on sperm motility, up to 15% DMSO concerdgratind 50 min exposure was
non-toxic to sperm. The 5% methanol was non-toxiergas sperm motility decreased
significantly after 30 min exposure to 10% or ah@gconcentration of methand €
0.05). The toxicity of methanol increased with g&sing its concentrations and

equilibration durations (Table 1).
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Table 1:Sperm motility (%) after exposure to 5, 10 and ldi#ethyl sulfoxide
(DMSO) and methanol for 10, 30 and 50 min (n =CBjferent superscript letters

represent significant differences in sperm motility

Cryoprotectant Cryoprotectant Motility (%) at different equilibration durations
type concentration | (min)

(%)

10 30 50

DMSO 5 58.3+1.8 579+1.6 58.7+1.7

10 59.1+1.9 56.7+1.7 56.7+1.9

15 58.7+1.7 58.0+1.7 58.0+ 2.0
Methanol 5 58.0+1% 547+ 1.3 56.7+1.6

10 59.3+1.3 520+1.P |46.7+1.8

15 57.3+1.3 480+ 1.7F 433423

6.4.2 Cryoprotectant selection

Sperm cryopreserved with DMSO had significantlyheigpost-thaw motility than those
cryopreserved with methand? € 0.05). Among the DMSO concentrations evaluated,
10% DMSO produced the highest post-thaw sperm ityptithich was similar to 15%

DMSO but significantly higher than that producedh% DMSO P < 0.05; Fig. 1).
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Fig. 1: Post-thaw motility (%) of sperm cryopressawvith different concentrations of
dimethyl sulfoxide (DMSO) and methanol. Sperm frihiree to five males were pooled
in a replicate. Each bar represents mean + SEuwnfréplicates. Different letters

represent significant differences in sperm motility

The inclusion of trehalose and glucose in DMSOihgsoved the post-thaw
sperm motility in all DMSO concentrations asseq$egs. 1 and 2). Sperm
cryopreserved with 10% DMSO + 0.45 M trehalose $igdificantly higher post-thaw

motility than those cryopreserved with other cryaipctantsP < 0.05; Fig. 2).
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Fig. 2: Post-thaw motility (%) of sperm cryopressawvith different concentrations of
dimethyl sulfoxide (DMSO) + 0.45 M trehalose or 03ylucose. Sperm from three to
five males were pooled in a replicate. Each baresgnts mean + SE of four replicates.

Different letters represent significant differenaesperm motility.

6.4.3 Equilibration duration

The highest post-thaw motility of 32.2% and PMB8&t7% were achieved in this
experiment by equilibrating sperm for 30 min. Spemyopreserved after 30 min
equilibration had significantly higher post-thaw tiity and PMI than those

cryopreserved after 50 min and 10 min equilibrafier 0.05; Fig. 3).
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Fig. 3: Post-thaw motility (%) and plasma membremegrity (PMI) of sperm
cryopreserved after different equilibration duraion 10% dimethyl sulfoxide + 0.45
M trehalose. Sperm from three to five males wer@gubin a replicate. Each bar
represents mean + SE of three replicates. Diffdegtars represent significant effect of

equilibration durations on sperm maotility or PMI.
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6.4.4 Effects of freezing rate on post-thaw sperm atility and PMI

The highest post-thaw motility of 37.7% and PMK@t8% were achieved in this
experiment by freezing sperm at®&min from 4°C to -80°C. Sperm frozen at -3
°C/min had significantly higher post-thaw motilitydaPMI than those frozen at -7

°C/min (P < 0.05; Fig. 4).

O Motility m PMI
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S i a
€30 | t
>
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3 °C/min 7 °C/min

Freezing rate

Fig. 4: Post-thaw motility and plasma membrane integrityiPof sperm frozen at -3
°C/min and -7C/min, respectively. Sperm from three to five malese pooled in a
replicate. Each bar represents mean + SE of tle@ecates. Different letters represent

significant effect of freezing rates on sperm nigtibr PMI.

6.4.5 Effects of sperm volume on post-thaw sperm rility and PMI

The highest post-thaw motility of 44.4% and PMHK&8t2% were achieved in this
experiment by packaging sperm in 0.5 ml strawsrn8geckaged in 0.5 ml straws
during cryopreservation had significantly highespthaw motility and PMI than those

packaged in 0.25 ml strawB € 0.05; Fig. 5).
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Fig. 5: Post-thaw motility and plasma membranegrtg (PMI) of sperm
cryopreserved in 0.25 ml and 0.5 ml straws. Speom three to five males were
pooled in a replicate. Each bar represents medn af $hree replicates. Different letters

represent significant effect of straw volumes oerspmotility and PMI.

6.4.6 Sperm motility during cold storage

During cold storage, sperm motility decreased witlieasing storage duration. Motile
sperm existed in the untreated samples for fives day the inclusion of 5% DMSO +
0.45 M trehalose extended sperm motility duratmdady 7 (Fig. 6). The inclusion of
5% DMSO or 5% DMSO + 0.45 M trehalose significanthproved sperm motility
compared with those stored in filtered seawd®es 0.05). However, the inclusion of

5% DMSO + 0.3 M glucose did not improve sperm nitgt{lP = 0.368).

163 |Page



Chapter 6: Sperm cryopreservation by programmabkzing

70 ¢
—e— fresh control
60 | TS
- -+ -5% DMSO
=90 r N — & -5% DMSO + trehalose
8\, AN
> --%---5% DMSO + glucose
=40 t+
°
e
€30 r
o
o
)]
20 -
L\
N
10 + AN
N
- A
O 1 1 Y ~.
1 2 3 4 5 6 7

Storage duration (days)

Fig. 6: Motility (%) of sperm stored in the refriggor at different durations. Sperm
were suspended in 5% dimethyl sulfoxide (DMSO), BMSO + 0.45 M trehalose or

5% DMSO + 0.3 M glucosen(= 3).

6.5 Discussion

The protocol of sperm cryopreservation in the spasting Australian flat oyster was
developed by optimizing cryoprotectant types, alation duration, freezing rate and
sperm volume. Although the capacity of post-thaerspto fertilize eggs is the key
criterion for assessing ultimate sperm qualitygleable protocol for artificial
fertilization is not available in this species. Téfere, sperm quality was assessed by
motility and PMI evaluation in this study. In geakrsperm motility and PMI have a
strong correlation with fertility (Au et al., 200Rtoskovtsev et al., 2005; Fabbrocini et

al., 2016).
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Cryoprotectant is an essential component exceprfamprotectant free
vitrification in cryopreservation. The permeablgaprotectants provide better
protection but may exert a toxic effect on spermaf@wa et al., 1990). Based on sperm
motility, up to 15% DMSO for 30 min equilibrationas non-toxic but 10% methanol
and higher concentrations were toxic when spernewquilibrated for 30 min or
longer. Sperm of different species have diffetericity response to a cryoprotectant.
For example, methanol is non-toxic but DMSO is ¢daxi the European flat oyster
sperm (Vitiello et al., 2011), whereas DMSO was-tmxic but methanol was toxic to
the Australian flat oyster sperm. In teleost, spbawve been found immotile within a
few minutes of equilibration with 15% DMSO (Nahidaman et al., 2011), whereas
this concentration was within the toxic threshaidhe Australian flat oyster sperm.

High permeability and low toxicity are the most idaisle characteristics for
cryoprotectants to prevent intracellular ice fornmator shrinkage of cells during
freezing and thawing (Fahy, 1986). DMSO permeattsaells faster therefore cells
quickly reach equilibrium with the extracelluladstes (MacGregor, 1967). In sperm
cryopreservation of most the marine mollusc spe&eX)% DMSO was used as a
suitable cryoprotectant as reviewed by Liu et2016) In this study, both 10% and
15% DMSO produced significantly higher post-thawtilitg than 5% DMSO. Even
though 15% DMSO was not significantly differentrfrd0% DSMO, a lower post-thaw
sperm motility with the former suggests that 15% $®™might be the threshold level
for a solute effect in this cryoprotectant. The ¢éoyost-thaw motility of sperm
cryopreserved with 5% DMSO suggests that this aainggon is insufficient to protect
sperm from cellular injury. The methanol, anothempeable cryoprotectant evaluated
in this study, showed higher toxicity and produt®d post-thaw sperm motility than

DMSO.
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The addition of non-permeable cryoprotectants imgscsperm motility during
cryopreservation (Liu et al., 2014b). The functiotiéferences between permeable and
non-permeable cryoprotectants are that the formierthe cell by replacing water
molecule (Harvey and Ashwood-Smith, 1982) whileltteer tends to stabilize cell
membrane from outside (Strauss et al., 1986), tholig generalization may vary
among species. The cocktail of permeable and namgsble cryoprotectants improve
sperm viability by improving cell membrane stalyilénd cohesiveness (De Leeuw et
al., 1993). In addition, the non-permeable cryogetants change the properties of
extracellular solutions and prevent ice crystalima Trehalose, for example, stops
eutectic freezing by trapping salts and preventshaeical damage to sperm (Woelders
et al., 1997). Trehalose, glycine, glucose, sucamekegg yolk are the commonly used
non-permeating cryoprotectants for sperm cryopvasien in marine molluscs
(Salinas-Flores et al., 2005; Adams et al., 2008;et al., 2015). In this study, the post-
thaw sperm motility was improved by the inclusidroal5 M trehalose or 0.3 M
glucose in 10% DMSO. This result agrees with thdifigs in other bivalves such as
the Pacific oyster (Adams et al., 2004), Chilean dlyster (Adams et al., 2013), pearl
oyster (Acosta-Salmon et al., 2007) and greenlglaie (Liu et al., 2014b).

Equilibration is the exposure of sperm to a crytgetant for balancing solute
influx and water outflow. Oyster sperm can be crggprved at 5 to 60 min
equilibration depending on the cryoprotectant tgpd concentration (Hassan et al.,
2015). While shorter equilibration might resultmsufficient internal solute to protect
sperm from intracellular ice formation and/or skage, the longer equilibration might
exert solute and toxic effect on sperm. Cryoprateictoncentration has a mutual effect
on the equilibration duration and a higher cryopctdnt concentration requires a
shorter equilibration duration or vice-versa. liststudy, relatively higher post-thaw

sperm motility and PMI were found at 30 min equéitoon than at 10 and 50 min
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equilibration with 10% DMSO + 0.45 M. This meanatthO min equilibration might
result in insufficient internal solutes but 50 neiquilibration could exert a solute effect
on sperm. Similar to this study, 30 min cryopraa@ttequilibration is optimal for
cryopreservation in other oyster species (lerogiodil., 2004; Dong et al., 2005a,;
Horvath et al., 2012).

Freezing is the most critical step in cryopreseovabecause cell damage mostly
occurs from 0 to -40C (Leung, 1991). Due to a number of interactingdeccand
species specificity in sperm cryopreservation, petelent studies have found optimum
freezing rates from -1C/min to -50 °C/min as reviewed by Hassan et &18).In this
study, -3°C/min freezing produced significantly higher pds&w sperm motility and
PMI than -7°C/min. In the spermcasting European flat oystgniscant differences
were found among the freezing rates of -1, -3;2d,°C/min, and the highest post-thaw
sperm motility was achieved at *@/min (Vitiello et al., 2011). Results from thesgeot
spermcasting species indicate that sperm of spastmgabyster species might be more
sensitive than other species.

As the sample volume for cryopreservation is adiaictfluencing sperm quality,
the reported findings on sperm cryopreservationetones differ among species
(Cabrita et al., 2001; Aoki et al., 2007). A largeaal is usually suitable for sperm
cryopreservation at a hatchery scale but the hgeaeaty of temperature inside a large
vial during freezing and thawing may affect spemmaldgy. Although sperm
cryopreservation is successful in larger vials50rit and 0.5 ml straws are used in most
studies (Hassan et al., 2015; Liu et al., 2015)his1 study, the post-thaw sperm motility
and PMI were higher in a 0.5 ml straw than in &0 straw. Sperm packaged in the
0.5 ml straw produced higher sperm viability tha®i25 and 5 ml straws in teleosts
and other vertebrates (Cabrita et al., 2001; Buanmaay et al., 2009). Sperm packaged

in 0.25 ml straws, on the other hand, producedédrigiotility than those in 1-2 ml
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straws in the Japanese pearl oyster (Aoki et @072 In contrary, the impact of straw
size on post-thaw motility of sperm in Pacific arsivas not significant (Dong et al.,
2005b).

Sperm storage in a refrigerator is an option whetra cannot be cryopreserved
immediately after collection as liquid nitrogen nragt be accessible in some situations,
especially in a remote area. Sperm suspended waserawere motile for five days
during refrigerator storage, whereas the inclusibt% DMSO + 0.45 M trehalose
increased storage duration up to seven days. Titaialu of sperm survival after cold
storage in the Australian flat oyster is similathat of the Pacific oyster (Vanderhorst
et al., 1985). It seems that cryoprotectants cestdblish equilibrium between sperm
and the extracellular solutes during cold storagkthe inclusion of a cryoprotectant
could increase the duration of sperm storage withompromising sperm quality. This
result indicates that DMSO and trehalose are usejwlprotectants for short-term
sperm storage in the Australian flat oyster, whgchkimilar to the results of sperm cold
storage in teleost species (Linhart et al., 19%s44dn et al., 2013).

In summary, 44.4% post-thaw motility and 49.2% Riéke achieved by
applying the protocol developed in this study. Tgnstocol required that sperm are
equilibrated in 10% DMSO + 0.45 M trehalose for8id, packaged in 0.5 ml straws,
frozen at -3C/min from 4°C to -80°C, and thawed at AT for 8 sec. Further research,
however, is needed to focus on the developmerttatkegies for the application of
cryopreserved sperm to facilitate the developmeéattdicial fertilization in

spermcasting oyster species.
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7.1 Abstract

Low survival of cryopreserved sperm impedes thdiegoon of cryopreservation
technigue in spermcasting oyster species. Thig/stadeloped a simple method of
liquid nitrogen vapor freezing to improve post-thsgerm survival in the spermcasting
oysterOstrea angasi. The results indicate that the permeable cryoprateést dimethyl
sulfoxide (DMSO), ethylene glycol (EG) and propyegiycol (PG) were non-toxic to
sperm up to 20% concentration and 90 min exposuereas methanol at 10% or
higher was toxic to sperm for any exposure ovem3@ Among the treatments with
permeable cryoprotectants, 15% EG produced thesbigiost-thaw sperm motility.
Sperm motility was further improved by the additmmon-permeable cryoprotectants
(trehalose and glucose), with 15% EG + 0.2 M trebalresulting in the highest post-
thaw sperm motility among all the combinations ea#td. The durations of 20, 30 and
60 min equilibrations produced a higher post-thpers motility and plasma
membrane integrity (PMI) than 10 min. Higher pdsiw motility and PMI were
achieved by freezing sperm at the 8 cm height fiteerliquid nitrogen surface than at
the 2, 4, 6, 10 or 12 cm height. Holding spermlfdmin in liquid nitrogen vapor
produced higher post-thaw motility and PMI than206 or 20 min. The
cryopreservation protocol developed in this stuolyid increase both post-thaw sperm
motility and PMI by at least 15% higher than thaseng the programmable freezing
method. The cryopreservation protocol developdatiisistudy has improved the sperm

quality in spermcasting oyster species.

Keywords: Cryopreservation, freezing, sperm suilyiwellusc
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7.2 Introduction

Cryopreservation is a promising method for storaigenportant genotypes in
the application of aquaculture biotechnology. la gast 50 years, sperm
cryopreservation research in marine invertebragéssiiade substantial progress in
marine aquaculture (Moragas et al., 2012; Hassah,&t015) and marine environment
health assessment (Fabbrocini et al., 2012). Anmozaugne invertebrates, the edible
oysters are most widely studied (Paredes, 2015034 of the work has focused on
broadcasting species (Hassan et al., 2015). Thenspsting species have unique
spermatological characteristics as the sperm #&aged in clusters of spermatozeugma
(Hassan et al., 2016). The motility of post-thawrsp achieved in previous studies was
low (Vitiello et al., 2011; Horvath et al., 2012)pably because the sperm of spermcast
spawning species are more sensitive to the cryeprason process. In a preliminary
study in our lab (unpublished), only 44% post-thawtility and 49% plasma membrane
integrity (PMI) were achieved in the sperm of thes#alian flat oyste©strea angasi.
Therefore, sperm quality needs to be further impdoto increase the efficiency of
cryopreservation in future breeding and geneticcowpment programs in spermcasting
species.

Different freezing methods have been successfeldudor cryopreservation
such as programmable computer controlled freeanagdiguid nitrogen vapor freezing.
Even though the programmable freezing is a widelgeumethod for sperm
cryopreservation, high sperm survival has achiewsdg the liquid nitrogen vapor
method in many marine invertebrates such as 92%tpaw fertilization in the Pacific
oyster (Zhang et al., 2012), 95% fertilization lne green-lip abalone (Zhu et al., 2014),
and 80% fertilization in the greenshell mussel (@ret al., 2012), and 86% motility in
the pearl oyster (Lyons et al., 2005). The liquidagen vapour freezing method has

also been suggested to establish a gamete cryaigasdivice to the Australian
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aquaculture industry due to low initial investmant subsequent maintenance cost (Li,
2012). Freezing with liquid nitrogen vapor does remjfuire expensive equipment and
highly skilled personnel. As a large quantity oésp can be cryopreserved within a
short time in a single batch, this method is cozr®d simple, less expensive and
efficient. However, the application of liquid niggen vapor method to cryopreserve the
Australian flat oyster sperm has not yet been atatl

The quality of sperm can be compromised by thepng®ervation process.
However, optimization of the steps in cryopresaoratan improve the ability of sperm
to withstand damages from cryopreservation. Althoagoprotectants could minimize
freezing and thawing injury, they may also be tdrisperm at a high concentration.
Therefore, the evaluation of the sperm tolerana@yoprotectants should be the first
step for cryoprotectant selections. The cryopraietst consist of two types of
chemicals: the permeable and non-permeable cryeqiestts. The former enters into
the cell and bring an equilibrium between extradall and intracellular solutes whereas
the latter stabilizes the cell membrane and inereai membrane cohesiveness (De
Leeuw et al., 1993). Therefore, suspending spertim wath types of cryoprotectants
may minimize the chance of intracellular ice forroatand cell membrane shrinkage.
Freezing is the most important step in a cryopkegEm procedure because most sperm
injuries occur within the temperature range of 0-4D °C due to the formation of
intracellular ice. In liquid nitrogen vapor freegimethod, the distance of the sample
from the liquid nitrogen surface, holding duratmirsamples in liquid nitrogen vapor
and straw size can all affect the application efthyopreservation protocol and need to
be optimised. This study aimed to develop a nomparmmable freezing technique to
improve the post-thaw sperm quality of the Austnalflat oyster, including the
optimization of cryoprotectant concentration, etpudtion duration, sperm distance to

liquid nitrogen surface, holding duration, and sp&olume.
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7.3 Materials and methods

7.3.1 The oysters

Pristine Oyster Farm in Coffin Bay, South Austrgdravided the two years old flat
oysters (76.8 £ 4.4 mm in shell length and 71.281 in total weight). The oysters
were shipped to South Australian Research and Dprednt Institute in a chilled
Styrofoam box during September and November, 20td.oysters were cleaned off
debris and epifauna, and placed in tanks supplidgdfilew-through seawater and
aeration. Mixed microalgae tdochrysis sp.,Paviova lutheri andChaetoceros
calcitrans were supplied to the tank and water temperatusemaintained at 20 + 0.5

°C.

7.3.2 Freezing apparatus

A Styrofoam box (39.0 x 24.5 x 35.5 cm) and foaokseof different heights (2, 4, 6, 8,
10 and 12 cm) were used in this study. A totalarity four straws were placed in one
form rack during freezing. Approximately 4-cm liguaitrogen was placed in the
Styrofoam box and the lid was loosely closed toekégpn for 3 min before placing the
straws on a rack at the required height from tipeidi nitrogen surface. Figure 1 shows

the apparats used for liquid nitrogen vapour fregzi
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Fig 1: The apparatus used for liquid nitrogen vagoeezing. (a) digital thermometer,
(b) styrofoam box, (c) liquid nitrogen storage dewd) straw holding rack, (e) canister

and (f) goblet attached to cryocane.

7.3.3 Sperm collection and quality assessment

The details of sperm collection and quality assesgrfor this flat oyster species
have been described in chapter 6 of this thesisfliarsperm were collected by
stripping with a 3.5 ml Pasteur pipette and plamedce until being used in the study.
Collected sperm were filtered through a 45-um straad the sperm concentration was
adjusted to 1x1%0cells/ml after the count with the spectrophotomsetrethod. Sperm
motility was blind assessed by two observers aedritheo was recorded using an
Olympus BX50 microscope. The motility percentagsrfrtwo observers was averaged
as mean sperm motility of the subsamples and wiatatad (only if higher than 10%
variation) by video-recorded motility. Sperm froab3nales were pooled in a replicate.
Post-thaw motility and PMI were used as qualityrspassessment indicators. The
forward moving sperm were considered motile buséhabrating in the same place
were considered non-motil€he samples with at least 50% fresh sperm motgye
used in the subsequent experiments. Dual staii@vtBR 14 and propidium iodide
was used to distinguish live and dead sperm. SYBRdlnd to the DNA of membrane
intact sperm emitted green light whereas propidiogide bound to the DNA of
membrane ruptured sperm emitted red light. Theegfgperm emitted green and red

light were considered live and dead, respectively.

7.3.4 Experiments

7.3.4.1 Cryoprotectant toxicity
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Four permeable cryoprotectants dimethyl sulfox#§O), methanol, ethylene glycol
(EG) and propylene glycol (PG) were used to evaleagoprotectant toxicity. Sperm
were equilibrated with each cryoprotectant at 5,18and 20% final concentrations for
30, 60 and 90 min, respectively. Sperm motility wasd as a toxicity assessment

indicator.

7.3.4.2 Cryoprotectant selection

In the first trial, the effect of a permeable cryatectant on post-thaw sperm
motility was evaluated. Sperm were equilibratechvéit 10, 15 and 20% of DMSO,
methanol, EG and PG, and then cryopreserved. Tloaviag cryopreservation protocol
was used in this experiment: sperm were equilidratéh each cryoprotectant at a
required concentration for 30 min, packaged in 0% rench straws, placed on a foam
rack of 8 cm above the liquid nitrogen surfaceZdmin, plunged into liquid nitrogen,
and then stored in the liquid nitrogen dewar. Tily@greserved sperm were thawed in a
40 °C water bath for 6 sec prior to motility evaluation

In the second trial, glucose and trehalose wereatWl DMSO and EG to
evaluate the combination effects of permeable amdpermeable cryoprotectants on
post-thaw sperm motility. A total of 18 cryoprotact combinations were evaluated,
including 10% DMSO, 10% EG or 15% EG in combinatath 0.2, 0.4 or 0.6 M
glucose or trehalose. In the third trial, spermensguilibrated with 15% EG + 0.2 M
trehalose for 10, 20, 30 or 60 min before beingdroto evaluate the effect of

equilibration duration on post-thaw sperm motiatyd PMI.

7.3.4.3 The effects of rack height
Sperm were placed on a foam rack at 2, 4, 6, ®r 12 cm above the surface of liquid

nitrogen to evaluate the effect of rack heightpost-thaw sperm motility and PMI.
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Temperature at different rack heights were recowdéid a digital thermometer

(Thermo Scan, Eutech Instruments, Singapore) athttha low temperature probe.
The cooling rates for rack heights 2, 4, 6, 8, 40 42 were - 74.3, - 48.7, - 34.6, - 25.8,
-21.3 and - 16.9 °C/min, respectively. Sperm wegeilibrated with 15% EG + 0.2 M
trehalose for 20 min, packaged in 0.25 ml strawagqal on a rack of the required height

above the liquid nitrogen surface for 20 min, amalned in a 40C water bath for 6 sec.

7.3.4.4 The effects of holding duration

Sperm were held on the rack 8 cm above the ligititdgen surface for 2, 5, 10 and 20
min to evaluate the effect of holding duration astthaw sperm motility and PMI.
Sperm were equilibrated with 15% EG + 0.2 M trebaltor 20 min, packaged in 0.25

ml straws, placed on the 8 cm height rack, and édbiw a 40°C water bath for 6 sec.

7.3.4.5 The effects of sperm volume

The effects of sperm volume on post-thaw motilitgd #MI were evaluated by freezing
sperm in 0.25 ml and 0.5 ml straws. The freezirayqmols described in Experiment
7.3.4.4 were used in this experiment. The 0.25mdl@5 ml straws were thawed in a

40 °C water bath for 6 sec and 8 sec, respectively.

7.3.4.6 Comparison of freezing methods

The programmable freezing, vitrification and liquidrogen vapor freezing methods
were compared based on post-thaw sperm motilityPavilachieved in each method.
The protocols for programmable freezing and vitafion methods were obtained from
chapter 6 of this thesis. The programmable freegmogpcol includes: sperm were
equilibrated in 10% DMSO + 0.45 M trehalose for8id, packaged in 0.5 ml straws,

frozen at -3C/min, and thawed at 4T for 8 sec.
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7.3.5 Statistical analysis

To standardize sperm motility in different treatrserfresh motility was set in
percent and post-thaw sperm motility was calculatdative to fresh motility. All the
percentage data were arcsine transformed pridatstcal analysis. Depending on the
number of factors involved, treatment effects oarspmotility and PMI in experiments
7.3.4.1 to 7.3.4.4 were analysed with one-factdwar factors analysis of variance
(ANOVA), followed by Duncan's multiple range teBtIIRT) when differences were
significant. A repeated-measure design was applieeh data were collected at
different time intervals. In experiments 7.3.4.51d8n3.4.6, treatment effects on post-
thaw sperm motility and PMI were analysed with ipeledent t-test. Data were
presented as mean + SE. The significant level what® < 0.05. Data were analysed

with SPSS version 20.0 (IBM Corporation, Armonk, NYSA).

7.4 Results
4.4.1 Cryoprotectant toxicity

Motility of sperm exposed to DMSO, EG and PG wasilsir at all the concentrations
and exposure durations evaluated (Fig 2). Spernlitn¢%) decreased after 30 min
exposure to 10% or higher methanol, and the tgxafitmethanol increased with

increasing concentration and exposure time.
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Fig 2: Motility (%) of sperm after exposure to @ifént concentrations of dimethyl
sulfoxide (DMSOQO), methanol, ethylene glycol (EGiaropylene glycol (PG) for 30,
60 or 90 min. Sperm from three to five males weyel@d in a replicate. Each bar
represents mean = SE of three replicates. Sperntitsnetas not significantly different
during exposure to DSMO, EG and PG. Different tstta methanol represent
significant effect of cryoprotectant concentratiamsl exposure durations on sperm

motility.

7.4.2 Cryoprotectant selection
The post-thaw motility of sperm cryopreserved wdifierent cryoprotectant
concentrations were significantly differeft € 0.05). The highest post-thaw motility

was achieved by cryopreserving sperm with 15% B{EwWed by 10% EG and 10%
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DMSO (Fig 3). Sperm cryopreserved with other crpdgectant concentrations had

significantly low post-thaw motility® < 0.05).
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Fig 3: Post-thaw maotility (%) of sperm cryopreseatweth different cryoprotectant
concentrations. Sperm from three to five males wweed in a replicate. Each bar
represents mean = SE of four replicates. Diffelettérs represent significant effect of

cryoprotectants on sperm motility.

The inclusion of glucose and trehalose in DMSO @rdblutions significantly
increased the post-thaw sperm motili/< 0.05). The highest motility (%) was
achieved by cryopreserving sperm with 15% EG H\W2ehalose, followed by 15%

EG + 0.2 M glucose and 15% EG + 0.4 M trehalosg {fi
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Fig 4: Post-thaw motility (%) of sperm cryopreseatweith combinations of permeable
and non-permeable cryoprotectants. Sperm from tioréee males were pooled in a

replicate. Each bar represents mean + SE of fqliceges. Different letters represent
significant effect of cryoprotectants on sperm iitgtiDMSO, dimethyl sulfoxide; EG,

ethylene glycol.

The highest post-thaw motility and PMI were achdeirethis experiment by
equilibrating sperm for 20 min (Fig 5). Sperm crigegerved at 10 min equilibration
produced significantly lower post-thaw motility aRil than 20, 30 and 60 miR
0.05). The post-thaw motility and PMI of sperm gugeserved at 20, 30 and 60 min

equilibration were similar.
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Fig. 5: Post-thaw motility (%) and plasma membremegrity (PMI) of sperm
cryopreserved at different equilibration duratioc®perm from three to five males were
pooled in a replicate. Each bar represents meds af $our replicates. Different letters

represent significant effect of equilibrium duratsoon sperm motility or PMI.

7.4.3 Effect of rack heights
The highest post-thaw sperm motility (%) and PMtevachieved in this experiment by
placing sperm on the 8 cm rack (Fig 6). All theastrack heights used in this

experiment produced significantly low post-thaw ititgtand PMI than the 8 cm rack

height P < 0.05).
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Fig 6: Post-thaw maotility (%) and plasma membrantegrity (PMI) of sperm
cryopreserved at different distances from liquilagen. Sperm from three to five
males were pooled in a replicate. Each bar repteseean + SE of five replicates.

Different letters represent significant distande&fon sperm motility or PMI.

7.4.4 Effect of holding durations

The highest post-thaw motility and PMI were acheeirethis experiment by holding
sperm in liquid nitrogen vapor for 10 min followbg 20 min (Fig 7). The 2 and 5 min
holding durations produced significantly lower ptdsw sperm motility and PMI than

10 and 20 minK < 0.05).
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Fig 7: Post-thaw maotility (%) and plasma membrantegrity (PMI) of sperm frozen at
different durations in liquid nitrogen vapour. Spefrom three to five males were
pooled in a replicate. Each bar represents meds af $our replicates. Different letters

indicate significant effect of holding durations germ motility or PMI.

7.4.5 Effect of straw volume
Sperm packed in 0.25 ml straw resulted in bettst-fiaw motility and PMI than those
packed in 0.5 ml straws, although the differencesamot significant between them (

> 0.05; Fig 8).
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Fig 8: Post-thaw maotility (%) and plasma membrantegrity (PMI) of sperm
cryopreserved in 0.25 ml and 0.5 ml French str&pgrm from three to five males

were pooled in a replicate. Each bar represents R&E of four replicates.

7.4.6 Comparison of freezing methods

The post-thaw sperm motility and PMI were signifittg affected by the freezing

methods evaluatedP(< 0.05). The post-thaw sperm motility was 44.4% &ad%, and
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PMI was 49.2% and 67.3% in programmable freezirhligid nitrogen vapor

freezing methods, respectively (Fig 9).
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Fig 9: Post-thaw maotility (%) and plasma membrantegrity (PMI) of sperm
cryopreserved with programmable freezing and liquicbgen vapor methods. Sperm
from three to five males were pooled in a replic&#ch bar represents mean + SE of
three replicates. Different letters indicate sigpaint effect of freezing methods on

sperm motility or PMI.

7.5 Discussion

This study optimized the key factors for cryopreation of the Australian flat oyster
sperm using the method of liquid nitrogen vapoe#iag. The liquid nitrogen vapor
method increased both post-thaw motility and PMILBY6 over the programmable
freezing method, and by 10-fold over the vitrifioat method. The ability of
cryopreserved sperm to fertilize egg is the ultemaiterion for sperm quality
assessment but fertilization assessment was nocalple to this species due to lack of
a reliable method for artificial egg fertilizatioRost-thaw motility and PMI were used

as indicators to assess sperm quality in this shedpuse these two variables have
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strong correlations with fertility in published eeénces (Au et al., 2002; Moskovtsev et
al., 2005).

Cryoprotectants might be toxic to sperm with the@ase in their concentrations
and exposure durations, therefore the selecti@aooyoprotectant normally initiates
with toxicity evaluation. The suitability of a crgmtectant is also species specific and
a cryoprotectant suitable for one species migtbkie to another in a taxonomic group.
Surprisingly, up to 20% of DMSO, EG and PG were-tmxic to the sperm of
Australian flat oysters after 90 min equilibratigxithough DMSO, EG and PG are
suitable for sperm cryopreservation in many mainmvertebrates, they are generally
toxic at the concentration of 15% or higher andekpeosure duration of 30 min or
longer (Gwo, 2000; Liu et al., 2015a). Sperm o$ tihat oysters have exceeded the
toxicity tolerance limits of other marine invertabe species reported so far for these
three cryoprotectants. However, 10% methanol dndrgvas toxic to this species,
which is similar to the toxicity reported in thergpean flat oyster (Vitiello et al.,

2011), mangrove oystéNascimento et al., 2005) and Mediterranean mygséVlatteo
et al., 2009).

The permeable cryoprotectants could enter theaoellimprove its osmotic
balance, thereby reduce the chance of intracelicgacrystal formation, and minimize
freezing injury to the cell. A lower concentratiand shorter exposure duration of a
cryoprotectant might be insufficient to bring aruigrium between extracellular and
intracellular solutes, but a higher concentratind EBonger exposure duration might
cause a solute effect (Meryman et al., 1977). Bodglse consequences are deleterious to
sperm survival, therefore delicate adjustment betwibe osmotic balance and solute
effect would provide better protection from freaginjury. In this study, 15% EG, 10%
EG and 10% DMSO were suitable cryoprotectant camagons for the Australian flat

oyster sperm. The other cryoprotectant concentratavaluated in this study were
193 |Page



Chapter 7: Improvement of post-thaw sperm survival

either insufficient to protect sperm or imposedugwland toxic effects. EG was also a
suitable cryoprotectant in other marine invertedsabut the optimum concentration
might differ between species, i.e., 15% EG in theogean flat oyster (Vitiello et al.,
2011) and 7% EG in Mediterranean mugBelMatteo et al., 2009). DMSO is the most
widely used cryoprotectant in aquatic species, withoptimal concentration range of
5-20% being found in different species (MartinezaR# et al., 2016).

Addition of non-permeable cryoprotectants to peiohearyoprotectants could
provide better osmotic balance and cell membrahesiveness, and minimizes ice
crystallization. This strategy has been widely ugeinprove cryopreserved sperm
guality in different animal clades including mamm@\boagla & Terada, 2003;
GOmez-Fernandez et al., 2012), teleosts (Cieresiz&b, 2014; Nynca et al., 2016) and
invertebrates (Acosta-Salmoén et al., 2007; Liule2®14a). In this study, addition of
glucose or trehalose to DMSO and EG improved tist-haaw sperm motility, and the
combination of 15% EG + 0.2 M trehalose producedhighest sperm motility. In other
marine invertebrates, the highest post-thaw mptas achieved with the combination
of 8% DMSO + 0.25 M trehalose and 5% DMSO + 0.5&halose in the Chilean
oyster (Adams et al., 2013), 5-12% DSMO + 0.45 dhélose in the Pacific oyster
(Adams et al., 2004), 5% DMSO + 1 M trehalose mback-lip pearl oystgLyons et
al., 2005). These results suggest that the typgs@mcentrations of permeable and
non-permeable cryoprotectants are species specific.

The freezing is a sensetive step in the cryopraserv process. While a faster
freezing induces intracelluar ice formation duengufficient time for excess water to
leave the sperm, a slower freezing causes solfget efue to exposure to the
cryoprotectant medium for a longer period. Thereblgalance is needed for the cell
viability. In this study, the height of 8 cm frotnet liquid nitrogen surface resulted in

the highest post-thaw motility and PMI of all hetiglevaluated, which differs from the
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optimal heights reported for other marine inveréébs. For example, the hight of 3 cm
was found to be the optimal in the black-lip pesdter(Hui et al., 2011), 5.2 cm in the
green-lip abalonéLiu et al., 2014b) and black-lip abalofieu et al., 2015b), an8-

12.5 cm in the Japanese pearl oyster (Kawamotbo, 087; Arita et al., 2012).

Athough the optimal height differs among specdis,results from this and published
studies suggest that the optimal height rangeri®wan the species investigated so far.

The holding duration on a rack (the period in whselmples are placed in liquid
nitrogen vapor before being plunged in liquid rogea) affect the viability of
cryopreserved sperm. The holding duration changgstiie endpoint temperature and
allows cryoprotectants to equilibrate between waed extra-celluar media. The
highest post-thaw motility and PMI were achivedhmyding sperm for 10 min in liquid
nitrogen vapor although it was not significantljfelient from those held for 20 min,
suggesting that the holding duration from 10 tav#0 would be suitable for sperm
cryopreservation in this species. The period ofrfif-holding was also applcable for
cryopreservation of greeen-lgbalone, black-lip abalone abtack-lip pearl oysterHui
et al., 2011; Liu et al., 2014b; Liu et al., 2015b)

Straw volume is important from both cryobiologieald applicational aspects.
Regardless of the freezing and thawing procedtinesstraw volume determines the
actual heat transfer rate. A high-throughput autmndor commercial scale application
can be achieved with 0.25 ml and 0.5 ml Frenchwsti@rang et al., 2007; Yang et al.,
2012) but a larger volume (e.g., 4.5 ml cryovi&la} greater application in small and
medium scale hatchery operations where such autmmatunavailable (Adams et al.,
2008). Interestingly, the effect of straw size igpapreservation differs among studies,
probably due to the interaction of other factorshsas freezing and thawing rates. In
this study, there was no significant differenc@ast-thaw sperm motility and PMI

between sperm samples cryopreserved in 0.25 mD&nichl straws. However,
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significantly higher post-thaw motility and PMI veeachieved in 0.5 ml straws
compared with those in 0.25 ml straws in this sgpeaising a programmable freezing
method described in chapter 6 of this thesis. Sttalwme has no significant effect on
post-thaw sperm maotility in the Pacific oyster adlDong et al., 2005). In contrast,
significant differences in post-thaw sperm motilitgre found between straw volumes
in boar, rainbow trout and Japanese pearl oyst@brita et al., 2001; Aoki et al., 2007,
Buranaamnuay et al., 2009).

Although freezing methods could affect sperm viip{\Varadi et al., 2013),
this aspect has rarely been investigated in mamwertebrates. Sperm cryopreservation
protocols have been developed from independentestuding a range of freezing
methods including laboratory-scale programmableZireg (Di Matteo et al., 2009),
commercial-scale programmable freezing (Dong eR8D7; Yang et al., 2012), liquid
nitrogen vapor freezing (Liu et al., 2015b), andimaeol - dry ice (Adams et al., 2004).
In comparions between freezing methods, liquicogién vapor produced significantly
higher post-thaw motility and PMI than those cryesarved with programmable
freezing. Although both programmable freezing aqdidl nitorgen vapour freezing
have produced high post-thaw motility and fertilitymarine molluscs (reviewed by
Liu et al., 2015a), the results of this study iadeca higher sensitivity of sperm to
programmable freezing.

In conclusion, 62.2% post-thaw motility and 67.3%IRvere achieved in this
study using the liquid nitrogen vapor method. Thatgcol requires that sperm are
equilibrated in 15% EG + 0.2 M trehalose for 20 npiackaged in 0.25 ml straws,
placed on a foam rack of 8 cm above the liquicbgién surface for 10 min, and then
immediately plunged into liquid nitrogen. By comiparthe post-thaw motility and

PMI achieved in programmable freezing technique stludy concludes that the liquid
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nitrogen vapor freezing technique is an effectivatihrod for the cryopreservation of

Australian flat oyster sperm.
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8.1 Introduction

Harvest of wild fishery in the ocean has showndidieg trend in the last two decades,
but marine aquaculture is expanding to increaskeajleeafood supply. While
intensification of aquaculture systems is fillifgetgap in seafood production,
anthropogenic inputs and climate changes are imgagsiessure on the health and
sustainability of marine ecosystems. The activitfilter-feeding in marine bivalve
species can reduce sediment load and algal bloomvect primary production to
benthic secondary production, and increase systeduptivity, therefore aquaculture
of marine bivalve species is an alternative optmseustain marine resources (Welsh,
2003). Long term sustainability in aquaculture oharine bivalve species depends on
growth rates and disease resistance. The devela@mhbreeding programs to increase
growth rate and disease resistance would increaseetitiveness of a bivalve species
in aquaculture.

Spermcasting oysters are important aquacultureidaied globally, but very
limited progress has achieved in their breedingams to develop traits of aquaculture
need (Newkirk, 1986). One of the main obstaclesHerdevelopment of breeding
programs in spermcasting oysters is their unigpeodiuctive strategy of incubating
fertilized eggs and larvae inside the body cav@tymprehensive knowledge on
reproductive strategy is a fundamental requirerf@ndesigning a breeding program of
a species. Availability of complementary technigsesh as sperm quantification and
cryopreservation also contributes to breeding @ogr by providing opportunities for
controlled and/or off-season breeding. In additfmeservation of gametes from
superior broodstock and stocks with desired gemedkeups is important to protect the
breeding populations from epidemic disease andaladisaster, and to provide a
reference for evaluating cross-generation genetigress. Considering these aspects,

this thesis aims to increase the capacity andieffoy in breeding programs of
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spermcasting species by contributing new knowlédggpermcast spawning and by
developingechniques for sperm quantification and cryoprestgma of a spermcasting
bivalve species, the Australian flat oyst¥strea angasi. This discussion chapter
integrates the major findings of this thesis, idesd the knowledge advances, and

provides future research directions based on thdteeof this study.

8.2 Summary of major findings
1. The levels of masculinity in a flat oyster determine the functionality of male
gametes. Spermatogonia gradually aggregated in the goolédlés at the early
stages and became denser and more compactedaalvdneced stages. In
hermaphroditic flat oysters, the proportion of gdalavolume occupied by
spermatozeugmata ranged from only a few clusteatmost the entire gonad.
The functional properties of spermatozeugmata #feong individuals
according to their masculinity levels. Spermatoreata of a true male have
greater capacity to maintain spermatozeugmatarityeand sperm motility than
a hermaphrodite, and spermatozeugmata of a mal@&dted hermaphrodite
have greater capacity to maintain spermatozeugmigigrity and sperm

motility than a female-dominated hermaphrodite.

2. The spermcasting oyster has unique reproductive characteristicsin
gametogenesis, sex ratio and energy metabolism. The population of 2-3 years
old O. angas has a high percentage of hermaphrodites (46.7%jrates
(41.3%). During gametogenesis both male and fegeieetes matured at a
similar time in a hermaphroditic individual but thenad texture of partially
spawned individuals indicated that spermatozeugmata released before egg

ovulation.Glycogen was the main energy reserve for gametaggerandO.
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angas followed an intermediate strategy in energy meiabobetween

conservative and opportunistic species.

3. The method of spectrophotometry can reliably estimate sperm density in
spermcasting oysters. The peak of absorbance forangasi sperm occurred at
350 nm wavelength in spectrophotometry, and thefdreslicting model is
expressed as y = 1x¥& + 0.163, where x and y denote sperm conceniratio
(cells/ml) and absorbance, respectively. The mpdediction for sperm counts

agrees with the result from the haemacytometry ateth

4. Development of a new protocol using liquid nitrogen vapour to improve
spermsurvival. The inclusion of non-permeable cryoprotectanty wermeable
cryoprotectants improved sperm survival in bothgpaonmable computer-
controlled freezing and non-programmable liquidagen vapour freezing
methods. However, the method of liquid nitrogenatagfreezing produced
significantly higher survival of post-thaw spernatha computer-controlled
freezing.The new protocol for cryopreservation using liqoitftogen vapour
required that sperm equilibration in 15% ethyleheg + 0.2 M trehalose for
20 min, package in 0.25 ml straws, placement aamfrack of 8 cm above the

liquid nitrogen surface for 10 min, and plunge inamagely into liquid nitrogen.

8.3 Knowledge advance and study significance

8.3.1 Discovery of spermatozeugmata structure andifictional properties

Fertilization success of sessile species depentiseoimansfer of male gametes to the

body cavity of a female, and factors such as wiader, population density, and sperm

motility affect fertilization success (André & Liedarth, 1995; Bishop, 1998; Hodgson

et al., 2007). This study identifies the structanel functional properties of male
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gametes and their implications for successfullfeation of spermcasting species. The
male gametes in spermcasting species are clustesecapsule known as
spermatozeugma which is bounded by a gelatinoushmaara. In previous studies,
spermatozeugmata dimension and swimming pattera besn described (Foighil,
1989; Falese et al., 2011). But this study furtdbrances the existing knowledge of
spermatozeugmata biology by providing key informatbn the development of
spermatozeugmata in the early stage, sperm steygattern of spermatozeugmata
dissociation and gamete longevity. Interestindlys study discovered that the
spermcastin@. angas sperm has five mitochondria whereas other brodihcaspecies
have four mitochondria. Mitochondria supply enefgysperm movement, and an
additional mitochondrion may be used to supply nesrergy for spermatozeugmata
movement. The additional mitochondrion may be evmharily important towards

reproductive adaptation to support sperm swimmmngpermcasting species.

This study extended our understanding on the adroel between functional
properties of spermatozeugmata and the level otuohiagy in the spermcasting oyster.
A true male can maintain longer spermatozeugmaggity and sperm motility than a
hermaphroditic individual, and the male-dominatedmaphrodite can maintain longer
spermatozeugmata integrity and sperm motility ttmenfemale-dominated
hermaphrodite. This finding has important implioas in fertilization success of
spermcasting species. When brooders are far aparimnatozeugmata produced by
hermaphrodites would have a lower chance to feetdéiggs than those produced by pure

males.
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8.3.2 Gametogenesis, sex ratio and energy metabolis

The patterns of gametogenesis, sex ratio and emeetgbolism have important
implications in reproductive and physiological adjons in marine bivalves. The
proportion of gametes during gametogenesis in heghnaaliticO. angas varied from a
highly-skewed in one sex to equal proportions ithboale and female gametes. This
study identifies the developmental asynchrony olergametes and developmental
synchrony of female gametes during gametogenelses partially-spawned
hermaphrodite individuals also indicated the redeafsmale gametes prior to female
gamete ovulation. The differences in the time wind®tween spawning events of male
and female gametes is crucial to avoid self-fedtion in hermaphrodites.
Spermatozeugmata acquisition prior to egg ovulaisn ensures fertilization success.
Otherwise, the embryonic development may fail & thaternal adult ovulates eggs
before spermatozeugmata acquisition (Stewart-Sagtagle 2001).

Although oysters in the family Ostreidae are prdtanhermaphrodites, the sex
ratio varies among the broadcasting and spermgaspiacies. A very high proportion
of hermaphrodites (46.7%) in 2-3 years Gldangasi in this study confirms the pattern
of protandric reproduction in spermcasting oystéhge high percentage of
hermaphrodites in a spawning population could leaagptive advantage to maintain
population by using either the male or female fiomcturing fertilization.

Majority of marine bivalves follow a conservativteagegy of energy
metabolism by keeping energy in storage tissues ppigametogenesis (Darriba et al.,
2005; Li et al., 2006; Karray et al., 2015), but/fethers follow an opportunistic
strategy by providing energy for gametogenesisctliyérom consumed food (Ruiz et
al., 1992). This study provides new findings of h@wmarine bivalve species

metabolizes energy to support a long spawning @evith low caloric intake. I©.
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angasi living in a low productive habitat with a long spaing period, glycogen serves
as the main energy reserve for gametogenesis thmoggin can be an additional

source of energy reserve especially during theodesf low glycogen reserve.
Interestingly, this species displayed an interntedsérategy in energy metabolism
between conservative and opportunistic speciesalBscgametogenesis is a high
energy demanding process, neither the conservabivepportunistic strategy may be
sufficient to meet the energetic demand for loreyspng periods in a low food habitat.
Therefore, the intermediate energy metabolismesisats used as an adaptation to meet
the energetic demand of gametogenesis from botsuceed food and energy reserve in

the body.

8.3.3 Development of a spectrophotometric techniquer sperm quantification
Spectrophotometry can be applied to develop aivelgtsimple, cheap and fast
technique for sperm quantification, and has beg@hegpto fish and broadcasting
marine invertebrates. This study further extendsaibplication of spectrophotometry by
developing a regression model for sperm quantiboath spermcasting species. Due to
species specificity, the most suitable wavelengtigénerating a regression model was
found at the 400-nm wavelength in the Atlantic &eraand small bodied fishes (Tan et
al. 2010; Leclercq et al. 2014), 320 nm in the btuessel (Miguel and Beaumont,
2008), and 581 nm in the Pacific oyster (Dong €2@05). This study identified the
suitable wavelength of 350 nm fox angasi, and developed a regression model
accordingly. Absorbance of 30 samples can be oddawithin 10 sec on a 96-well plate
to calibrate sperm concentrations using the regnessodel y = 1x16 x + 0.163,

whereas 10-15 min is required to count sperm papiausing a haemacytometer. The
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spectrophotometric technique for sperm quantiftcatiould increase the efficiency for

a breeding program and cryopreservation in spenmngaspecies.

8.3.4 Development of new cryopreservation protocol

Sperm cryopreservation in oysters has developeddarly 50 years since the first
successful practice on Pacific oyster sperm (Lanh@wnl), but past research was
mainly focused on broadcasting species (Hassdn @045). The sensitivity of sperm
in cryopreservation of broadcasting and spermagsiecies are different due to
variations in spermatological property. This stadlyances the knowledge on
cryopreservation of spermcasting species by sysieatigt optimizing different steps
using various freezing approaches. By comparingngseirvival, this study provides
further evidence that liquid nitrogen vapour is thest effective option for
cryopreservation oD. angasi sperm. In addition, this study has advanced the
understanding that the inclusion of non-permeabjeprotectants with permeable
cryoprotectant improves sperm survival irrespectiVeezing methods. In previous
studies on spermcasting oysters, the survivalafateyopreserved sperm was relatively
low (Vitiello et al., 2011; Horvath et al., 2012his study improved sperm survival by
optimizing cryoprotectants, sample distance fromlitpuid nitrogen surface, holding
duration of sperm in liquid nitrogen and samplewwé. The new understanding of
cryopreservation provides advanced skills in crgtdgy research, and the new protocol
would increase the efficiency for future breedimgl genetic improvement programs in

spermcasting species.

8.4 Conclusions
This thesis studied the reproductive strategies ggermcasting species and developed

techniques for sperm quantification and cryoprest@mm. The outcomes of this research
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contribute to a better understanding on the ligédny of spermcasting species and

improvement of efficiency in breeding programsd$astainable aquaculture

development of spermcasting bivalves. The followimgjor conclusions are drawn

based on the research findings of my study:

1)

2)

3)

4)

5)

Sperm heads are clustered in a spermatozeugmspémm can become a free-
swimming individual after dissociation of the spatozeugma membrane. The
structural and functional properties of spermatgneata have significant
adaptations to enhance fertilization success imsg&sting species.

The difference in time window for releasing malel &#&male gametes in
hermaphroditic species could be a significant aatapt to avoid self-
fertilization. The time difference of gamete releasuld ensure acquisition of
functional spermatozeugmata by a maternal adukdogrfertilization.

The intermediate strategy of energy metabolismdoyiging energy from
reserved energy in body tissues and external erisrgyfood consumption
during gametogenesis has adaptive significanc®fangasi that experience a
long period of gamete production in a habitat atlv food supply.
Spectrophotometry is a rapid and reliable technfqueperm quantification and
can increase the efficiency of cryopreservatioa breeding program. The
regression model based Gnangas for sperm quantification should be
validated before applying to a new species.

Sperm of spermcasting oysters are more sensitigeygpreservation than
broadcasting oysters, but sperm injuries can becestiby mixing non-
permeable and permeable cryoprotectants. The ligitiogen vapour is a better
option than the programmable-controlled freezinghoeé in cryopreservation of

O. angasi sperm.
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8.5 Implication of the research results in aquaculire and breeding programs

Similar to other aquaculture species, long-terntess for aquaculture of spermcasting
species would largely depend on the developmebtedding programs. The
knowledge and techniques established in this thesigd assist the industry
development, especially in breeding and genetigavgment programs in the

following areas:

1) Spermatozeugmata of paternal adults with diffeneasculinity levels vary in
reproductive functionality. A non-invasive gonadangding technique is useful
to identify the masculinity level of a brood. Ircantrolled-breeding operation, a
higher fertilization rate can be achieved by uspgrmatozeugmata of pure
males than those of hermaphrodites.

2) Spermatozeugmata gradually lose motility and fumetlity in seawater,
therefore fertilization efficiency of spermatozewsmwill reduce over time.
Minimizing the physical distance between broodara breeding tank would
increase the chance of spermatozeugmata acquibifiammaternal adult.

3) The Australian flat oyster has natural spawninggaefrom May to December
in South Australia, therefore breeding programshmimplemented over an
extended period to meet the demand of spat suppdydwers.

4) The spectrophotometric technique could be usedderm quantification in
complex breeding programs to increase the effigiefdreeding programs.

5) Genetic uniformity of inbred lines is an ideal apgech for genetic mapping. As
spermcasting oysters can change sex over timefesglization can be achieved

by using cryopreserved sperm to fertilise egghefdame individual.
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6) Cryopreservation provides a continuous gamete gdpmh the same

individual. This would allow backward selection as@mparison of genetic gain

across multiple generations.

8.6 Future research directions

This research has explored some important aspesfmwning strategies in

spermcasting species, and developed techniguspéom quantification and

cryopreservation. However, some questions remastanding as they are beyond the

scope of this study and need further researchyadimag):

1)

2)

3)

4)

As the technique for artificial fertilization is havailable in spermcasting
species, | was unable to directly compare egdiftion success using
spermatozeugmata obtained directly from the gondd@m cryopreservation
during the course of this PhD study. Future reseshould be directed to
compare the fertilization efficiency between fregterm and those from
cryopreservation in spermcasting bivalves.

Manipulative experiments in temperatures, food sy@ge group and brooder
density would add further understanding of repraéidacsuccess in spermcasting
oysters.

Since spermcasting species has a varying degfeermiaphrodites from a
highly-skewed single sex to equal proportions ithtsexes, there is a need to
test the role of sex transition in hermaphroditidividuals to further improve
our understanding on their reproductive biology.

Spermcasting oysters incubate fertilized eggs andeé inside the maternal
body cavity, and this is one of the main obstatdamake a breakthrough in
breeding programs. A new technique is highly neg¢dedcubate fertilized eggs

or early larval stages in the ambient environmBetent research has suggested
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the conditions required for larval incubation iresitie shell cavity (Mardones-
Toledo et al., 2015; Andrade-Villagran et al., 20&nd these findings could
provide a starting point to further explore thegb#ity of incubation of eggs
and larvae outside the female oyster.

5) The survival rate of cryopreserved sperm in spestittg oysters is lower than
broadcasting oysters and other aquatic speciesteHsens of low sperm
survival are not yet known. Future research is argad to unveil the causes of
extra sensitivity and to improve survival of cryeperved sperm.
Supplementations of sugars, amino acids and vimmith cryoprotectants have
improved sperm survival in livestock (Memon et 2013), fish (Cabrita et al.,
2011) and other bivalves (Liu et al., 2014), thereffuture research should
consider integrating these approaches in spermgasyister species.

6) The use of computer assisted sperm analysis to&eshdditional variables
such as sperm movement velocity and ATP activitypierm cryopreservation

should be applied in future research on spermcaashvie species.

8.7 References

Andrade-Villagran, P. V., Chaparro, O. R., PardoVL, Paredes-Molina, F. J., &
Thompson, R. J. (2017). Embryo brooding and itsatfon feeding in the
bivalve Gaimardia bahamondei Osorio & Arnaud, 1984. Helgoland Marine
Research, 70, 1-9.

André, C., & Lindegarth, M. (1995). Fertilizatioffieiency and gamete viability of a

sessile, free-spawning bivalv@erastoderma edule. Ophelia, 43, 215-227.

214 |Page



Chapter 8: General discussion and Conclusion

Bishop, J. D. D. (1998). Fertilization in the saee the hazards of broadcast spawning
avoided when free—spawned sperm fertilize retaggggb? Proceedings of the
Royal Society of London B: Biological Sciences, 2685-731.

Cabrita, E., Ma, S., Diogo, P., Martinez-ParampS&rasquete, C., & Dinis, M. T.
(2011). The influence of certain aminoacids andnaihs on post-thaw fish
sperm motility, viability and DNA fragmentation. Anal Reproduction
Science, 125, 189-195.

Darriba, S., San Juan, F., & Guerra, A. (2005).rgynstorage and utilization in relation
to the reproductive cycle in the razor cl&msis arcuatus (Jeffreys, 1865). ICES
Journal of Marine Science, 62, 886-896.

Dong, Q., Eudeline, B., Huang, C., & Tiersch, T(®05). Standardization of
photometric measurement of sperm concentration tioid and tetraploid
Pacific oystersCrassostrea gigas (Thunberg). Aquaculture Research, 36, 86-93.

Falese, L. E., Russell, M. P., & Dollahon, N. R012). Spermcasting of
spermatozeugmata by the bival\gricola confusa andN. tantilla.

Invertebrate Biology, 130, 334-343.

Foighil, D. O. (1989). Role of spermatozeugmatthsspawning ecology of the
brooding oysteOstrea edulis. Gamete Research, 24, 219-228.

Hassan, M. M., Qin, J. G., & Li, X. (2015). Spernyapreservation in oysters: a review
of its current status and potentials for futurel@pgion in aquaculture.
Aquaculture, 438, 24-32.

Hodgson, A. N., Le Quesne, W. J., Hawkins, S. Bighop, J. D. (2007). Factors
affecting fertilization success in two species affgllid limpet (Mollusca:
Gastropoda) and development of fertilization kicetnodels. Marine Biology,

150, 415-426.

215|Page



Chapter 8: General discussion and Conclusion

Horvath, A., Bubalo, A.Cugevi¢, A., Bartulovt, V., Kotrik, L., Urbanyi, B., &
Glamuzina, B. (2012). Cryopreservation of sperm laneae of the European
flat oyster QOstrea edulis). Journal of Applied Ichthyology, 28, 948-951.

Karray, S., Smaoui-Damak, W., Rebai, T., & Hamzaih, A. (2015). The
reproductive cycle, condition index, and glycogeserves of the cockles
Cerastoderma glaucum from the Gulf of Gabés (Tunisia). Environmental
Science and Pollution Research, 22, 17317-17329.

Lannan, J. E. (1971). Experimental self-fertilipatiof the Pacific oysteCrassostrea
gigas, utilizing cryopreserved sperm. Genetics, 68, 599.

Leclercq, E., Antoni, L., Bardon-Albaret, A., Anden, C. R., Somerset, C. R., &
Saillant, E. A. (2014). Spectrophotometric detefation of sperm concentration
and short-term cold-storage of sperm in AtlantwagerMicropogonias
undulatus L. broodstock. Aquaculture Research, 45, 1283-1294.

Li, Q., Liu, W., Shirasu, K., Chen, W., & Jiang,(8006). Reproductive cycle and
biochemical composition of the Zhe oys@assostrea plicatula Gmelin in an
eastern coastal bay of China. Aquaculture, 261,752

Liu, Y., Li, X., Xu, T., Robinson, N., & Qin, J. (@4). Improvement in non-
programmable sperm cryopreservation techniquermdd greenlip abalone
Haliotis laevigata. Aquaculture, 434, 362-366.

Mardones-Toledo, D. A., Montory, J. A., Joyce, fhompson, R. J., Diederich, C. M.,
Pechenik, J. A., Mardones, M. L., & Chaparro, O(R15). Brooding in the
Chilean oysteOstrea chilensis: unexpected complexity in the movements of
brooded offspring within the mantle cavity. PloSph0, €0122859.

Memon, A. A., Wahid, H., Rosnina, Y., Goh, Y. Mhighimi, M., & Nadia, F. M.

(2013). Effect of ascorbic acid concentrations,huds of cooling and freezing

216 |Page



Chapter 8: General discussion and Conclusion

on Boer goat semen cryopreservation. Reproduatidomestic Animals, 48,
325-330.

Miguel, A., & Beaumont, A. R. (2008). Sperm concahbn in the musseé¥ytilus
edulis L.: a spectrophotometric measurement protocol.a&gliure
International, 16, 573-580.

Newkirk, G. F. (1986). Controlled mating of the Bpean oysteQstrea edulis.
Aquaculture, 57, 111-116.

Ruiz, C., Martinez, D., Mosquera, G., Abad, M., &8hez, J. L. (1992). Seasonal
variations in condition, reproductive activity abi@chemical composition of the
flat oyster,Ostrea edulis, from San Cibran (Galicia, Spain). Marine Biology,
112, 67-74.

Stewart-Savage, J., Phillippi, A., & Yund, P. O0Q2). Delayed insemination results in
embryo mortality in a brooding ascidian. The Biotad Bulletin, 201, 52-58.

Tan, E., Yang, H., & Tiersch, T. R. (2010). Detemation of sperm concentration for
small-bodied biomedical model fishes by use of nspectrophotometry.
Zebrafish, 7, 233-240.

Vitiello, V., Carlino, P. A., Del Prete, F., Langmti, A. L., & Sansone, G. (2011).
Effects of cooling and freezing on the motility©@$trea edulis (L., 1758)
spermatozoa after thawing. Cryobiology, 63(2), 128-

Welsh, D. T. (2003). It's a dirty job but someotes ko do it: the role of marine benthic
macrofauna in organic matter turnover and nutnieaycling to the water

column. Chemistry and Ecology, 19, 321-342.

217 |Page



