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Glossary

This glossary contains less common biological tetms also common terms, which
are used throughout the thesis to interpret aquaati function or a morphological
character.

acinus —singularAcini- a small saclike dilatation in ovaries comiiag eggs

acrosome- A caplike structure at the anterior end of arsyaozoon that produces
enzymes aiding in egg penetration.

ciliary tracts - the respiratory tra¢hat sweep in unison and help to sweep away
fluids and patrticles.

ctenidia - A gill like structure, a respiratory apparatdisaonollusc.

denticulated- Finely toothed or notched, its use in the theste describe the shell
margin.

dissoconch- juvenile bivalve shell

euchetorr a small area on the shell near the umbo in thpesiof the shield or a key
hole like eucheton.

median carinae- Median carinae is a prominent featureloigonia andEotrigonia
specimens and it separates flank with radialailsay from an area with
parallel costae. In case BEotrigoniathis line is not as obvious, but it is
present separating area from the flank.

metamorphic line- a shell feature delimitating prodissoconch frassdconch

micropyle - a very small opening in the vitelline layeranf oocyte

oogonia- A cell that arises from a primordial germ c@lfqtogonia) and
differentiates into an oocyte in the ovary.

palps- an elongated, often segmented appendage usaalgnear the mouth in
invertebrate organisms such as molluscs.

prodissoconch— prejuvenile bivalve shell.

protogonia- a primordial germ cell of an oocyte.

spinous pertaining to or like a spine, in the thesisitised to describe shell rib
ornamentation.

synonymisation the act of identifying two known species to derntical and
therefore synonyms.

vitelogenesis process of yolk formation in an developing egg.
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Abstract

This research investigates the evolution NEotrigonia species (Bivalvia:
Palaeoheterodonta), the remaining extant genushef Trrigonioida, a group of
bivalves endemic to Australian waters. The intenthes research was to review the
current systematics, investigate phylogeny and q@edgraphy of the genus, and
advance scientific knowledge in regard to the preseof doubly uniparental
inheritance iMNeotrigonig as well as to address some aspects of reprodusttiategy
and outline the process of oogenesis. The reselaashresulted in a thesis in
manuscript format, where Chapter 1 is a generebdliiction to the thesis as a whole,
Chapters 2-5 inclusive are research manuscriptsCéiapter 6 is a general discussion
of the completed research.

In chapter 2, the type material of all of the seestant, nominal species of
NeotrigoniaCossman 1912 are reviewed and illustratesed on available museum
specimens and fresh collections. The type localdied currently-known distributions
for each extant species are included. A cladishalysis was performed using
morphological characters deotrigoniaspecies living and fossil, usirigotrigonia
subundulataand Trigonia mirianaas an outgroup. Results from parsimony analysis
show that allNeotrigoniaform a monophyletic clade, in which living and $ds
Neotrigonia form reciprocally monophyletic sub-groups. The cgg status of
Neotrigonia bednalli Verco 1907, is revised based on examination lo&wilable
types, museum specimens and a relatively large auoflnewly-collected specimens
from southern Australian waters. This assessmeaggesis thalN. bednalliis a junior
synonym ofN. margaritacea Species status is accepted forgemmaN. lamarckii,

N. uniophora, N. strangeand N. kaiyomaruae However, reclassification oN.
strangei specimens from Western Australia & margaritaceawould revise the
previously disjunct distribution of this species daonarrower range in NSW. This
chapter demonstrates the limitations in relyingsbell morphology only for species
classification in théNeotrigonia

The contemporary knowledge of ocean currents, tesyes, and geological
and climatic history across southern Australianemnsatepresents a useful framework
for phylogeographical analyses. There are alreadyraber of studies that show
coincident distribution patterns within some maringertebrate groups across the
Maugean, Flindersian and Peronian marine province€hapter 3, | examine the

genetic structure of Neotrigonia margaritacea and Neotrigonia lamarckii
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Phylogenetic analyses based on COIl and ITS gengeseg data reveals a split
between southern AustraliaNeotrigonia margaritaceaand eastern Queensland
Neotrigonia lamarckii.The molecular analyses confirmed my synonymisatibi.
bednalli to N. margaritacea Population genetic analyses of tlideotrigonia
margaritaceaCOl gene, in four different populations locatedtiteds of kilometres
apart, revealed insight into genealogical pathwaysongst haplotypes. These
networks showed that there was no shared haplogmesg populations and most
populations were significantly far from panmixidherhighest haplotype diversity was
recorded from the Port Lincoln (South Australiapplation. Haplotype variations
across the range are discussed in terms of estrpafaulation sizes and geographical
barriers.

Several species of bivalves have been reportedate two mitochondrial
DNA types, maternal and paternal. This system dM& inheritance is known as
doubly uniparental inheritance (DUI). In Chapter the presence of the DUI
phenomenon inNeotrigonia margaritaceais investigated within a phylogenetic
framework for Paleoheterodonta, using COIl and 1IBSA molecular data. Results
indicate the presence of DUI heotrigonia margaritaceand provide evidence for a
masculinization event within this taxon. This pheemon has so far been identified
in six superfamilies of bivalves, so the new recofddUIl in N. margaritaceawas
incorporated into a phylogenetic tree addressimgairestion of a single or multiple
origins of DUI in Bivalvia. Parsimony transformat® indicate that DUI is likely to
be the ancestral state for all Bivalvia.

In Chapter 5, the ultrastructural stages of fengalemetogenesis are described
for Neotrigonia margaritaceaThe morphology of oocytes and gonad tissue are
described for the first time using electron micagse and histology techniques.
Throughout the summer period, the ovary contairgy/t@s in various developmental
stages. Oocytes develop from oogonia derived freatogonia and then undergo
three distinct stages of oogenesis: previtellogenesvitellogenesis; and
postvitellogenesis (or presence of mature oocyBm3ed on gonad tissue and oocyte
morphology, and as well as laboratory observatigns inferred thatNeotrigonia
margaritaceais sequentially tachitictic, thus a trickle (contous) spawner over an
extended summer season.

In conclusion the museum collectionsMdotrigoniaand current systematics

have provided valuable information on classificatiand distribution of this relic
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bivalve genus. Morphological analysis has enabledirpinary synonymisation of
species to establish species distributions. Thelteefom molecular data confirmed
aspects of phylogeny and revealed phylogeographiactare of Neotrigonia
margaritacea in Southern Australian waters. The new moleculaformation
regarding the presence of DUI and novel insight irgproductive strategies further
our understanding of the evolutionary affinities NEotrigonia Based on the
integration of these multidisciplinary results cenation assessment is suggested for

Neotrigonia margaritacea
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Chapter 1 General Introduction

General Introduction

Neotrigoniarepresents a relict lineage of the bivalve ordégdrrioida. The
marine Trigonioida is the sister taxon to the freater Unionoida, and together they
form the monophyletic subclass Palaeoheterodontédb@Eand Wheeler, 2002;
Giribet, 2008) (Fig. 1.1). The evolutionary affies of the Trigonioida have been a
contentious subject for over a hundred years amde@ntral to an understanding of
bivalve mollusc character evolution (Cox, 1960; M#n1969; Morton, 1987; Healy,
1989). However this genus remains largely understijédisNeotrigoniaare rare
organisms, endemic to Australian continental sialiers (Stanley, 1984). This
introduction provides a review of all literature Reotrigonia More specifically it
provides information on the phylogenetic positidriNeotrigoniawithin Bivalvia in
the broader context of current methods used inqgeny, phylogeography and
systematics. The relevant background informatigerasided for upcoming research
chapters addressing; number of extdabtrigoniaspecies, their phylogeography in
Southern Australia; discovery of doubly unipareimalkeritance withirNeotrigonia
and aspects of their reproduction, in particulayetesis.

A systematic revision of the South Australian Cawio Trigoniidae by
Darragh (1986) suggested tiNgotrigoniaevolved fromEotrigoniain the Oligocene
or early Miocene, whil€&otrigoniaevolved fromTrigoniaspp. in the late Cretaceous
or early Tertiary. This fossil record is consistemtrid-wide, as fossils have been
found in America, France, Tanzania, Morocco, Payea Guinea and Australia
(Cox, 1969; Stanley, 1984). The history of AustamliTrigoniidae during the last 60
million years is reasonably well documented inTeetiary sediments of Victoria,
South Australia and Tasmania (Fleming, 1964; Skoat®66; Cox1969)

It appears, thaEotrigoniapersisted with quite stable shell ornamentation fo
40 million years, then gave riseN®otrigoniain less than 5 million years; the
descendent genus has remained remarkably stakdédot 15 million years.
Therefore, according to Simpson (1953), evohiugrigoniagave rise to
Neotrigonia.Unfortunately this phase is poorly preserved @ftissil record and is
therefore difficult to interpret (Fleming, 1964)otever in South Australian fossil
deposits, two trigoniid fossil geneEatrigoniaandNeotrigoniaco-occur (Cox, 1952;
Fleming, 1964; Darragh, 1986). Further to thisgtrking difference in surface

ornamentation between the two supposedly succegsips has given rise to some
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Chapter 1 General Introduction

doubts (Saveliev, 1958) as to whether they aradhds closely related as their
distribution in time and space suggests. So rdttar interpretindeotrigoniaas an
ancestor tdNeotrigonig their relationship is better describedeadrigoniabeing
paraphyletic with respect tdeotrigonia This explanation is more acceptable and less
speculative, since there is no intermediate mogaical link between the two genera
(Darragh, 1986).

The morphology, functional biology and fossil histof Trigonioidea has
been well documented in recent studies by Goul@9),950uld and Jones (1974),
Newell and Boyd (1975), Tevesz (1975), Stanley {39Darragh (1986) and Morton
(1987). Newell (1965, 1969) established Trigoniidaea family for the genus
Neotrigonia,Cossman (1912). This genus contains six livingfand fossil species
according to Newell (1965, 1969), Newell and BoY675), Tevesz (1975), Stanley
(1977), Morton (1987) and Darragh (1986). Howelemprell and Whitehead
(1992) represented seven living species basedeinrttorphological characters and
distributions, which is restricted to Australiantess. The seven species are:
Neotrigonia margaritaceglLamarck, 1804)Neotrigonia bednall(Verco,1907);
Neotrigonia lamarcki(Gray, 1838)Neotrigonia gemmdredale, 1924Neotrigonia
uniophora(Gray, 1847)Neotrigonia strange{Adams, 1854); anNeotrigonia
kaiyomaruaeHabe and Nomoto, 1976. This publication providesahly plate where
all seven species are illustrated together, unfatiely those shells are depicted in an
inverted position (Fig. 1.2) (Lamprell and Whitede&992) Neotrigoniafossil
species were reviewed in Darragh (1986) andNeetrigonia acuticostat@vicCoy,
1866);Neotrigonia howittiMcCoy, 1875)Neotrigonia novaguinean&kwarko
1967 and\eotrigonia mediponteRBarragh, 1986. Some of extant forms, Ne.
margaritacea, N. uniophorandN. strangei have been positively identified in the
fossil record as well as extant collections (DahntekP86).

Bivalve systematics and taxonomy have been predartiinbased on
morphological characters until recently when molacdata have been included.
Morphological studies on neotrigonids have beemrdas an array of different
anatomical, embryological and structural characténg only neotrigonid that has
been subject to extensive morphological study.imargaritacegTevesz, 1975;
Morton, 1987; Healy, 1996) and to a lesser extdiN.emmgHealy, 1996). Hence
it is critical to investigate other species becabsewill lead to more information on

general morphology, function and the importance tarphology plays in



Chapter 1 General Introduction

evolutionary relationships within this genus. Thiegent study will further investigate
evidence for species status based on museum emfiecimorphological characters
and molecular evidence, where possible for bothkilfasd living species of
Neotrigonia

Phylogeny

Two contrasting phylogenies based on morphologhehigher-level
relationships within the Bivalvia have been progblkg Salvini-Plawen and Steiner
(1996) and Waller (1990). The major point of dissgment between the two
phylogenies is the placement of the Trigonioidae Balvini-Plawen and Steiner
(1996) hypothesis indicates that trigonioids aresihatosely related to pterimorph
bivalves, with the Veneroida being the sister grtmfhe Unionoida. Their proposed
sister-taxon relationship for trigonioid and pteoiph bivalves was supported by the
shared presence of byssate larvae and abdomirssd segans in these taxa (Slavini-
Plawen and Steiner, 1996). This information wageed from studies by Purchon
(1957, 1960, 1968), who singled out three imporfaats from the anatomy of
Neotrigonia 1) the style sac and the mid gut are conjoingth@ rectum traverses
the ventricle of the heart; and 3) the stomacth&acterized by the concentration of
ducts to the digestive diverticula into three laegebayments, and has a reduced
caecum, with a poorly developed tongue, but wellettgped dorsal hood for food
sorting. On the basis of these structural featiraschon (1957) considered the
stomach oNeotrigoniato most resemble those of representatives of imédae,
Pectinidae and Anomiidae (Pteriomorphia). Likewkstseneer (1906, 1911) and
White (1942) consideredeotrigoniato closely relate to Arcidae (Pteriomorphia)
based on the kidney structure. This hypothesislatas supported by phylogeny
based on molecular data (Adamkewatzl.,1997).

Alternatively, Waller (1990) hypothesized that tngoids are most closely
related to the Unionoidea, and these together fbesub-class Palaeoheterodonta.
This was earlier proposed by Newell (1965, 1969) @ox (1969) who established
the order Trigonioida as belonging to the subcRaseoheterodonta, and is
represented by the single superfamily Trigonioiddee consistent phylogenetic
closeness in morphology within the Palaeoheter@@stablished by Waller (1990),
is based upon similarities in shell structure (dagt al. 1969, 1973; Tevesz and

Carter1980), gill speculation (Taylet al. 1969, 1973), sperm morphology (Popham,
3



Chapter 1 General Introduction

1979; Healy, 1989) and gill cilia patterns (Ridewph903; Pleseneer, 1911; Atkins,
1938; Tevesz, 1975; Morton, 1987). Representat¥dise single extant genus
Neotrigoniahave a mixture of seemingly primitive featureghsas filibranchctenidia
(Fig. 1.3) lack of posterior mantle fusion and nacreous sh{€lbx, 1960; Morton,
1987; Allen, 1985), with other derived features;tsas a multi-vesicular sperm
acrosome (Healy, 1989). This classification isunutersally accepted (Morton,
1987), but is supported by shell (Newell and Bdy@i75) and sperm ultrastructural
characters (Healy, 1996). The hypothesis of W&llee0) based on morphological
data was later supported by the molecular sequaaieeby Hoelet al.,(1998). Hoeh
et al.,(1998) was the first study to include molecularadatr Trigonioida showing
that this marine group is the sister taxon to theHwater unionids, together
comprising Palaeoheterodonta. The study by Hxeth., (1998), based on sequences
of the mitochondrial cytochromezoxidase subunit | (COI) from 14 species of
bivalves, monophyly of Autolamellibranchiata, Myiidla, Veneroida, Unionoida and
Palaeoheterodonta was supported, although monophyyalves was not
supported.

The classification proposed by Waller (1990, 19883 also largely supported
by Giribet and Wheeler (2002) with a few notablardes. The research by Giribet
and Wheeler (2002) combined molecular and morphcdbgdata for the first time for
many bivalves, includingleotrigonia margaritacealt is appropriate to combine
molecular and morphological datasets if they aradgeneous with respect to
phyletic indications, but not to combine data wites heterogeneous (But al,
1993). Importantly, the decision to combine or ominbine data sets relies heavily on
the statistical procedure selected to evaluate tgteeity (Bullet al, 1993;
Huelsenbeclet al.,1996) and furthermore on availability of multiplatd sets across
specific groups of organisms. An approach knowtots evidence (Kluge, 1989)
combines a series of different kinds of data sethat they can be analysed
simultaneously. In contrast to consensus (taxona@omngruence), where mutual
confirmation of the independent lines of eviderectaken as giving the strongest
possible support, total evidence (character comgejerelies on the principle that all
available evidence is considered concurrently (Late@t al. 1999). Therefore under
the taxonomic-congruence approach the data argsmubseparately before trees are
combined to form phylogenies. For all these reasbisbest to employ both total

evidence and consensus approaches in obtainingagihylogenies. In the
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phylogenetic analysis based on the total evideppeoach by Giribet and Wheeler
(2002), monophyly of Palaeoheterodonta was confirrttas finding is consistent
with that of Graf and O’Foighil (2000) based on ptwlogy. The same study by
Giribet and Wheeler (2002) confirms the monophylfivalvia (Fig. 1.1). Therefore
the current research will be performed within fhiiylogenetic framework.

In this research data will be combined under pasayranalysis only when
separate datasets do not show highly-supportedagipal differences and as long as
inappropriate data (e.g. saturated transitionkerthird codon position) are removed
from the data set (Hoedt al.,1998). Combined datasets will be analyzed under
Bayesian analysis where data are partitioned dfeteit models of sequence

evolution can be applied to each partition (Ha20l02).

Phylogeography

Phylogeography is a field of study concerned whi pprinciples and processes
governing the geographical distributions of gengialal lineages, especially those at
the intraspecific level (Aviset al.,1987). The term was formulated by Avisieal,
(1987) and its use in the evolutionary genetiesditure has grown exponentially
since then. Well-resolved phylogenies form an dgoeframework for investigating
phylogeography, by incorporating information on faest environmental conditions
that might have influenced character evolutionsTifipossible by investigating the
historical biogeography of the group of interesd amapping the present-day
distributions of the taxa or characters on a phgtmgic tree and tracing the change.
Data from the geological literature, such as canttal drift, climatic circumstances
and/or changes in sea level (Veevers, 1984; DerQue2005) may provide
approximate times of divergence. This enables ssisrto formulate hypotheses in
regard to divergence observed in a phylogenet& ared to postulate whether
sympatric or allopatric speciation processes mas iaken place. Present-day
distributions of several marine invertebrate tax&outh Australia show distinct
patterns correlated with historical environmentamges (Waters and Roy, 2004;
Waterset al, 2004). Therefore, investigating the phylogeogyapiiNeotrigoniais of
interest considering the rich history of this taxon

The genetic structuring of a population of orgarssand ultimately the
establishment of independent evolutionary lineagestrongly influenced by the

pattern of genetic exchange (gene flow) within bativeen populations (Avisat al.,
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1987). Genetic variation is structured, not onlytie contemporary forces of genetic
exchange, but also by historical patterns of retethip (Aviseet al, 1987). For a
given level of current genetic exchange, populatioaving recent common ancestry
will be genetically more similar than those havingre distant common ancestry
(Aviseet al, 1987; Avise, 2000). Ultimately, if genetic exalge between two
populations or species ceases altogether, theedkhammon ancestry will be the
sole determinant of any genetic similarity betwdem. Therefore, historical
relationships will contribute in some measure ®dlnetic structure of all species.

Within species, genetic exchange rather than istiorelationship has
traditionally been emphasized as the determinagenétic structure. Classical
models for describing this structure (e=gstatistics, Wright, 1951) do not distinguish
historical effects from recurrent processes. Edeiaf gene flow (Nm) derived from
these models assume that current population steugflects an equilibrium between
genetic drift and gene flow (Templetehal.1995; Templeton, 1998). In many
groups genetic exchange across the species rangedrely restricted, either by the
wide geographical distribution of populations orlioyited ability to disperse (Avise,
2000). In these cases historical events such matti and habitat changes and
population bottlenecks will be strong determinasftpopulation genetic structure (De
Queiroz, 2005). The observed genetic similaritydaein such populations owes more
to recent common ancestry than to any ongoing geoogegenetic exchange (Avise,
1994).

In this study haplotype networks will be usedbserve genetic differences
and determine relationships within and between [adjouns ofNeotrigonia With
haplotype networks, genes are grouped by theilaitnes and haplotype classes.
Whereas traditional methods often lack the poweesolve intraspecific
relationships, such network approaches offer amoggpjate representation of the
haplotype relationships, including extinct or ungéed haplotype variants (Posada
and Crandal, 2001). The advantage of haplotypear&snover strictly bifurcating
trees for estimating within-species relationship#hat, networks can account
effectively for processes acting at the specieslland they might be able to
incorporate predictions from population genetieotty (Posada and Crandal, 2001;
Knowles and Maddison, 2002). Most network methadsdsstance methods, with the
common idea of minimizing the distances or numlienatations among haplotypes

(Posada and Crandal, 2001). Therefore in this res¢ao parsimony-based software
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packages will be implemented: TCS (Clemeinal.,2000), which is used to construct
statistical parsimony networks to provide represgons of gene genealogies at the
population level (Templetoet al.,1992); and ARLEQUIN 2.0 (Schneider al,

2000) program, which implements the maximum likedil method, to estimate
haplotype frequency (Nei, 1987). This result wél & novel contribution to
phylogeography research in Southern AustralidNestrigoniahave not previously

been sampled and analysed at the population level.

Doubly Uniparental Inheritance

A further complication that must be considered wimsestigating
Neotrigoniaphylogeny and phylogeography using mitochondreades is the
phenomenon of doubly uniparental inheritance (DddintDNA. DUI is a unique
mode of inheritance where two types of mitochonddisA exist; one is transmitted
via the egg to males and females and the othespgam to males only (Zoures al.,
1994a). This phenomenon has been reported in gahal taxa to date: Unionoida,
Veneroida, Mytiloida, Margaritiferidae, Hyriidaené Donacidae (Skibinskt al.,
1994a, 1994b; Zourcet al.,1994a, 1994b; Liet al.,1996; Hoelet al.,1996;
Passamonti and Scali, 2001; Curole and Kocher,;20068het al.,2002; Serb and
Lydeard, 2003; Passamonti, 2007; Theologadial.,2008) and it is suspected to
occur inNeotrigonia(Hoehet al. 1996).

In species with DUI, two types of mtDNA exist. Otype of mtDNA is
transmitted via the eggs to both female and mdpohg. This mtDNA is known as
maternal or type F genome. Due to uniparental itdrere, the other type of mtDNA
is transmitted via the sperm only to the male affgp and is known as the paternal
or type M genome (Zouros, 2000). The males are lteteroplasmic, where the type
F genome predominates in the somatic tissue anil tiype is restricted to the
gonads (Stewasdt al.,1995; Sutherlandt al.,1998).

Phylogenetic analyses have revealed another unaspatt of marine mussel
genetics, where fidelity of DUI is sometimes compiged. Some males seem to lack
a typical M genome (Hoeét al, 1997; Quesadet al.,1999), and F genomes seem to
invade the male route of inheritance such that empme transmitted from
generation to generation only through sperm (Zqu2660, Saavedret al.,1997).

This mode of inheritance has been referred to as¢minisation’ or ‘role reversal
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event’. The F genomes that have replaced the Mrgerave referred to as recently
masculinized M types (Hoetdt al, 1997; Quesadet al.,1999).

Hoehet al.,(2002) reported that the DUI characteristics olesein unionoid
bivalves could resemble the DUI ancestral condjteord, given the basal position of
unionoid bivalves and their sister relationshipN&otrigonia,then its existence or not
within Neotrigoniamay have an impact on interpretation of the or@iDUI. It is
essential to work within stable phylogeny, suclth&sone recovered by Giribet and
Wheeler (2002), when exploring the origin of doubhyparental phenomenon within
the Palaeoheterodonta and the whole of the BivalZiansequently, the phylogeny
recovered by Giribet and Wheeler (2002) (Fig. Wil be used here to trace the

origin of DUI within the Bivalvia.

Aspects of Reproduction

Neotrigoniaare dioecious (Morton, 1987) but the Trigoniidagroeluctive
cycle is otherwise uncertain, although a numbexutiors (Tevesz, 1975; Healy,
1996; Prezant, 1998; O’Foighil and Graf, 2000) hpublished information on pre-
juvenile ontogeny, veliger larvae development, spsiructure, egg size and external
fertilization. Unfortunately only two species haween studied so fa.
margaritaceaandN. gemmgHealy, 1996; O’Foighil and Graf, 2008hd the process
of oogenesis is not detailed for either of thesscEs.

According to Ockelmann (1965) and O’Foighil and 1G¢(a000), the
prejuvenile shell (prodissoconch) morphologyN&otrigonia margaritaces
suggestive of early development. The prodissocolsipecies in which obligate
planktotrophy fuels larval development is charazegt by the presence of an
umbonate hinge line with a well-developed prodissat (Ockelmann, 1965;
O’Foighil and Graf 2000). Absence of these lanralscharacters excludes the
possibility of larval planktotrophy, although somaga with a non-umbonate
prodissoconch may be facultative planktotrophs §@tal, 1997). The
prodissoconch morphology df. margaritaceashows a distinct metamorphic line
between the prodissoconch and the juvenile shetlodionch (O’Foighil and Graf,
2000) (Fig. 1.4). According to O’Foighil and Gr&000), prismatonacreous fine
sculpture is evident in the dissoconch, while vierg radial and comarginal striae can
be distinguished in the prodissoconch. Consequghikyinformation suggests thidt

margaritaceais highly unlikely to have an obligate planktothoplarval development
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(O’Foighil and Graf, 2000). Furthermore, the abitif N. margaritaceao form a
calcified bivalve prejuvenile shell suggests tlmat hon-calcified lasidium/haustorium
larvae found in a subset of freshwater palaeohdterts (Parodiz and Bonetto, 1963)
are likely to represent derived character statesngnthe Unionoidea (O’Foighil and
Graf, 2000).

Healy (1996) described the spermatozoBl ofnargaritacealt consists of a
thin acrosomal complex, a short nucleolus, a mopmmposed of 4 or 5
mitochondria and two centrioles positioned at thgebof the nucleus and the single
flagellum (Fig. 1.5). In the same study it was otsed that the proacrosomal vesicles
of N. margaritaceaare larger than those bf bednalli(Healy, 1996)although age or
sample size were not reported, making this featnpertain as a reliable taxonomic
character (Healy, 1996). Nevertheless the studynestthe presence of multiple,
unfused proacrosomal vesicles in mature spermatoizdbagonioida and Unionoidea
as a valuable synapomorphy and thus a derivedréetduthe Palaeoheterodonta
(Healy, 1989,1996).

According to Tevesz (1975) based on findings\oigemmait is assumed that
neotrigonids have large, white, irregularly- shapedytes, which are produced in the
visceral mass gonad, near the umbo. Tevesz (19thbilascribed the process of
external fertilization where oocytes are extruded the mantle cavity through two
oviducts opening posterior to the visceral mass, gbbove the gills. Prior to ejection
they travel on ciliary tracts to the posterior yahpart of the mantle cavity. However,
oocyte ultrastructure and oogenesis have not beered. This research will address
the ultrastructural stages of female gametogemae®s margaritaceaand endeavour
to interpret timing of reproductive activity and deof spawning.
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Aims and Scope of the Thesis

The aim of this research was to enhance generatlkdge regarding the
evolutionary affinities oNeotrigoniaspecies. The first objective was to establish the
number of species belonging to the gerusecond objective was to develop a
phylogeny, which would inform species delimitatemd phylogeography. The third
objective was to investigate the presence of DoUlmiyparental Inheritance within
Neotrigonia The fourth objective was to determine the procés®genesis.

Each results chapter is presented in manuscriptdbas would be suitable for
submission to biological journals. The consequeidhis approach is that whilst
ideas are communicated in a more concise manregg th some repetition between
chapters.

Chapter 2 is a taxonomic revisionéotrigonia In this chapter | investigate
the species status for the seven extant speciegmised by Lamprell and Whitehead
(1992), based on live collected specimens, spedr(etant and fossil) deposited in
museum collections and all available types. | alsempt to establish the current
number of species using morphological charactéestand thus verify species status
and the geographic distribution of this genus.

Chapter 3 presents a molecular phylogeny of théhsom Australian species
complex. Species delimitation is examined usinganar characters. Further, |
examine the population genetic structure basedginhaplotypic diversity of the
widespreadNeotrigonia margaritaceaMultiple phylogenetic inference methods are
contrasted (i.e. maximum parsimony and Bayesiad)aamew means for assessing
haplotype diversity is used.

In Chapter 4, the evidence for Doubly Uniparentdleritance is presented for
Neotrigonia margaritacealhe new findings are combined with previously Imi®d
COl and 16s datasets from six bivalve taxa thaeh2iI1 (Skibinskiet al.,1994a,
1994b; Zouro®t al.,1994a, 1994b; Liet al.,1996; Hoetet al.,1996; Passamonti
and Scali, 2001; Curole and Kocher, 2002; Hekdl.,2002; Serb and Lydeard,
2003; Passamonti 2007; Theologidtsal.,2008) and critically-important data on the
very few species which have been found to lack DUhe following groups,:
Arcidae:Arcanoag(Theologidiset al.,2008), OstridaeCrassostrea virginicandC.
gigas(Obataet al.,2008), VeneridaeV/enus verrucosandCallistachione
(Theologidiset al.,2008), and in Unionoida: Etheriidae (Walletral.,2006). The

10
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phylogenies are constructed and used to generdtgpmthesis with regard to the
origin of DUI within the Bivalvia.

Chapter 5 describes the ultrastructural stagesrmélfe gametogenesis in
Neotrigonia margaritacealhe morphology of the oocytes and gonad tissee ar
described for the first time using electron micagscand histology techniques. The
spawning mode is inferred based on gonad tissu®aryte morphology, and using
laboratory observations.

Chapter 6 is the general discussion, which syrtkeshe major outcomes of
this research and identifies the broader implicegiof our new understanding of

Neotrigonia
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Figure 1.1
The tree topology of bivalve relationships accogdio Giribet and Wheeler (2002)
and Giribet (2008).

Figure 1.2

Neotrigoniaimages taken directly from Lamprell and Whiteh€e@P2) (with
permission from Crawford House Press) where shel® been illustrated upside
down: A)Neotrigonia bednalli B) Neotrigonia margaritaceaC) Neotrigonia
uniophorg D) Neotrigonia kaiyomarugeE) Neotrigonia lamarckii F) Neotrigonia
strangej and G)Neotrigonia gemmarlhese species are depicted in the right

orientation in Chapter 2 figure 2.6.

Figure 1.3

Dissection showing soft morphology MEotrigonia margaritaceahowing A)
lastrous nacre shell inside; B) schizodont hinge &tdl C) a diagrammatic
presentation of internal featureshdéotrigonia gemmamage in C) taken directly
from Tavesz (1975) where: A, foot with distinct haed toe, B, adductor muscle, C,
D, anterior pedal muscles, E, posterior pedal neyi$¢l ctenidia with arrows

indicating ciliary tracts, G, palps, and H, pseiagaes.

Figure 1.4

Image of a juvenil&eotrigonia margaritaceahell. Interpretation of shell structure
following O’Foighil and Graf (2000): left valve, stving prodissoconch (p) and
dissoconch (d); arrow indicates metamorphic line.

Figure 1.5
Image ofNeotrigonia margaritaceapermatid. Interpretation of characters following
Healy (1998). A) ventral view of the spermatid slhayy mitochondria (M) and

flagellum (F), and B) dorsal view of spermatid slvayy nucleus (N) and acrosome

a).
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Abstract

The type material, localities and distributions tbe seven living, usually-
accepted species dfeotrigonia Cossman 1912based on all available museum
specimens and some fresh collectiars, reviewed and illustrated. All species occur
in Australian continental waters. A cladistic arsatybased on shell morphological
characters of all known fossil and livingeotrigonia species was performed using
Eotrigonia subundulatgJenkins, 1865) andrigonia miriana (Skwarko, 1963)as
outgroups. Results from parsimony analysis showeat the living and fossil
Neotrigonia formed reciprocally monophyletic groups. The sescistatus of
Neotrigonia bednalli Verco 1907, is revised based on examination lo&wilable
types, museum specimens and a large number of neslligcted specimens from
South Australia, Victoria and Tasmania. Parsimomgiysis suggests thal. bednalli
is a junior synonym oN. margaritaceaLamarck, 1804). Species status is accepted
for N. gemmadredale, 1924N. lamarckii(Gray, 1847)N. uniophorgGray, 1847)N.
strangei (Adams, 1854) andN. kaiyomaruaeHabe and Nomotol976, but with a
range contraction to NSW foN. strangeidue to previous misidentification of
Western AustraliarN. uniophora The validity of species status is acceptedNor
gemmawhere a single character, increased width betweelules on radiating ribs,
normally associated with juvenile shells, is thelyofeature that consistently
distinguishes these specimens from otlieotrigoniaspecies found along the eastern
Australian coast. This study highlights the limas in using shell morphology for
Neotrigonia taxonomy, thus requiring molecular evidence topsup any further

revision in this genus.
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Introduction
A major discovery by the French naturalist Fran¢tason in 1802, on a beach

at Adventure Bay in southern Tasmania, were sorekssihat appeared to be extant
forms of the Trigonioida, a once-diverse bivalveiwgr thought to have gone extinct
in the late Cretaceous (see Lamarck, 1804; Fleniag4; Skwarko, 1966; Gould,
1968; Stanley, 1984). Trigonioids were globallympment in Mesozoic marine
faunas and the extant Australian trigoniids hameesbeen regarded as relictual, in
the sense thaleotrigoniarepresents the sole surviving genus of a oncei+fibing,
diverse and widely-distributed taxon. The origigaliscovered living trigoniid
specimens from Tasmania were describedragonia margaritaced_amarck, 1804,
with a series of species described over the sulesggears from Australian waters
(McMichael, 1956; Habe, 1985). Initially placedTingonia Bruguiére, 1789 by
Lamarck (1804), the extant species were later mowydgkotrigoniaCossmann 1912.
Trigonioida comprises eight families, with only goniidae having extant
forms (Cox, 1952, 1960). Trigonioid morphology, ¢tional biology and fossil
history has been well documented in studies by G@L869), Gould and Jones
(1974), Newell and Boyd (1975), Tevesz (1975), B4a(l1977), Darragh (1986), and
Morton (1987). The history of Australian Trigoniglduring the last 60 million years
is reasonably well documented in the Tertiary sedits of Victoria, South Australia
and Tasmania (Cox, 1952, 1960; Skwarko, 1966; Flgnii964). Species of
Neotrigoniarange back to the upper Miocene replacing the gEotrigonia, which
ranges back to the lower Eocene or Pliocene (Ca&2;1Fleming, 1964). A
systematic revision of Trigoniidae by Darragh (1p86ggested thadeotrigonia
evolved fromEotrigoniain the Oligocene or early Miocene, whii®trigonia
evolved fromTrigoniaspp. in the late Cretaceous or early Tertiary. Heawefour
taxa,Eotrigonia subundulat&Jenkins, 1865)Neotrigonia strangefAdams, 1854),
Neotrigonia howittiMcCoy, 1875) andNeotrigonia uniophordGray, 1847), are
found together in the Middle to Late Miocene oupsoafter whicte. subundulata
becomes extinct (Darragh, 1986). The striking déifee in surface ornamentation
between th&otrigoniaandNeotrigoniahas given rise to some doubts (Saveliev,
1958) as to whether they are in fact as closebtedl as their distribution in time and
space suggests. There are no known taxa that réseamforphological link between

EotrigoniaandNeotrigonia(Darragh, 1986), therefore their relationshiprishably
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better interpreted dsotrigoniabeing paraphyletic with respecti®otrigonig rather
than ancestral.

Newell (1965, 1969) established Trigoniidae asnailfafor the Neotrigonia,
which contains six extant species according to Nle\i865, 1969), Newell and Boyd
(1975), Tevesz (1975), Stanley (1977) and Mort&@87). However, Lamprell and
Whitehead (1992) accepted seven valid species nfmmestant forms and four valid
names for fossil species (Darragh, 1986). In tingsion, specimens for all seven
extant nominal species and four fossil speciegzgaenined through means of
cladistic analysis. Extant forms are representedNieptrigonia margaritacea
(Lamarck, 1804)Neotrigonia bednall{(Verco, 1907)Neotrigonia lamarcki(Gray,
1838);Neotrigonia gemmdredale, 1924)Neotrigonia uniophorgGray, 1847);
Neotrigonia strange{Adams, 1854); anteotrigonia kaiyomaruaelabe and
Nomoto, 1976. Fossil species axeotrigonia acuticostatéMcCoy, 1866),
Neotrigonia howittiMcCoy, 1875)Neotrigonia medipontedarragh, 1986 and
Neotrigonia novaguinean&gkwarko, 1967. Some of extant forrhs,margaritacea,

N. uniophoraandN. strangeihave been positively identified in the fossil nrebaas
well as living collections (Darragh, 1986). A comtieus issue is the status of
Neotrigonia bednallithe initial description of this species was notiletl, and what
could be regarded as the type locality stretches % km of coastline (Verco, 1907).

Presented is a taxonomic revisiorN#otrigoniabased on examination of
newly-collected specimens bif. margaritaceaandN. bednallifrom south east
Australian subtidal benthos and other specimenesitgul in museum collections and
all available types. A cladistic analysis basedloell features is also presented. | also
document all the availabMeotrigoniatypes and specimens from museum collections

worldwide.

Methods

Except forNeotrigonia kaiyomaruaghe types of all extariteotrigonia
species, and other specimens (hypotypesNn&haiyomaruagwere loaned from
collections of the South Australian Museum (SAMgatidnal Museum of Victoria
(NMVP), Australian Museum (AM), Western Australisfuseum (WAM), Natural
History Museum, UK (NHM) and Museum National d’Hige Naturalle, Paris
(MNHN) and Bureau of Mineral Resources, Geology &ewphysics, Canberra
(CPC) (Table 2.1).
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FreshNeotrigoniamaterial was obtained from Noarlunga, Port Stankact
Lincoln (S.A.), Stradbroke Island (QId), Bruny Isth Hobart Harbour (Tas.) and
Westernport Bay (Vic.) (Table 2.1) from subtidabhats ranging from 12 to 40 m
depth either via SCUBA or dredging (Table 2.2). Aiddhal collections were
attempted, but no live specimens were found (AppehdThe dredge was
constructed for manual use from small private Mes$ieis 1200 cm long, 800 cm
wide and 400 cm deep, with a mesh size of4@&ppendix I). It was towed at a
speed of 1 knot and for the period of 15 min per. tGollection of fresh material by
SCUBA allowed for assessment of the natural habitéte specimens (Table 2.2).
This material was preserved in 70% ethanol. Regeotlected, 10% formalin-
preserved material was also obtained from Abrola$ipelago, Esperence,
Dampier Archipelago (WA) and Western Port (Vic) fl&2.1). All other material
kept in Museum collections was preserved in formatfidry and often were beach-
washed shells (Table 2.2). Therefore such mateaiaies little information on natural
habitat. Where possible, however, distributionahdar each species was collated
from all collection trips, collection records fdt museum specimens and the
available literature (Lamarck 1804; Verco 1907; eland Nomoto 1976).

The holotype specimens Bbtrigonia subundulattdNMVP12250 and
Trigonia mirianaCPC4643 (Table 2.1) were used as outgroups faligwieming
(1964) and Darragh (1986), because of their shetphnlogy and recent history
documented in the fossil record. Character stat¥s wbserved and scored (Tables
2.3, 2.4) according to the key list provided bel®daximum parsimony analyses
were performed on the matrices using heuristiccbearwith 100 random additions of
terminals using PAUP 4.0b10 (Swofford, 2003) willrother settings as defaults.
Strict consensus trees were computed for an asabgsied on a matrix from type
specimens only, while strict and Adam’s consensesstwere computed for an
analysis of all available specimens. Most parsimosireconstructions for characters
were traced in MacClade version 4.08 (MaddisonMaddison, 2000).

Morphological features used to develop characters

To dateNeotrigoniaspecies diagnoses have been entirely based on shell
morphological characters. Hence, the shell morghotd Neotrigoniaand
trigonioids is reviewed here with reference to thteatures that provide characters

for the cladistic analysis. Relevant general pafeashave reviewed the shells of

31



Chapter 2 Systematics

Neotrigoniainclude Newell (1965, 1969), Cox (1969), Gouldg2® Gould and
Jones (1974), Newell and Boyd (1975), Stanley (),.99@rragh (1986) and Lamprell
and Whitehead (1992). DescriptionsNéotrigoniaspecies were also consulted
(Lamarck, 1804; Gray, 1838, 1847; Adams, 1854; ¥et®07; Cossman, 1912;
Iredale, 1924; Habe and Nomoto, 1976, Graf and Cmgen2006). The main
diagnostic characters are the schizodont hingalandhape of the shell (Fig. 2.1).
The hinge is strong with large schizodont teethrintked by ridges and grooves.
The shells oNeotrigoniaare often described as ovate to subcircular,yarel
subquadrate, equivalve and strongly inequilatdriag flank, posterior area and
escutcheon are not prominently differentiated dhbdear radial ribs (Fig. 2.1).
Escutcheon was reported as absent by Cossman (I@l®ver, it is a present
character foNeotrigoniaaccording to Darragh (1986). The exclusively rbdiss,

one of the most characteristic features, are gépas@lptured with strong or weak
scales, spines or tubercles, which may become etlestmwards the margin of the
shell. The number of ribs is counted and repomesbme of the species diagnosis
(Lamprell and Whitehead, 1992) and it is alwaysregped as a range. The umbones
are small to large, orthogyral, not projecting, &edr a discrepant juvenile sculpture
of about eight comarginal ribs on the anterior amddle portions of the flank
extending from the prodissoconch (Fig. 2.1). Thegima which is strongly
denticulate, permits the valves to be interlockédssman, 1912). The following list
of shell characters 1-25 were developed to distsigspecies deotrigonia
following Darragh (1986). All scored characters imdicated on th&leotrigonia
margaritaceashell in Figure 2.2:

1. Shell shape: 0, angular; 1, ovateigonia andEotrigoniaspecimens are often
referred to as angular or strongly trigonal, wiNkeotrigoniacan be described
as sub-trigonal or ovate (Darragh, 1986) (Fig..2A)margins, anterior,
posterior, dorsal and ventral are considered tertaa the shape.

2. Shell breadth; 0, compressed; 1, inflated. Thel sted assessed from the
anterior, posterior and ventral view (Fig. 2.2).

3. Median carinae: 0, strong; 1, weak. Median carisaeprominent feature on
Trigonia andEotrigoniaspecimens and it separates flank with radial nbaya
from an area with parallel costae. In the casdaiitrigoniathis line is not as
obvious, but it is present, and it separates tea iom the flank (Fig. 2.2).

4. Umbone position on dorsal margin: 0, attenuatedythogyral (Fig. 2.2).
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Size of the umbone: 0, small (< 2 mm), 1 large tw8) (Fig. 2.2).
Shape of the umbone: 0, straight; 1, curved (Fg). 2

Ventral margin denticulation: 0, absent; 1, pregeig. 2.2).
Posterior margin denticulation: 0, absent; 1,pre@eq. 2.2).

© 0o N o O

Anterior margin denticulation: 0, absent; 1, preg€ig. 2.2).

10.Dorsal margin denticulation: 0, absent; 1, preg¢eif. 2.2).

11. Ventral margin: 0, straight; 1 rounded (Fig. 2.2).

12.Posterior margin: 0, straight; 1 rounded (Fig. 2.2)

13. Anterior margin: 0, straight; 1 rounded (Fig. 2.2)

14.Dorsal margin: 0, straight; 1 rounded (Fig. 2.2).

15.Post larval shell sculpture: 0, simple concentrialesent; 1, radial (Fig. 2.2);
Based on electron micrographshgotrigoniapostlarval sculpture (O Foighil
and Graf, 2000).

16.0Ornamentation on the post larval shell sculpturesn@oth; 1 subspinous (Fig.
2.2).

17.Adult shell sculpture: 0, shell bearing radial aadcentric ribs; 1, exclusively
radial ribs (Fig. 2.2).

18. Radial ribs width: 0, wide (> 1.5mm); 1 narrowl$ mm) (Fig. 2.2).

19. Radial ribs height: 0 high (> 1 mm), 1 low (< 1 infRig. 2.2).

20. Anterior interstitial grooves: 0 wide (> 2mm); armow (< 2mm) (Fig. 2.2).

21.Posterior interstitial grooves: 0 wide (> 1 mmhdrrow (< 1mm) (Fig. 2.2).

22.Nodules on radiating ribs: 0, rounded; 1, subsmn@splated (Fig. 2.2).

23. Nodules spacing: 0 wide (> 1mm); 1 narrow (< 1 njfgy. 2.2).

24.Escutcheon: 0, absent; 1, present. According todgar(1986), escutcheon is

present iMNeotrigoniaspecies; however, it is not as well differentiadsdn

Eotrigoniamembers of the family (Fig. 2.2).

25.Escutcheon: 0, straight; 1, concave (Fig. 2.2).

Results

Neotrigoniaspp. were normally found infaunally with up tor# of sediment
cover, in coarse sand exposed to moderate culfBaltde 2.2). The museum records,
where available, confirm th&teotrigoniaspecies tend to occur in subtidal sand
exceeding 18 metres depth. Apart from the climatige to which the actual
geographic sites belong (Fig. 2.3), natural habibhtvhere the different species were
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collected varied little in physical character (T@Bl2). The distribution of each extant
species is represented in Figure 2.3.

An analysis of the morphological data set for tgpecimen oNeotrigonia
produced eight most parsimonious trees each wehgth of 39 steps. There were 22
parsimony-informative and 3 parsimony-uninformativaracters. The strict
consensus tree based on type specimens presertigiia 2.4 showbleotrigoniaas
a clade is split in two reciprocally monophyletiogps, one representing all extant
species and the other all fossil species. The moylgpf Neotrigoniais supported by
the following character states: orthorygal umboasifon (4), exclusively radial ribs
(17) and narrow posterior interstitial groves (2Mpnophyly for extaniNeotrigonia
group is based on four apomorphies: ovate shelldige curved umbone (5,6) and
posterior margin denticulation (8). Monophyly o&§il trigonioids is established
based on angular compressed shell (1,2) and lowal ndlas (19). Within the group
representing extant speciég,bednalliandN. margaritacedorm a polytomyN.
margaritaceaandN. bednalliscored exactly the same state for each assessid sh
character. Character (23) wide nodule spacing leriyie shared betweéh
uniophoraandN. gemmaNeotrigonia strangei, N. uniophora, N lamarc&ndN.
kayiomaruaeshare a synapomorphy, straight escutcheon (28&nGhe basal
position ofN. uniophorawhich differs from the rest of the extant taxa bynpressed
shell breadth (2), strong median carinae (3) anolosimornamentation on the post-
larval shell structure (16), these charactersraerpreted as plesiomorphic. Further
plesiomorphies including rounded nodules (22) arewadial ribs (18), were
identified betweeiN. uniophoraandN. strangei

A heuristic search performed on the subset ofl@via specimens, where 22
characters were parsimony informative and 3 pamsymminformative, produced 12
shortest trees. A result of this analysis is regmesd in an Adam’s consensus tree.
The results from this tree are congruent with theysis on type specimens in that
extant and fossil taxa form two reciprocally monglglic groups, and tha.
uniphorahas a basal position within extant taxa. Howeties, tree did not reveal
species-specific clades, nor did it indicate climtenation based on locality (Fig. 2.5).

The important result from this analysis is thatteomporary identification of
Neotrigoniaspecimens is not standardized. Although very fedividual specimens
score the same state for all characters when cadparthe type specimen for each

nominal species, most specimens for each spe@as &act the closest match to the
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type and share the distinguishing character. Howelvere are a few notable
discrepancies from the type specimens. Based srafiroach it is recommended
that the specimens formerly identifiedMsstrangeifrom Pt Headland and New

South Wales, C427815 AM and C427376, respectiviyenamed as. uniophora.
WhenN. margaritaceaspecimens (AM C010705, C048965) from Tasmania were
analysed, the specimens scored exactly the samactéiastates as the type specimen
of N. gemmaand are recommended to be renamed as such. Likswisednalli

from Rottnest Island (BMNH: 20012697, 20050708 28650709) are to be renamed
N. kaiyomaruad€Table 2.2).

Taxonomy

The known synonyms for all species are listed &mhespecies below and the
estimated distribution of each species based dimallvn collection localities is

represented in Figure 2.3.

Neotrigonia margaritacedél. amarck,1804)

Synonyms: Trigonia antarcticaPeron and Lesueur, 18017, pectinatd_amarck,
1819, Blainville , 1827, Crouch, 1827, Lesson, 1838shayes,1835, Chenu, 1846,
Huxley, 1849T. margaritaced_amarck, 1804, Reeve, 1841, Adams, 1850, Adams
and Adams, 1857, Sowerby, 1884, Hall, 1901, Hedle®2;T. dubiaSowerby,
1884;T. nobilisAdams, 1854T. acuticostataMcCoy, 1866T. reticulataTenison-
Woods, 1878Neotrigonia pectinatd.amarck, 1804, Cossman, 1912; and
Neotrigonia bednallVerco, 1907.

These synonyms proposed by Darragh (1986) are @ttbpcausé&rigonia
antarcticaPeron and Lesueur, 180V, pectinatd_amarck, 1819 anteotrigonia
pectinataLamarck, 1804 are all based on the same specifngionia nobilis

Adams, 1854 was described based on the specimarefnaunknown locality, and it
was not morphologically differentrigonia dubiaSowerby,1884 was stated to differ
from N. margaritacedased on the colour, so species separation on gheseds is
not warranted because specimens vary in colouimwathe locality and across the

entire geographic range of the species.
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Description: Shell moderately compressed, 20 to 24 narrow tiadiaibs. Hinder

ribs very compressed, frontal 7-8 ribs equally Wiespaced. Ribs decorated with
repeating nodules. Nodules are subspinous, andrgier and more numerous at the
anterior dorsal margin. Posterior dorsal marginubesiweak. Spacing between
nodules larger at the posterior of flank than aotemterstitial grooves narrower than
radial ribs, densely-scaled growth cords visiblig(E.1). Umbo a paler colour than
rest of shell, no nodules visible and ribbing didhterior nacreous; typical
schizodont hinge (Fig. 2.1f). Size; height 37 memgth 38 mm and breadth 28 mm
(Fig. 5a).

Type specimensHolotype held at Museum National d’Histoire Natleeno
registration umber (Fig. 2.6).

Type locality: The original description mentions a number of libes such as van
Diemen’s Land (Tasmania), King Island and Kangdstend, but the first specimen
was collected from Adventure Bay, Bruny Island,teolasmania. It was dredged
from 15-20 fathoms depth (~28 metres). This logalias referred to by Lamarck
(1819) but was later designated as type localityhefspecies by Iredale (1924).
Other material examined: NMVP49500, NMVP49501 frdational Museum of
Victoria. Assessment of all museum collectionsnedd in excess of 750 specimens
labelled asN. margaritaceaClose to two hundrespecimeng50 collected alive,
~100 preserved in formalin, and many dry), weren@rad in detail (Tables 2.1 and
2.2).

Species distribution: Temperate waters of southern Australia from Packdon
(NSW) to Esperance (WA) including Tasmania (Fi§)2.

Remarks: The presence, appearance and number of radigtmgsridentical in all
specimens oN. margaritaceaandN. bednalliand all other synonyms across the
entire range; 20-24 repeated ribs with subspinadsiles; hinder area ribs are
narrower and nodules less protruding. Internaltglls are nacreous and pallial line is
entire (Fig. 2.1). Previously shell colour was need as the distinguishing character
betweerN. margaritaceaandN. bednalli(Lamprell and Whitehead, 1992). However,
colour of the external shell varies greatly witkingle populations and therefore the
representatives of this species complex range ok, maroon, and orange to light
cream in colour. Colour of the shell is furthedugnced by environment, with brown

deposits on shells frequent in Victoria, and reghbtieposits sometimes found on
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specimens from South Australia. Therefore shebb@oshould not be used as a
distinguishing character to split this species.

The initial description oNeotrigonia bednallby Verco (1907) stated that this
species is “a kind” oN. margaritaceaand it is referred to as a subspecies in many
museum collections. However in subsequent liteeat8tanley, 1984; Lamprell and
Whitehead, 1992), the form has gained speciessstahere was no formal
description by Verco (1907) &f. bednalliand hence the diagnostic characters are
ambiguous. The type specimens for bidthmargaritaceaandN. bednalliare shells
that were probably collected dead, as these spasiare@ missing a lot of the original
ornamentation. Scoring of morphological charactéthese two types revealed no
difference, thus there was no justification fottidiguishing them as two species (Fig.
2.4). It was important to assess synapomorphiegdegt type specimens, but more
significant to this investigation was the opporturo collect fresh material from type
localities. Fresh material assessment emphasiges/ttapomorphies, such as the
radiating ribs ornamented with subspinous nodtes @.1) Close examination of
juvenile shells reveals identical morphologicalreltgers from shells that were
collected at the type locality and throughout thewn range foN. margaritacea
and.N. bednalli(Fig. 2.1). This revision of thd. margaritacea — N. bednalli

complex is further supported by recent moleculadervwce (Chapter 3).

Neotrigonia lamarcki(Gray 1838)

Synonym: Trigonia lamarckiiGray, 1838.

This synonym is accepted as the name change odasra result of reclassification
of the whole genus.

Original description: Shell rather ventricose, solid with 20 to 26 nesrflat-topped,
nodulose radiating ribs; the ribs of the hindepsloarrow, rather crowded; ribs
convex, all close together and nodulose. Varieb thi¢ inside white, salmon-

coloured, yellow or purple bronze (Gray, 1838).

In total 20 dry specimens, and 3 live specimenkectdd from Stradbroke Island
(Qld) (Table 2.1 and 2.2) were examined. Basedesd specimens the original
description is confirmed with addition of followingformation. Average adult shell

size: height 25 mm, length 32 mm and breadth 15 mm.
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Type specimensHolotype is held in the Natural History Museum (J&§& a part of
Cumingian collection (Fig. 2.6). Hypotype C0891Zldhin the Australian Museum
and was figured by Lamprell and Whitehead (1992).

Type locality: Port Jackson Head, New South Wales, 45 fathorB4 (metres).
Species distribution: Eastern Australia from Port Jackson (NSW) to Sirakle

Island, 46m depth (QIld) (Fig. 2.3).

Remarks: N. lamarckiidoes not have a single unique feature; however aitvalid
species due to a unique combinatodrmorphological characters (Table 2.3) such as

narrow radial ribs, escutcheon not impressed aatginodules (Fig. 2.6b).

Neotrigonia gemmé#redale 1924

Original description: Shell small for the genus, triangularly ovate reely
inequilateral, obese, rather solid easily separaplies small size and shape. The
radial number about twenty two, each with aboutve/¢riangular projections, easily
counted from the edge, diminishing rapidly in safter that and becoming less
pointed: the interstices are finely lined. The e finer on the posterior side, which
is little produced and simply indicated by an angl&t medially a little depressed.
The juvenile discrepant sculpture is well marked #re hinge is strong for the size.
Length 14 mm, breadth 14 mm (Iredale, 1924).

Type specimen:Holotype C90220 is held in the Australian Museum.

Type locality: Green Cape, New South Wales, depth 50-70 fatherf®{126
metres).

Thirty specimens were examined; all are held inAbstralian Museum collection
(Table 2.2).

Species distribution: Eastern Australia from Stradboke Island (Qld) testérn Port
(Vic), including Tasmania (Fig. 2.3).

Remarks: Some specimens appear to be juvenile specimezithefN. lamarckiior
N. margaritaceaand in fact the only character that sets themtapéne generally
small size oN. gemmahroughout the whole collection (Fig. 2.6¢). Ptatedules on
narrow radiating ribs are synapomorphies shareddsiN. lamarckii, N. gemma
andN. kaiyomaruaeAn escutcheon that is convex or not impressataher

synapomorphies shared betwé¢mmargaritacea, N. lamarckandN. uniophora.
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In the case oN. gemmait can be suggested that the type specimen may
represent juveniles ™. lamarckiiand/orN. margaritaceabased on a lack of
distinguishing characters except its small sizéetal synonymy could be suggested
for N. lamarckiiandN. gemmaased on the morphological characters analysis (Fi
2.4), where they share all but two characters. Hewene distinguishing feature
from N. lamarckiiis the nodule spacing, where tlegemmadype specimen has wide
distances between nodules more similar to thosereed on juvenile specimensgf
margaritaceathanN. lamarckii.The juvenile structure of nodules of Bikotrigonia
species has been argued by Darragh (1986) to berarmlicator of species
difference because it could divide all six extgr#@es in two separate groups.
Further, the type specimen fdr gemmawas collected from a locality where we
commonly find botiN. lamarckiiandN. margaritaceasuch that the species range is
overlapping (Fig. 2.3). The Adam’s consensus tFeg. 2.5) place®. gemmaandN.
margaritacean the same clade corresponding to a New South $\aild Tasmanian
distribution. Overall, the Australian Museum bivaleollection holds 83 records for
N. gemmand the specimen locations exactly match that.éamarckiiandN.
margaritaceaConsequently, fresh collections are required thinoudythis range to
resolve this species complex using additional 8sftde characters and/or molecular

markers.

Neotrigonia uniophordGray 1847)

Synonym: T. uniophoraGray, 1947), Reeve, 1860, Sowerby, 1884, SmitB5]18
Trigonia jukesiiAdams, 1850.
These synonyms are accepted becdusmiophora(Gray, 1947) andrigonia jukesii

Adams, 1850 are objective synonyms both basedesaime specimen.
Original description: Shell ovate trigonal posteriorly truncated, the gnasinuated,
radiately ribbed, ribs about 20-24, elevated, tabkrly nodulous; tubercles rounded,

obtuse, ventral margin strongly pectinated (Gr&g7).

Eight specimens were examined (Table 2.2). Aveaalydt shell size: height 18 mm,
length 25 mm and breadth 12 mm.

39



Chapter 2 Systematics

Type specimensHolotype is held in the Natural History Museum (J&§& a part of
Cumingian collection (Fig. 2.6). Hypotype WAM77.B34is held in the Western
Australian Museum.
Type locality: Cape York, North Queensland, 6 fathoms (~ 11 ragtre
Species distribution: Tropical waters of Northern Australia, from Paaitldson
(NSW) to Port Headland Western Australia (Fig. 2.3)
Remarks: This is accepted as a valid species based onigsie feature of marginal
carinae running from umbo to posteroventral anfikshell delimitating posterior area
(Table 2.3)N. uniophorashares similarities witN. strangeiN. gemmaandN.
lamarckii. The posterior side is slightly projected simtiaiN. lamarckij but on
average shell size is smallerNi uniophora The shell olN. uniophorais ornamented
with blunt nodules, a primitive feature shared WithstrangeiFig. 2.6d). Marginal
carinae are strongly represented on the area ahiblé a character shared with
Eotrigonia subundulata

The majority of the specimens identified sharesdimijuishing character of
low rounded ribs ornamented with blunt nodules. Ewev, the Australian Museum
collection contains a number of specimens thatade\from type specimen
characteristics, and look more so like worn-dutamarckiishells. This again
highlights limitations of distinguishing characf#asticity from old shells, such as the

current museum collections for this species.

Neotrigonia kaiyomaruaklabe and Nomoto 1976

Original description: Shell small for the genus, quadrately ovate irpshaith the
roundly curved anterior margin and widely truncgpedterior margin, inequilateral
with rather long straight posterior dorsal and shoterior dorsal margin, thin, solid,
ventral margin weakly arched. Umbo slightly pronmpeosy yellow paler to light
yellowish brown marginal portion. Surface with 28089 radial ribs, with deep
interstitial grooves which are narrower than radias, crossing strongly and densely
scaled growth cords. Hinge schizodonta as in atpecies. Interior pearly, pale
purple, distinctly grooved corresponding with radilas on the surface and forming
scalloped margin as the endings of ribs. Height 13n, length 14.0 mm and breadth
4.8 mm (Habe and Nomoto, 1976).
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Including the hypotype, | examined 4 specimensialt(Table 2.2). Only an
additional 3 dead shell specimens are availabléhisrspecies in worldwide

collections.

Type specimen:Holotype is reported to be held in the Nationakice Museum of
Tokyo but was not located. Hypotype C303516 (Fi) Beld at Australian Museum
and was pictured by Lamprell and Whitehead (1992).

Type locality: Cheney Bay, Western Australia, latitude -35.16mgltude 115.525,
collected from 73 m depth.

Species distribution: Great Australian Bight to Cheney Bay, WA (Fig.)2.3
Remarks: The characteristic of this species are the naemterior interstitial groves,
like those ofN. lamarckii but are more densely placed. This is a singlguni
feature, but they do also have a unique combinatiahistinguishing morphological
characters, such as low radial ribs, and straigtiiteheon, not impressed. In shell
surface area and size they are very simil&.tmmargaritacegFig. 2.6e).

Habe and Nomoto (1976) surveyed an extensive drib@ @ontinental shelf
off Western Australia and collected various shefsyhich one was a live specimen
of Neotrigonia.This single specimen was describedNagaiyomaruaespecies (Habe
and Nomoto, 1976). These authors describe theeshajbtype specimen as an
interesting shell with characteristic numerousabdbs and densely-set nodules.
However, the holotype was not available for furteeamination. Thus, it is difficult
to confirm this species status, which is furthempéicated by the enormous cost of
replicating surveys off the expansive WA continésteelf. Notably, the species range
for N. kaiyomarueverlaps with that dl. margaritaceaand it can only be
distinguished froniN. margaritaceay narrow anterior interstitial groves and straigh

escutcheon, suggesting that further investigatiom status of this species is needed.
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Neotrigonia strange{Adams 1854)

Synonyms:Trigonia strange{Adams, 1854) Reeve, 1860, Sowerby, 1884,
Neotrigonia bednall{Verco, 1907) Chapman 1928eotrigonia acuticostata
(McCoy, 1866) Deschet, 1966.

Trigonia strangeiAdams, 1854) synonym is accepted as the namegehara result
of the reclassification of the whole genus. Fasgdcimens of this species were
previously identified adleotrigonia bednall{Verco,1907) andNeotrigonia
acuticostataMcCoy, 1866) but this is not warranted as shefise abraded and did
not have characteristic large nodules.

Original description: Shell equivalve, inequilateral and subtrigonaletrse
longitudinal ostae. Costae ornamented with nodéleterior nodules more

prominent than posterior. Posterior nodules widglgced. Transverse ribs prominent
and ornamented. Interstices transversally stridtateral anterior area of the shell

rounded and posterior oblique and subtruncated.

Four specimens were examined (Table 2.2). Averdgk shell size: height 14 mm,
length 20 mm and breadth 12 mm.

Type specimensHolotype held at Natural History Museum (UK), astpof
Cumingian collection, was used to confirm origidakcription (Fig. 2.6). Also
examined was a hypotype NMVP13232 from National &ums of Victoria.

Type locality: Sydney Harbour.

Species distribution: Temperate waters of Port Jackson (NSW) (Fig.2.3).
Remarks: This species is larger th&h margaritaceaand somewhat resembles the
style and shell structure df. uniophora The form of the scales on the ribs
distinguishes it (Table 2.3). However, the shapthefshell, especially the outline of
the hind slope, is also very different (Adams, 1834he distinguishing unique
characters of this species are strong rounded esduld wide interstices (Table 2.3).
Nodules are blunt, thick and rounded. Ornamentasiaften not continuous over the
area of the shell and down the flank, but mostlecs the ventral part of the flank
(Fig. 2.6f). As mentioned by Adams (1854) this speshares similarities wit.

uniophora,in particular blunt nodules (Fig. 2.6f).
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Neotrigonia strangestays true to its name #8s unique species is
distinguished by marginal carinae and large rourdluies, a primitive character,
evident in fossil record for this species from Istecene (Darragh, 1986). Further,
this species shares similarities WiNh uniophora(Lamprell and Whitehead, 1992),
differing mainly in posterior ornamentation. Pravsamisidentification of WA
specimens aN. strangeihad resulted in an unexplained disjunct distrirufor this
species. Reclassification of these specimems. asiophorabased on shell characters
is therefore also more consistent with the knowre clistributions of these two

species.

Discussion

Museum collections are primarily considered asdagpositories of
specimens, but they also provide data regardingepéistribution (Hansen and
Richardson, 1999) and species habitat (e.g. HaaseéiRichardson, 1999;
Stanisic,1999) and Ponder (1999) has highlightedrttportance of utilizing this
information further. In this study, data gainednfrdleotrigoniaholdings in museum
collections has been utilized here to assess Xoateny and biogeography of the
group and generate distribution maps, after confignthe classification of all
available specimens (Fig. 2.3, Table 2.1). Exanonatf available and revision of
hard-shell morphology for all extant available spems inNeotrigoniarevealed here
that the species status fdr margaritacea, N. lamarckiN. gemma, N. uniophora, N.
strangei and N. kaiyomaruatould be maintained. However, according to the
recently-collected specimens, museum collectiowistgme material, the species
status ofNeotrigonia bednallis reduced to junior synonym beotrigonia
margaritacea Thus | can report a maximum of six extant speicié¢eotrigoniafrom
Australian waters.

Based on the currently-available museum collectitresspecies range and
distribution ofNeotrigoniaspecies around Australian continental waters steveral
overlapping and some clearly disjunct distributi@ig). 2.3):Neotrigonia
kaiyomaruehas been collected off Western AustraNagemmandN. strangeioff
the coast of New South Wales; adduniophoraoccurs in New South Wales,
Queensland, Northern Territory and Western Austrbleotrigonia uniophoras the
most widely distributed species amongstheotrigonia,with a range that stretches

over different climatic zones, from cooler subtegbito warm tropical waters (Fig.
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2.3). This wide distribution may be explained bg #ast Australian Current, which
brings warm water down the coast of New South Walegg the Australian summer
(Ridgway and Godfrey, 1997). The extensive rangd.afniophoraoverlaps with
that ofN. lamarckii, N. gemmaN. strangeandN. margaritacean the east coast of
Australia (Fig. 2.3)In more temperate waters, the new rangéfamargaritacea
established based on combining distributional rarajdormer specimens identified
asN. bednalliand current specimens Nf margaritaceastretches from New South
Wales, Victoria, Tasmania and South Australia tosWhe Australia (Fig. 2.3).
Although identification oNeotrigonia bednallin Western Australia is based on
erroneous description, the suggestions by LamarellWhitehead (1992) that the
range of this species extends to northern WA camaaconfirmed or excluded at
present due to a lack of fresh material. The Lenwasid Great Australian Bight
Currents can aid dispersal down the western coaksaeross the southern coast of
Australia (O’'Hara and Poore, 2003), potentially lakpng the large distribution
range ofNeotrigonia margaritacea

Neotrigoniaappears to have a biogeographic structure sitalather
Australian marine invertebrates (e.g. Helgen andsep2006; Kassatet al.,2003)
in that there is generally a division of speciesMeen the far western and eastern
coast of Australia. Apart from the climatic condiis characterising the actual
geographic range fddeotrigoniaspp., the natural habitat of specimens collected
varied little and is characterized by subtidal (ril8eep) coarse sand, exposed to
moderate currents. Shell morphology, in partichigh radial ribs, interstitial grooves
and nodules, enables this burrowing animal to rammasitu despite strong currents.
Neotrigona are able to burrow due to the foot, which Mortb®87) described as a
complex compilation of oblique, circular and traese muscles that give it extreme
strength. This verifies Tevesz’s (1975) speculati@iNeotrigoniahas an active
burrowing lifestyle, with the added capacity ofge®y. The muscular foot is
protruded beyond the shell, it then contracts pglalong the whole animal (personal
observation).

Ascertaining morphological characters that wouldrifermative in delimiting
species within the genideotrigoniawas challenging. It was further complicated by
assimilation of traditional and modern terminol@pplicable to both extant and
fossil taxa. Although application of terminologysdeibing shell shape and

orientation is unlikely to be an issue among exhavelve taxa, identifying anterior
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and posterior ends of juvenile shells or from ppprieserved fossil specimens can be
a speculative process (Hoggarth, 1987; Bailey, pQ0Rewise, traditional

descriptions for most dfleotrigoniaspecies contain some information on the number
of ribs, either across the whole area of the sirglist the flank. Initially this comes
across as a valid morphological character; howekies feature did not translate into

a cladistically-valid character, since the numbeiitts vary between 18-29 for extant
species and for the fossil the range encompasaesfthll extant taxa, ranging from
18-32.

Although morphological analysis has enabledNsotrigoniaspecies to be
distinguished (Figs. 2.4, 2.6), it has also rais®acerns in regards to identification of
specimens to species level and ultimately the iglaf taxonomic names used in
museum collections based on morphology alone. Altstralian Museum has the
biggest collection oNeotrigoniaspecimensN. kaiyomarue’ recordsN. gemmaB3
recordsN. strangei6 recordsN. uniophorab4 recordsN. margaritace&63 records,
N. lamarckii47 records antll. bednalli23 records. However, for these specimens,
and specimens in other museums, identificationgatienes dubious, as illustrated by
Table 2.1, supporting the reclassification of theported WAN. strangeito N.
uniophora, N. bednallio N. kaiyomarua@nd several Tasmani&h margaritacea
into N. gemmaMalacological specialists are able to adequatetye morphological
characters and identify specimens; however, natdliéctions are consistently
curated to this level, hence misidentifications@wssible. Shell morphology has been
used in past to resolve taxonomyN#otrigonia(e.g. Newell, 1969; Purchon, 1987;
Waller, 1998), but more recently it has been shidvan combining morphological and
molecular data is a far superior approach for bahxonomy (Giribet and Wheeler,
2002; Graf and Cummings, 2006). This reinforceseaigneed for fresh material to
provide molecular data and further knowledge ofdbi tissue anatomy, as well as
the characterization of developing stages foricges within the genus.

This taxonomic revision of geniddeotrigoniawas based on live collected
specimens, specimens deposited in museum collsctiod all available types. The
results were guided by museum identification ofcgpens and comparison to types,
which further confirms the need for alive matet@fully resolve all species in the
genus. True species status can be confirmed ospeifimens are collected fresh so
that soft tissue anatomy, as well as molecular daabe obtained. This is not to say

that current collections are not useful, ratherdilgaificance of these collections is
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emphasized by their ability to aid in confirmingespes status and distribution range,

as well as identifying gaps in knowledge for a nemtif species in this genus.

Acknowledgments

| thank the following persons and institutions; fooviding material and
advice: Philippe Bouchet (MNHN), Amelia McLenanhdoTaylor, Emily Glover
(NHM), lan Loch (AM), Chris Rowley (VM); Thierry Ligerousaz (SAM), Nerida
Wilson, Tobias Probst, Adam Yates; Jo Bain forstasice with field collections;
Waterhouse Club, Nature Foundation SA and Mark ihiicFoundation, for financial

support.

46



Chapter 2 Systematics

References
Adams A., 1850. Monograph of recent spediggonia including a new species in

collection.Proceedings of Zoological Society of Londnri69-70.

Adams A., 1854. Description of new shells from @waningian Collection.
Proceedings of Zoological Society Londzih 90-2.

Adams H. and Adams A., 185Fhe genera of recent Molluscdon Voorst, London,
2: 1-652.

Bailey, J.B 2009 Shell orientation terminology amdhe Bivalvia (Mollusca) :
problems and proposed solutiodeurnal of Palaeontolog§3: 493-495.

Blainville, H.M.D. 1827 Manuel de Malacologie et de Concologievrault, Paris, 2
vols.

Chapman, F., 1922 New or little-known fossil in tiational Museum. Part XXVI-
Some tertiary mullusc&roceedings of Royal Society of Victoga 1-18.

Chenu, J. C., 1844lustrations conchyliologiqueBranck, Paris, Part 5Tyigonia
pl.1.

Cossman, M., 1912. Conchylogie Neogenique de |#ageiActes Society Linnean
Bordeaux66: 312

Cox, L.R., 1952. Notes on Trigoniidae, without ek of the classification of the
family. Proceedings of the Malacological Society of Lon@én45-69.

Cox, L. R., 1960. Thoughts on the classificatiohaf Bivalvia.Proceedings of the
Malacological Society of Londd¥ :60-80

Cox, L.R. 1969. General features of the Bivalpp. N2-N129. In: Moore RC, ed.
Treatise on Invertebrate Paleontology, Part N, Metla, 6 1: Bivalvia
Geological Society of America and University of isas Press, Lawrence,
Kansas.

Crouch, E.A. 1827An illustrated introduction to Lamarck’s Concholodgyngman,
Rees, Orme, Brown and Green. London, 47 p.

Darragh, T.A. 1986. The Cainozoic Trigoniidae ofsfalia.AlcheringalO: 1-34.

Deschet, Y. 1966. Etudes sur des Trigoniidae Cagaes.Travoux du Laboratoire
de Pal’entologie. Universite de Paris, Orsayo6p.

Deshayes, G.P. 183Historie naturelle des animaux sans vertebfeslistoire des
Mollusques, Bailliere, Paris. 600p.

Fleming, C.A. 1964. History of the Bivalve familyigoniidae in the south-west
Pacific. Australian Journal of Scienc6: 196-203.

a7



Chapter 2 Systematics

Giribet, G., and Wheeler, W. 2002. On bivalve plggoy: a high—level analysis of
the Bivalvia (Mollusca) based on combined morphglagd DNA sequence
data.Invertebrate Biologyl21: 271-324.

Gould, S.J. 1968[rigonia and the origin of specie3ournal of the History of Biology
1:41-56.

Gould, S.J. 1969. The byssus of trigonian clamgtqgenetic vestige of functional
organ.Journal of Palaeontolog$3:1125-1129.

Gould, S.J. and Jones, C.C. 1974. The pallia radd¢eotrigonia functional siphon
without mantel fusionVeliger17: 1-7.

Graf, D.L. and Cummings, K.S. 2006. Palaeoheterbdmersity (Mollusca:
Trigonioida + Unionoida): what we know and whatwish we knew about
freshwater mussel evolutioAoological Journal of the Linnean Socid%8
343-394.

Gray, J.E.1838. Two recent specieg afjonia. Annals of Natural Histont: 481-82.

Gray, J.E. 1847. Description of some new specigsarfne shells. In Jukes. J.B. Ed.
Narrative of the surveying voyage of H.M.S..FB; appendix 10, T and W
Boone, London, pp: 355-62.

Habe, T. 1985. On the species of the géwestrigonia. Venu45: 98-100. [In
Japanese]

Habe, T. and Nomoto, K. 1976. A new species ofggr@usNeotrigonia
from off Western AustraliaBulletin of the National Science Museum
Tokyo2: 175-177

Hall, T.S. 1901. Growth stages in modern Trigoti@l®nging to the section
PectinataeProceedings of the Royal Society Victatéda 17-21.

Hansen, B. and Richardson A. M. M. 1999. Interpigethe geographic range, habitat
and evolution of the Tasman freshwater crayfistug&arastocoidegrom a
museum collection. In: W. Ponder and D. Lunney (Etlse Other 99% The
Cconservation and Biodiversity of InvertebratReyal Zoological Society of
New South Wales: Mosman, pp: 210-218.

Hedley, C. 1902. Mollusca. Part 1. Brachiopoda Realcypoda. Scientific results of
the trawling expedition of H.M.C.S. Thetis, off theast of New South Wales,
in February and March, 1898ustralian Museum Memo#. 287-324.

48



Chapter 2 Systematics

Helgen, L.E. and Rouse, G.W. 2006. Species delilmitand distribution in
Aporometra(Crinoidea: Echinodermata): endemic Australianteegtars.
Invertebrate Systemati@: 395-414.

Hoggarth, M. A. 1987. Determination of anterior-fgw®r orientation of glochidia by
the examination of glochidial valves present wittiea umbos of juvenile
unionid clams (Mollusca: BivalviaPphio Journal of Scien¢&7:93-95.

Huxley, G. 1849. Description of the animfaigonia, from actual dissection.
Proceedings of the Zoological Society Lond@n30-32.

Iredale, T. 1924. Results from Roy Bell's molluscatiection.Proceedings of
Linnean Society NSW9: 179-278.

Jenkins, H.M. 1865. On the occurance of a Terispgcies offrigoniain Australia.
Quaternary Journal of Scien@ 362-364.

Kassahn, K.S., Donnellan, S.C., Fowler, A.J., H&lC., Adams, M., and Shaw,
P.W., 2003. Molecular and morphological analysithef cuttlefishiSepia
apamaindicate a complex population structukéarine Biologyl143: 947-
962.

Lamarck, J.B.A.P.M de 1804. Une nouvelle especéridmnie, et sur une nouvelle
e’Huitre, decouvertes dans le voyage do capitasued.Annales du
Museum National D’Histoire Naturell&2 351-359.

Lamarck, J.B.A.P.M de, 1818listoire naturelle des animaux sans vertebirRaris,
J.B.P Lamarck Vol. 6 Pt 1 343 pp. France.

Lamprell, K., and Whitehead, T. 19%Rivalves of AustraliaCrawford House Press,
Bathurst, Australia.

Lesson, P.R. 18338lustrations de ZoologieBertrand, Paris, pl.1-16.

Maddison, W.P. and Maddison D.R. (19923cClade,Version 3.01 Sinauer,
Sunderland, Mass.

McCoy, F., 1866. On the Australian Tertiary speag&$rigonia. Geological
Magazine3: 481-482.

McCoy, F. 1875. On a third new Tertiary specie3mfonia. Annual Magazine on
Natural History5: 316-317.

McMichael, D.F. 1956Neotrigonia -a living fossil.The Australian Museum
Magazinel956 82-84.

49



Chapter 2 Systematics

Morton B. 1987. The functional morphologyM€&otrigonia margaritacegBivalvia:
Trigoniacea) with a discussion of phylogeneticrafies. Records of the
Australian Museun39: 339-354.

Newell, N.D. 1965. Classification of BivalviAmerican Museum Novitat@206 1-
25.

Newell, N.D. 1969. Classification of Bivalvia. IR.C. Moore (Ed.)lreatise on
Invertebrate Palaeontology Pt.N, Mollusca 6, Bivalpp 205-218.
Geological Society of America and the Universityjkainsas Press. Lawrence.

Newell, N.D. and Boyd D.W. 1975. Parallel evolutiorearly trigonicean bivalves.
Bulletin of the American Museum of Natural HistaB4: 53-162.

O’Hara, T.D., and Poore, G.C.B. 2000. Patterngsifidution for southern
Australian marine echinoderms and decapddsrnal of Biogeographg7:
1321-1335

O Foighil, D. and Graf, D.L. 2000. Prodissoconchrphmlogy of the relict marine
paleoheterodoritieotrigonia margaritacegMollusca: Bivalvia) indicates a
non-planktotrophic prejuvenile ontoge@ypurnal of the Marine Biological
Association of the United Kingdos@: 175-176.

Peron, F. and Lesueur C.A. 18Wayage de decuvertes aux Terres Australes
Imprimerie Imperiale, Pari4, 1-496.

Ponder, W. 1999. Using museum collection data $sas biodiversity assessment.
In: W. Ponder and D. Lunney (ed$he Other 99% The Conservation and
Biodiversity of Invertebratesoyal Zoological Society of New South Wales:
Mosman, pp: 253-256

Purchon, R.D. 1987. The stomach in the BivalfAkilosophical Transcriptions of
Royal Society of Londd316183-276.

Reeve, L. 1841Conchologica Systematicaiongman, Brown, Green and Longmans,
London1: 1-195.

Reeve, L. 1860Conchologica Iconicalrigoniavol. 12.Reeve, London.

Ridgway, K.R., and Godfrey, J.S. 1997. Seasondeayicthe East Australian
Current Journal of Geophysical Research — Ocedda 22921-22936

Saveliev, A.A. 1958. Lower Cretaceous Trigoniideef Amgyshlak and Western
Turkmeniya. (Russian)Y.rudy vses neft. Nauchno-issled.geol-rasv. &%
433 (B.R.G.M. Translation 3634).

50



Chapter 2 Systematics

Skwarko, S.K. 1966. Cretaceous stratigraphy anaeoaltology of the Northern
Territory. Bulletin of the Bureau of Mineral Resources Geolagg
Geophysicg3, 1-133.

Smith, E.A. 1885Report on the scientific results of the voyage ®1.13. Challenger
H.M.S.O. LondonZoology13: 1-341.

Sowerby, G.B. 1884Thesaurus conchylioruntrigonia, Vol. 5, Sowerby. London,
pp: 187-188.

Stanisic, J. 1999. Land snails and dry vine thketQueensland: using museum
invertebrate collections in conservation. In: Wn8er and D Lunney (eds.)
The Other 99% The Conservation and BiodiversityeértebratesRoyal
Zoological Society of New South Wales: Mosman, pjg-B3.

Stanley, S.M. 1977. Coadaptation in the Trigonijgaeemarkable family of
burrowing bivalvesPalaeontology20:869- 899.

Stanley, S.M. 1984\eotrigonia the sole surviving genus of the Trigoniidae
(Bivalvia, Mollusca). In: N. Eldredge and S.M. S@&n(Eds.)Living Fossils
Springer-Verlag: New York, pp 243-246.

Swofford, D. L. 2003PAUP4.0b10. Phylogenetic Analysis Using Parsimamg (
Other Methods)Version 4. Sinauer Associates, Sunderland, Massatts.

Tenison-Woods, J.E. 1878. On the freshwater sh&l@smaniaPapers and
Proceedings of the Royal Society of Tasmagizb: 66-82.

Tevesz, M.J.C. 1975. Structure and habits of thedifossil pelecypodNeotrigonia.
Lethaia8: 321-327.

Verco, J.C. 1907. Notes on South Australian mamo#usca, with description of
new speciesProceedings of Royal Society of South Austr@lial3-215.

Waller T.R. 1998. Origin of molluscan class Bivaland a phylogeny of major
groups. In: P.A. Jonston and J.W. Haggart (eBisalves : Eon of Evolution-
Palaeobiological studies honoring Norman D. Nevpgl1-45. University of

Calgary Press, Canada.

51



A

Chapter 2

Systematics

Table 2.1.Subset of examingdeotrigoniaextant and fossil specimens held at different moseollections, and registration information for

neotypeEotrigonia subundulatand holotypelrigonia miriana,which were used as an outgroup taxa in cladistitysis.

Species State Locality Latitude/Longitude Number Museum/Inst Recommended
collected itution
(L/D),(E/F2), name change
Fossil
N. margaritacea  Victoria Western Port -38.48 145017 3D AM D663
1LE VM F 97351
2E VM F 97352
3 LE VM F 97353
Port Philip -37.850 144.933 1D AM C 011042
Gabo Island -37.567 149.917 1D AM C 050283
NSW Port Jackson -33.855 151.247 4D AM C 012038
Malabar -33.991 151.280 1LF AM C 3636.9
Port Kembla -34.465 151.075 10D AM C
151.075
Montagu Is -36.250 150.217 2D AM C 04070Bl. gemma
Tasmania Port Arthur -43.150 147.850 8D AM C3BB N. gemma
King Island -39.833 144.00 1D AM C 049023
Bruny Island -43.383 147.283 2D AM C 079437
N. bednalli SA Kangaroo Island  -37.000 138.550 1LE SAM I.
Great Aus. Bight  -33.042 133.125 9LF AM C 888
St Francis Is 1D NMH
WA Wilson inlet -35.200 117.000 1LF AM C
426.923
Great Aus. Bight  -34.350 121.267 10LF AM B424
Rottnest Island -32.020 115.500 1LF BMNH N. kayiomaruae
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N. lamarckii

N. gemma

N. uniophora

NSW

Qld

NSW

Qld

Victoria

NSW

Qld

NT
WA

Systematics
1L F
1L F
Sow and Pigs -33.838 151.268 20D
Reef
Malabar -33.991 151.280 20D

Moreton Bay -27.517 153.667 2D

Mooloolaba -26.667 153.600 1LF
Cronulla -34.067 151.133 S8LF
Long Bay -33.987 151.373 20LF

-26.667 153.600 1LF
-27.733 153.525 2D
-38.177 149.283 2D
-38.453 145.348 20D

Cape Tree Points
Jumpin Pin Bar
Cape Everard
Churchill Island

Sow and Pigs -33.838 151.268 4D
Reef

Montague Island  -36.250 150.217 3D
Whale Point -38.005 150.829 1LF
Wollongong 1D
Albany Passage -10.750 142.617 20D
Shelburne Bay 2D
South coast 1D

Talc Head
Roebuck Bay
Port Hedland

-12.483 130.775 2D
-18.000 122.250 1D
-19.515 118.820 20D

20012697

BMNH20050 N. kayiomaruae
708

BMNH20050 N. kayiomaruae
709

AM C 05436

AM C 363318
AM C
394.108
AM C 394144
AM C 073050
AM C 158382
AM C @168
AM C 33391
AMI3316
AM C 4834
AM C 010709

AM C 040704
AM C 361185
AM C 090777
AM C @361
AM C 303167
AM C 303165
AM C 061433
AM C 090774
AM C 148709
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N. kaiyomaruae WA Hood Point -34.417 121.333 1D AM C 065910
Cheyne Bay -34.917 119.000 3D AM C 065911

N. strangei WA Port Hedland -19.920 117.933 1D AM C 427818. uniophora

NSW 1D AM C 427376 N. uniophora

Bass Point -34.600 150.917 1D AM C 302837
Bass Point -34.600 150.917 1D VM F 30042

N. acuticostata Vic Beaumaris 1 Fossil NMV P 12240

N. howitti Vic Bairnsdale 1 Fossil NMV P 12233

N. medipontea SA Ranmark 1 Fossil NMV P 47771

N. novaguineana New Guinea Urapmin area 1 Fossil CPC 6810

Eotrigonia subundulat&/ic Torquay 1 Fossil NMV P 12250

Trigonia miriana WA Giralia range 1 Fossil CPC 4643

4]
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Table 2.2.Listing of live collected\eotrigonia specimens and the habitat type they were colldobeal.

Species State

Locality

Latitude/Longit ~ Number Habitat type
ude collected
(L/IDY,
Preservative
(E/F?)

N. margaritacea  Vic

Tas
N. bednalli SA
WA
N. lamarckii Qld

Western Port

Bruny Is
Bass Straight
Port Lincoln

Port Noarlunga

Port Stanvac
Abrolhos I$
Rottnest I3
Dampier 18

Jumpin Pin Bar

-38.48 145.017 34L E Silty, ammonia rich, high current

-43.383 147.283 4 LE Well-sorted sand, moderate current
-39.20 145.30 2 LE Well-sogadd, high current
-34.44 135.52 54 LE Sand, aldagh current
-35.167 138.500 8LE Coarse ,sanderate current

-35.106 138.484 30LE Well-sos@ad, high current

-28.184 113.355 1LF Well-sorted shell grit
-31.595 115.539 3LF Well-sorted shell grit
-20.410 116.42 3LF Coral shell grit, high catre

27733 153525 S LE Well-sorted sand, high current

!, live; * Specimens preserved in E = ethanol 70%, F = fomid; and" Specimens collected by J. Taylor and E. Gloveichivere on

loan from NHM.
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Table 2.3. Morphological data matrix of characters 1 to 25dutgedifferentiate

species of genudeotrigoniabased on type specimens. Scores are as follows:

absence, 0, presence, 1, Missing or unknown, 2ysisébased on this data matrix

resulted in parsimony tree construction depicteigure 2.4.

Species hame

Character scores

10 20 25
Trigonia miriana 0000000000 0000000000 00000
Eotrigonia subundulata 0000000000 1010100000 00010
Neotrigonia acuticostata 0001001000 0011171110 11110
Neotrigonia howitti 0001001000 0011171110 10110
Neotrigonia medipontea 0001001000 1100??1111 10110
Neotrigonia novaguineana 0011000011 1010??71111 10111
Neotrigonia strangei 1111111111 1010101001 10110
Neotrigonia uniophora 1001111111 1010101000 10010
Neotrigonia gemma 1111111111 1010111000 11011
Neotrigonia lamarckii 11171111111 1010111100 11110
Neotrigonia kaiyomaruae 1111111111 1010111111 11110
Neotrigonia margaritacea 1111111111 1010111100 11111
Neotrigonia bednalli 1111111111 1010111100 11111

56



Chapter 2

Systematics

Table 2.4.Morphological data matrix of characters 1 to 25duseanalyse the subset

of specimens of genudeotrigonialisted in Table 2.2. Scores are as follows: absenc

0, presence, 1, Missing or unknown, ? Analysis thasethis data matrix resulted in

parsimony tree construction depicted in Figure 2.5.

Species hame

Character scores

10 20 25
Trigonia miriana 0000000000 0000000000 00000
Eotrigonia subundulata 0000000000 1010100000 00010
Neotrigonia acuticostata 0001001000 0011171110 11110
Neotrigonia howitti 0001001000 0011171110 10110
Neotrigonia medipontea 0001001000 1100??1111 10110
Neotrigonia novaguineana 0011000011 1010771111 10111
Neotrigonia strangei 1111111111 1010101001 10110
Neotrigonia uniophora 1001111111 1010101000 10010
Neotrigonia gemma 11111721111 1010111000 11011
Neotrigonia lamarckii 11171111111 1010111100 11110
Neotrigonia kaiyomaruae 1111111111 1010111111 11110
Neotrigonia margaritacea 11111121111 1010111100 11111
Neotrigonia bednalli 11112111111 1010111100 11111
N. bednalliBMNH20012697 1111222221 1010111111 1011
N. bednalliBMNH20050708 1111111111 1010111111 11110
N. bednalliBMNH20050709 11112111111 1010111111 11110
N. bednalliC019242SA 11121211111 1010111100 1111
N. bednalliC073494SA 11121222211 1010111100111
N. bednalliBMNH20012696 11112122211 1010111100 1111
N. bednalliBMNH20050706 1111222221 1010111100 1111
N. bednalliBMNH20050707 11112122211 1010111100 1111
N. bednalliBMNH20050710 11112111111 1010111100 1111
N. bednalliF17399 11111212221 101000 11111
N. bednalliF18256 1111211211 1010001 11111
N. bednalliS13732 1111122221 101000 11111
N. bednalliS13735 11112122221 101000 11111
N. bednalliS13736 1111122221 101000 11111
N. margaritaceaC010705 1171712111111 1010111000 1110
N. margaritaceaC048965 11112122221 1010111000 1110
N. margaritaceaC094195 1111222221 1010111100 1111
N. margaritaceaC135613 11112122211 1010111100 11111
N. margaritaceaC363287 1171717111111 10101111001111
N. margaritaceaC363546 11112111111 1010111100 11111
N. margaritaceaF19065 1121121212111 1010111100 11111
N. margaritaceaC363547 1111222221 1010111100 1111
N. margaritaceaF97355 11121221111 10101111001111
N. margaritacead97354 11112122211 1010111100 11111
N. gemmaCc363358 11111117111 101@DO 11011
N. gemmaC363580 1111122211 100@DO0 11011
N. gemmaC427308 1111111111 1010001 11011
N. gemma&97357 1111212111 101@001 11011
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N. kaiyomarua€C303516 1111111111 1010111111 1@11
N. kaiyomaruadc426919 1111111111 1010111111 1@11
N. lamarckiiC055419 1111111111 1010111100110

N. lamarckiiC303168 1111111111 1010101001110

N. lamarckiiC363316 1111111111 1010101101110

N. lamarckiiC363318 1111111111 1010101001110

N. lamarckiiC313607 1111111111 1010111100110

N. lamarckiiF97358 1111111111 1010001 11111

N. strangeiC303166 1111111111 101010100@110

N. strangeiC302837 1111111111 101010100111@0

N. strangeiF30042 1111111111 101@0a1 10110

N. strangeiC427815 1001111111 1010101000 10010
N. strangeiC427376 1001111111 1010101000010

N. uniophoraBMNH20012698 1001111111 1010101000 10010
N. uniophoraBMNH20013145 1001111111 1010101000 10010
N. uniophoraC090777NSW 1001111111 1010101000 10010
N. uniophoraC303165QId 1001111111 1010101000 10010
N. uniophoraC303167QId 1001111111 1010101000010

N. uniophoraC361185NSW 1001111111 1010101000 10010
N. uniophoraC363387NSW 1001111111 1010101000 10010
N. uniophoraWAC14870 1001111111 1010101000 10010
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Figure 2.1.Morphology of theNeotrigonia margaritaceapecies complex, showing
synonymous shell shape and characters in specioodiested from A) South
Australia (formerly calledN. bednall), B) Victoria and C) Tasmania. A single
specimen oN. margaritacedrom Victoria is used to illustrate a D) interrett
valve, shizodont hinge Sh E) internal right valliewing the anterior adductor
muscle scar AAdM, posterior adductor muscle scalf®fand shizodont hinge SH,

and F) side view showing umbo, ligamental nymph escutcheon.

Figure 2.2 Neotrigonia margaritace#s used to depict A) bivalve views and B)
scored characters used in cladistic analysis, wdniehindicated on thideotrigonia
margaritaceashell. Character 1 is not shown on the figurghasvhole shell shape
needs to be considered when scoring that charactérgharacter 5 is indicated twice
as each bivalve needs to be examined from bothsviewascertain the size of the

umbone.

Figure 2.3.Map of Australia illustrating distributions (shadexf A) N. margaritacea
with a stippled area indicating a former distribatof N. bednallj B) N. lamarckii
C) N. gemmabD) N. uniophoraE) N. kaiyomarue, af) N. strangei Type locality for

each species is indicated with a white dot on treesponding map.

Figure 2.4.Strict consensus tree topology obtained by parsynamalysis of
morphological characters for type specimens (Tat8¢ of living and fossil
Neotrigoniaspecies, wheré&rigonia mirianaandEotrigonia subundulatavere used

as outgroup species.

Figure 2.5.Adam’s consensus tree topology obtained by maximparsimony
heuristic search on morphological data based arbset (Table 2.4) of specimens
from museum collections including type specimensictvare indicated by an
asterisk. When, data used to produce this figsriltered based on identical states
for all characters so that each terminal taxonffergnt (in MacClade), Fig. 2.4 tree

is achieved.
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Figure 2.6.Holotypes or hypotypes for the six confirmed extgpecies of
Neotrigonia A) Neotrigonia margaritaceaholotype MNHN (no registration
number); B)Neotrigonia lamarckii holotype NHM Cummings collection; C)
Neotrigonia gemmgholotype C90220; DiNeotrigonia uniophoraholotype NHM
Cummings collection; E]Neotrigonia kaiyomaruabypotype C303516; and F)

Neotrigonia strangei, holotygdHM Cummings collection
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Abstract

Knowledge of contemporary ocean currents, tempezatand geological history
across southern Australian represents a usefulefrerk for phylogeographical
analyses. A number of studies show that some manwertebrate distributions are
coincident with biogeographic boundaries among Mamng Flindersian and Peronian
marine provinces. However, because of the diffehisgories of these taxa, it is hard
to distinguish between causal and explanatory gegdgraphic patterns. We focus on
the marine ‘living fossil’Neotrigonia(Bivalvia) that has been present in Australian
waters for longer than 60 million years, and hasdfore been exposed to most of the
possible historical and contemporary factors ingbke explain phylogeographic
patterns today. We first examined species delimoitatwith molecular data.
Phylogenetic analyses based on COIl and ITS sequiataeconfirmed that southern
AustralianNeotrigonia margaritaceand eastern QueenslaNgotrigonia lamarckii
are separate speciddolecular data also supported the recent synonytioizaf N.
bednalli with N. margaritacea We then examined the genetic structure within the
widespread southefdeotrigonia margaritaceaPopulation genetic analyses based on
COIl data revealed high haplotypic diversity andorsy genetic structure. Each
sampled population contained only private haplasywhich suggests future sampling
should be carried out on a smaller geographic sddlere was a significant lack of
inferred gene flow between populations on the vea$e¢ of the hypothesized Bass
Strait land bridge barrier (Port Lincoln, Gulf $fincent). Populations near the east
side of the historical Bass Strait land bridge ilearfWestern Port, Bruny Island) were
not significantly structured from each other andymapresent recent recolonization
events. The divergence between populations eastwastl of the Bass Strait land
bridge was not markedly deeper than the divergbrte@een the western populations.
This is indicative of colonization from the westdaconcurs with the known direction
of flooding of the Bass Strait land bridge. Thisidst highlights the benefits of
incorporating paleontological inferences iatpriori phylogeographic hypotheses.
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Introduction

Australian temperate marine communities are higlryctured despite
occurring along a continuous, latitudinally simitaastline. Three main temperate
provinces were first proposed by Bennett and P2pB3), who identified a Peronian
(south-east Australia), a Flindersian (south-wast) a Maugean (Tasmania and
southern Victoria) province. A number of other marbiologists have recognised
such marine biogeographical provinces on the mdgeunal distribution and
physical parameters (Whitley, 1932; Bennett andeP&p53, 1960; Knox, 1963,
1980; Dartnall, 1974; Rowe and Vail, 1982). Manyladse studies interpret biotic
distributions in terms of contemporary environméfaators, whereas others
emphasise the importance of geological, climatit laydrographic history (Bennett
and Pope, 1953; Wilson and Allen, 1987; O’Hara Bodre, 2000; O’Hara, 2001).

The strongest identifiable contemporary influenaceginate from the
prevailing ocean currents (Fig. 3.1). The Leeuwimrént flows southwards along the
west coast, then towards the east, along the soatt. Palaeontological evidence
suggests that origin of Leeuwin current along thest¥®rn Australian coast predates
the period between middle Eocene and mid to laiigo©¢ne (Shafik, 1989;
McGowranet al.,1997). Since that time the current flow was pranirand
intermittent, with strong pulses bringing warm watmto South Australia (Shafik,
1989). The East Australian Current moves southwéodg the east coast. By
transporting tropical water masses these two oceaents strongly influence water
temperature, which plays a major ecological rolthenestablishment of marine
invertebrates (Bennett and Pope, 1953, 1960; Mc&oetral.,1997, O’Hara and
Poore, 2000).

In contrast, historical influences can be attridutethe Australian continents
geological past. During the late Cretaceous (90, k&) western side of the
Australian landmass drifted north away from Antaac(Veevers, 1984), forming the
south Australian coastline. The western regiorhefdoastline was then colonised by
warm water species and cool-water fauna were cdrated to the east (O’'Hara and
Poore, 2000), where a connection still existethatsbuth Tasman Rise (Veevers,
1984). The final split between the Australian amdakctic continents occurred 55-35
Mya ago (Veevers, 1984). The mixing of easternwestern faunas created a rich
assemblage in southern Australia, further suppléedewith tropical species as the
Australian landmass drifted north (Darragh, 1988y, 1994; O’Hara and Poore,
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2000). There is also evidence of a smaller numb8oathern Ocean species entering
this ecosystem by the circumpolar subantarcticerusr(Darragh, 1989; Edgar, 1986;
Poore, 1994; O’Hara and Poore, 2000).

Allopatric speciation on the southern Australiaasitine may also have been
promoted by subsequent geological events (BenndtPape, 1953, 1960; Edgar,
1986; Waters and Roy, 2003; Watetsal, 2004; Helgen and Rouse, 2006). One
important period for allopatric speciation occurteding the Pliocene and
Pleistocene eras, when glaciation repeatedly deedesea levels by locking up large
amounts of water as ice. During these periodsatba between Tasmania and
mainland Australia, Bass Strait, formed a dry laidtie that separated populations on
either side (Dartnall, 1974; Knox, 1980). The |lamnddpe emerged and was
subsequently flooded repeatedly during the latecBhe to Pleistocene, disrupting
gene flow for some 2 million years, providing aari@ance model for speciation
between the Peronian and Flindersian provinces€&aind Roy, 2003).

We explore the spatial patterns of genetic divgisithe marine bivalve
Neotrigonia(Palaeoheterodonta: Trigonioida). The extensigsifaecord shows
Neotrigoniato be a “living fossil”, a rare marine organisnatihemained present in
southern Australian waters over many palaeontodbgitas (Darragh, 1986). The
history of Australian Trigoniidae during the lagt @illion years is reasonably well
documented in the Tertiary sediments of VictoriatB Australia and Tasmania
(Fleming, 1964; Skwarko, 1966; Cox, 1969). Speofdseotrigoniarange back to
the upper Miocene replacing the gemagrigonia, which spans back to the lower
Eocene or Paleocene (Cox, 1952; Fleming, 1964).

Bivalves belonging tdNeotrigoniadisplay a broad distribution across the
Australian coastline, occurring infaunally from tinepical sandy to temperate rocky
substrate, but always in depths greater than 10awesz, 1975; Stanley, 1977, 1984;
pers. obs). A preliminary cladistic analysis usngrphometric characteristics
recognises six distinct extant species (Chapteft®.majority of these extant species
occupy warm to tropical habitats, includiNg lamarckii HoweverN. margaritacea
is the dominant species in colder southern seasspacies range known fist
margaritacea(Victoria and Tasmania)ow alsoencompasses the geographic
distribution of the recently synonymized spediedednallifrom South Australia
(Chapter 2).
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Here, we investigate species delimitation witNieotrigoniaand test the
proposed synonymization dF. bednalliwith N. margaritaceavith molecular data.
Neotrigonia margaritaceare benthic, burrowing animals whose larvae avaght to
be lecithotropic (O’Foighil and Graf, 2000), soithreduced dispersal capacity may
result in high levels of genetic structure. We ekargene flow and population
structure in the widespre&tl margaritaceaand use its prolonged existence in
southern Australian waters as a model to improwsiseity in understanding

phylogeographic patterns around the southern Aligstraoastline.

Methods

Sample collection

Specimens oNeotrigoniaspp were collected subtidally and preserved in 70%
ethanol (Table 3.1) (see Appendix I, for all calieg attempts). The holotypes Nf
margaritaceaandN. lamarckiiwere loaned from the Australian Museum, Sydney,
and Muséum national d’Histoire naturelle, Parisgstablish identity, but could not be
sequenced as these specimens comprise only thehelsl We sampled newly-
collected specimens from four populationg\Nafotrigonia margaritaceaGulf St.
Vincent, South Australia (n=21); Port Lincoln, Sodustralia (n=15); Western Port,
Victoria (n=8); Bruny Is., Tasmania (n=4) and thepecimens dleotrigonia
lamarckii, from North Stradbroke Is., Queensland (n=3).p&lpulations oN.
margaritaceawere located in semi-closed gulfs or embaymentsgxfor Port
Lincoln, South Australia, which represents an erplosoastline (Fig. 3.1). The
populations from Western Port, Victoria and Bruay Tasmania represents the
Maugean province, while Gulf St. Vincent, and Raricoln populations from South

Australia, represents the Flindersian marine prain

Markers and outgroup choice

We examined mitochondrial cytochrommexidase subunit | (COI) sequences
in this study because: (i) universal invertebratmprs were available for a portion of
this gene (Folmeet al, 1994); and (ii) this gene region has provided usefu
information in phylogenetic studies of bivalves @het al.,1998; Giribet and
Wheeler, 2002) and more generally in invertebratdqgeographic studies. We also
included data from the nuclear ribosomal InternanBcribed Spacer region 1 (ITS1)

to compare to the signal from the mitochondrialayea. Including data from both
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mitochondrial and nuclear sources is preferred i differences in fixation times
for the two genomes may reveal information fronestént timescales. A
complicating factor in obtaining COI data was tatbly uniparental inheritance
(DUI) of mitochondria is now also reportedNeotrigonia(Chapter 4). To prevent
inadvertently including paternal or type M genom®MA data, only female
specimens were included in this study.

The trees were rooted wiinodonta anatindCOI: EF571397, ITSI:
DQO060181) and additional outgroups weheio tumidus(COIl: DQ060176, ITSI:
DQ060191) andPyganodon grandi§COIl: EF418019, ITSI: EF488196). These are all
freshwater bivalves in Unionoida, the sister grofiphe marine Trigonioida, which
together form the diverse clade Palaeoheterodéfdatiet al, 1998; Giribet and
Wheeler, 2002).

Extraction and amplification

All tissues were stored in ethanol and total gereddNA was extracted
according to the DNeasy blood and tissue kit (niaggSA). The genomic DNA was
then cleaned using the Cetyl Trimethyl AmmoniummBide (CTAB) method
(Scouras and Smith 2001) and the samples stor@@4E. A 592-bp fragment of COI
was amplified using the primers LCO1490 and HCO2E8meret al.,1994), and
769-bp of ITS1 using primers G740 F (5-TCCGTAGGTS2CTGCGG-3') and
G749 R (5-GCTGCGTTCTTCATCGATGC-3’) (Whitet al.,1990). Polymerase
chain reactions (PCR) were carried out using a €&bfrS-320 thermal sequencer
using 0.2 pl taqGold (5 units/pl), 2 ul per prinffguM), 4 ul DNTP’s
(Deoxynucleotide Triphosphate) (10 uM), 8 ul Mg@5 uM), 5 ul TGold Buffer, 5
pl gDNA and 23.8 pl sterile water in a 50l reactiDenaturation was carried out at
94 °C for 45 seconds, and an annealing temperat& °C (COI) or 56 °C (ITS1)
was applied for 45 seconds, with an extension geatd’2 °C for 60 seconds,
repeated for 35 cycles.

Sequencing

PCR products were cleaned using UltraClean PCRualeaspin columns
(MoBio, USA). If multiple products were preseritetdesired product was isolated
using agarose gel (1.5%) electrophoresis, and etbasing the QlAquick gel

extraction kit (Qiagen, USA). PCR products wereellda for sequencing using a
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Hybaid Omn-E thermal cycler, with 5ul of PCR progjucpul of primer (5uM) and 4

ul Big Dye Version 3 combined in a 10ul reactioheTeaction was completed at a
denaturation temperature of 96 °C for 30 secondanaealing temperature of 50 °C
for 15 seconds, and an extension temperature 8€60r 4 minutes, repeated for 25
cycles. The product was cleaned using 70% isopal@ard sequenced at the Institute
of Medical and Veterinary Science, Adelaide, SAngsn automated sequencer 3730
(Applied Biosystems). Bi-directionally sequencedadaas reconciled and edited
using segEd v1.0.3, and aligned manually using $8Alall (Rambaut, 2002).

Phylogenetic analyses

We conducted maximum parsimony (MP) in PAUP* 4.008@offord, 2003)
on each gene, and then used combined COI and BSMR analyses were
performed with heuristic searches using 100 randeguence additions and tree
bisection reconnection (TBR) branch swapping. Naggport was assessed using
10,000 bootstrap replicates.

We also conducted Bayesian analysis on the comlgdatdset using MrBayes
3.1.2 (Huelsenbeck and Ronquist, 2001). Data wganised in two unlinked
partitions based on the general time reversibleeh@ITR+IH) recommended by
Akaike Information Criterion (AIC) (see Posada @wtkeley, 2004) in MrModeltest
2.2 (Nylander, 2002). Bayesian analyses were rtin default priors (rate matrix: O-
100, branch lengths: 0-10, Gamma shape: 0-1),domarstarting tree and six Markov
chains, where 3 chains were heated. One millioP) #nerations were run for two
replicate analyses with a tree saved every 100rggoes. The trees were used to
construct a majority rule consensus tree providiggposterior probabilities for each
clade. We used Tracer v1.3 (Rambaut and Drummd@h)2o observe stationarity
of obtained probabilities and discarded the fi¥d frees that represented a pre-

stationary phase.

Mitochondrial population structure

We used TCS 1.21 (Clemegttal, 2000) to construct statistical parsimony
networks at the 95% connection limit based on tB& gene. This method is designed
to provide representations of gene genealogidsegbapulation level (Templetat
al., 1992). The amount of population genetic structuas tested in ARLEQUIN 2.0
(Schneideet al, 2000) by conducting a hierarchical analysis ofaoolar variance

73



Chapter 3 Phylogeography

AMOVA. Because molecular data are not normallyribsted, significance was
tested by permutating the data. ARLEQUIN 2.0 wasduse estimate haplotype
diversity (Nei, 1987) and to estimatest, the pairwise fixation index of genetic
differentiation (Hudsomt al, 1992; Tamura and Nei, 1993). We also used
ARLEQUIN 2.0 to calculate Tajima's D-test (Tajini®89) and Fu'Estest (Fu,
1997) in a demographic context. Significance festhvalues was assessed in
ARLEQUIN 2.0 with 1000 parametric bootstrappingliegtes (Schneidest al.,
2000). Both of these statistical tests were usebsess the mtDNA haplotype
distribution in the population, with the null hypesis that all populations are
expanding (Tajima, 1989; Fu, 1997). Negative valasbe explained by selection,
geographic barriers or recent mutation, while pesivalues are interpreted as recent
secondary contact between previously differentisiteshges. To test for isolation by
distance, we performed a Mantel test in ARLEQUIN Schneideet al, 2000),
which computes the linear correlation between twaxionity matrices, in this study,
dst and geographical distance. Distances were mesising Google Earth
4.0.2694, where straight lines connected each ptipallocality while avoiding

coastlines.

Results
Topology-based species delimitation

Maximum parsimony (MP) analysis of 744-bp of aligri@Ol data (175
parsimony informative sites) produced four shortessts of 351 steps (Consistency
Index Cl= 0.847, and Rescaled Consistency RC=0@&7hformative characters
only) (Fig. 3.2). ITS1 data consisted of 799 alidysées containing 352 informative
sites, and MP analyses produced seven trees Watigéh of 835 steps (Cl=0.812 and
RC=0.671 for informative sites only) (Fig. 3.3héltopology recovered for each data
set was largely congruent, with high support fsddaodes that defined species, but
the topology within the species-level clades w#seginot supported or unresolved.
Bayesian and MP analyses on combined data alsaigeddcongruent topologies
(Fig. 3.4). All analyses strongly supportddlamarckiiandN. margaritaceaas
reciprocally monophyletic (bootstrap 100, postepmbabilities 1.00). Specimens
that might be identified a¥. bednalliby morphology nested inside tNe

margaritaceaclade and thus supports the synonymy implement&hapter 2.
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Genetic distances

In total, 51 COIl and ITS bi-directional sequencesewobtained for four
populations oNeotrigonia margaritaceaensu latand one population d&f.
lamarckii. Interestingly, mitochondrial and nuclear genastamed similar amounts
of variation. The mean uncorrected COI pairwis¢atise amond. margaritacea
was 3.4 %, and the mean uncorregiatistance amonty. lamarckiiwas 3.2%. A
mean COp-distance of 11 % betweéh margaritaceaandN. lamarckiiwas
recorded The mean uncorrectgddistance for ITS1 withilN. margaritaceavas
2.8% and withirN. lamarckiiwas 1.4%, while betwedx. margaritaceaandN.
lamarckii the mean uncorrectgddistance was 8.4%. The mean uncorrepted
distance amonfyl. margaritacegopulations was 3.8% based on COI, and 2.9%
based on ITS1 data.

Phylogeography and demography

COl sequences from 48 individualsif margaritaceaconsisted of 33 unique
haplotypes. Results from TCS resolve these hapdstypto a single star-like network,
within the 95% limit of parsimony reconnection (F&5). No haplotypes were shared
among populations, and haplotypic diversity wasHay all populations, ranging
from 0.88-1.0. Mean nucleotide diversity was loanging from 0.01-0.07 (Table
3.2). An analysis of molecular variance found hygsignificant genetic variation
among and within populations (Table 3.3). Pairvst values between populations
were high, and a significant lack of gene flow taninferred among nearly all
populations (Table 3.4). The exception was noniagmt structuring between
Western Port (Victoria) and Bruny Island (Tasmaiiiable 3.4). Within the four
populations oN. margaritaceano values recovered by F&'s (Fu, 1997) or
Tajima's D-test (Tajima, 1989) were significantlflea3.2), rejecting an expanding
population model and the null hypothesis of neitfralespectively. A Mantel test
based orbst values and geographical distance indicated itpge for an isolation-
by-distance population model; the correlation dogfht R was equal to -0.173 and

not significant p= 0.64).
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Discussion

Molecular phylogenetic analysis strongly suppdtéotrigonia margaritacea
andNeotrigonia lamarckias distinct monophyletic grouphese results are
consistent with traditional views on the taxonomiyNeotrigoniathat have largely
relied on shell morphology (Darragh, 1986; Lampagitl Whitehead, 1992).
However, traditional taxonomic approaches alsoges®dN. bednallias a distinct
species (Lamprell and Whitehead, 1992), whereasesullts show that these
specimens are highly supported within bhemargaritaceaclade, confirming the
recent morphological-based synonymisation with maker data (Chapter 2). The
smallest uncorrected COI divergence between twivithaals ofN. margaritaceaand
N. lamarckiiis 6%. Although divergence percentages should eetsed as an
arbitrary threshold for species separation whes&olper lineage per million years
rate is expected (Norga#e al.,2009), our average uncorrectedistance value for
COl divergence of 11% between these two specigssqmonds to similar values
within the sister group, Unionoida, where mostnspecific uncorrecteg-distance
values ranged from 3.65% to 15.35% (Serrhl, 2003). To date, the distribution of
Neotrigonia lamarckiis confined to the eastern Australian Peronianmegsrovince
(Chapter 2). In contragieotrigonia margaritacea sensu latan now be regarded as
widely distributed on the southern coast of Australanging from South Australia to
New South Wales (Stanley 1984), including Tasmariat widespread distribution
encompasses all three marine provinces proposé&iyett and Pope (1953). We
sampled populations ®&f. margaritacegrom two of those provinces. Although the
boundaries are not entirely discrete, populatioosfPort Lincoln and Gulf St.
Vincent are both in the Flindersian Province thaters the majority of the southern
coast of Australia. Port Lincoln is on the exposedst, west of the major gulf system
in South Australia, and is less likely to have bsewverely affected by sea-level
change in the Pleistocene, whereas Gulf St. Vineastlikely to have been
completely exposed during that period of lowereatisgel (Veevers, 1984).
Populations from Western Port and Bruny Islandoaté in the shallow Bass Strait
region of the Maugean province (see Fig. 3.1), tvisdikely to have been
completely exposed during periods of lowered seatl@/eevers, 1984).

An AMOVA showed significant genetic subdivision it and among all of
the sampled populations Neeotrigonia margaritaceaPairwised®st comparisons
were significant between all four populations aldimg southern Australian region,
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except between Western Port and Bruny Island. Ttres&laugean province
populations produced a pairwigest value within the range of the other pairwise
populations comparisons, but were the least sangfldteN. margaritacea
populations in this study, thus generating low poteedetect a significant difference.
Furthermore, the lack of any shared haplotypes é&tvpopulations (Fig. 3.5) and the
lack of corresponding phylogenetic structure (F&)8-3.5) supports the lack of gene
flow between these Maugean populations. None obgtienality criteria applied to
phylogenetic analyses here resulted in trees wiivergence between populations on
either side of the hypothesized Bass Strait laragbr possibly indicating it never
presented a significant barrier for dispersal o #pecies. But in combination with
the restricted dispersal, it seems more reasomaliéer that the populations in the
Bass Strait region might represent a relativelgnécolonization. These two
Maugean province populations cannot be linked th e¢her by any clear current
regime, and their lack of differentiation from eaather may instead represent a lack
of differentiation from a common source populatidhe level of divergence shown
between eastern populations (Bruny Island and Wrestert) and western populations
(Port Lincoln and Gulf St. Vincent) is no greatiean any other, indicating that
recolonization may have originated from a westedyrce population. This seems
likely given that the Bass Strait land bridge wast flooded from a westerly direction
after the last glacial maximum (Lambeck and Chdp@éD1). Further sampling of
intermediate populations on either side of the E&tssit land bridge will be necessary
to resolve this. A similar phylogeographic pattexobserved in the barnacle
Catomerus polymerushere the populations from South Australia are tfinbtio

source postglacial populations in Victoria and Tasia (Yorket al.,2008).

Although quite close geographically, Port LincohdaGulf St. Vincent
populations are highly differentiated from eacheofland each also contained high
haplotypic diversity. Reasons for this may be twtaifrelating to both
palaeoenvironments and contemporary local hydradyecs Firstly, although it is
probable that the shallow Gulf St. Vincent was ctatgly exposed during the last
glacial maximum, there are Pleistocene and Pliotes®l deposits that indicate
contemporary gulfs could have served as possiblges during glacial periods
(Hockinget al, 1988). Long periods of isolation and small pagioh sizes would

have increased the role of genetic drift in fixthg mitochondrial haplotypes
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observed here. As each glacial event ended, subskeqgontact among refuges might
have resulted in the accumulation of haplotypiedsity generated in isolation.

Contemporary reinforcement of isolation may hase alontributed to the
genetic structure observed between Port Lincoln@uidl St. Vincent populations of
Neotrigonia margaritaceaOceanographic modelling of the Gulf St. Vincembws
limited water exchange with the open ocean esgg@aér summer months (Lennon
et al, 1987; Kaemptt al, 2009). This would increase local retention o¥¢éa, and
preserve the incidence of private refugial haplesym the population (Appendix II).
Based on the west to east path of the Leeuwin @ualeng the southern coast of
Australia, the Port Lincoln population might be egfed to serve as a source for the
Gulf St. Vincent population due to its upstreamipas. However, the Leeuwin
Current reverses direction during summer monthen@szet al, 1983; Kaempét al,
2009). The reproductive period Nf margaritaceaappears to be year round (Chapter
5), implying that any potential exchange betweeaséhtwo populations could occur
in the winter months, but this is also the perideew winter storms are frequent,
originating from the Southern Ocean. How much thight prevent gamete exchange
is difficult to estimate. Unfertilized oocytes dreoyant for a short period of time,
exceeding no more than half an hour (pers. obsifglwhich time they may be
susceptible to onshore wave action. In any caseniar pattern of population
differentiation for Gulf St. Vincent is seen in tbe-occurring giant Australian
cuttlefish,Sepia apam#éKassahret al, 2003) and the bobtail squiluprymna
tasmanicaJonest al, 2006). In those studies, South Australian popariatare
separated, but even more relevant to our resultddotrigonia there is connectivity
between Melbourne and Tasmanian populations. T¢tesealopod species similarly
have very limited dispersal post-hatching, and matybe mobile in the water column
long enough to be influenced by major currentss faint is further corroborated by
many species with dispersive larvae that do sholear historical imprint of the Bass
Strait Land Bridge on their population structureaf@fset al.,2004, Watergt al.,
2005).

Neotrigonia margaritaceappears to have been present in its current range
since the formation of the southern Australian toees approximately 1 Mya to 12
000 years ago (Darragh, 1986, McGowearal.,1997). For the most part, sampled
populations appear to be very diverse and strogehetically structured, perhaps

reflecting a continued accumulation of mutationsraa long period of time.
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Understanding present day connectivity is compiddty the lack of any shared
haplotypes and the rejection of an isolation-byesise model, which may have been
expected given the short larval dispersal for gi@sus. Although present divergence
between geographically close populations can b&agqa in part by contemporary
hydrodynamic patterns, historic explanations retaarit e.g. glacial gulf refuges and
recent expansions in the Bass Strait region.

Interpreting these results was made more challgngyrthe large spatial scale
between some of the sampled populations and almmber of individuals in others.
Davis and Nixon (1992) point out that undersampiimgyeases the chance of false
recognition of differentiation (Nixon and Wheel&892). We do not believe this is a
major setback to the current study, as the haplotygtwork easily resolves all
individuals into one network. However, rare shdraglotypes may be uncovered
through increased sampling within populations, famther sampling of any kind can
only improve the inferences made. We anticipatedbawork will renew interest in
interpreting southern Australian phylogeographittgras in light of the diverse
origins of its resident taxa and highlight theitytibf ‘living fossils’ in
phylogeographic studies.
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Table 3.1.The location and number Bleotrigoniaspp. collected for analyses.

Species Location Latitude Longitude N
N. margaritacea SA, Gulf St. Vincent 35° 6'36.05"S 138°27'22.80"E 21
SA, Port Lincoln 35°9'42.79"S 135°50'41.58"E 15
VIC, Western Port 38°21'10.58"S145°14'26.81"E 8
TAS, Bruny Island 43°11'33.34"S 148°2'37.81"E 4
N. lamarckii QLD, North Stradbroke Is 27°23'25.12"S 153°38'4.11"E 3
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Table 3.2.Mitochondrial COI diversity oN. margaritacegyopulations. N= number
of sequences; K= number of haplotypes; h= mearohgp# diversityz = mean

nucleotide diversity.

Population N K H n Tajima'sD Fu'sfs

Gulf St. Vincent 21 9 0.88 0.06 1.54 2.88
Port Lincoln 15 9 1.0 0.02 -0.57 0.43
Western Port 8 4 0.83 0.05 0.95 0.73
Bruny Island 4 4 1.0 0.01 -0.79 2.59
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Table 3.3.Analysis of molecular variance (AMOVA) among alf populations of

N. margaritaceadased on COI data

Source of df Sum of Variance Percent of P value
Variation squares components variation

Among 3 44,93 1.837 40.37 0.00

population

Within 25 76.53 2.714 59.63 0.00

population
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Table 3.4.Pairwisedstamong four populations dfeotrigonia margaritaceayased
on COI data. Numbers in bold are significant valfpes 0.05).

Population Gulf St. Vincent Pt Lincoln Western Pot  Bruny Island
Gulf St. Vincent 0

Port Lincoln 0.44 0

Western Port 0.36 0.29 0

Bruny Island 0.50 0.33 0.42 0
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Figure 3.1

Map of Australia showing the locationsé&otrigoniacollection, as well as the
currents and marine provinces around southern Alis{inset) following Waters and
Roy (2004), where abbreviations ZC represents dehZn Current, LC = Lewin
Current and EAC = Eastern Australian Current. Tihgle Neotrigonia lamarcki
population from North Stradbroke Island is représeéroy a solid square, and
populations oNeotrigonia margaritaceay solid circles for Port Lincoln, Gulf St.
Vincent, Western Port and Bruny Island.

Figure 3.2

Strict consensus of four most parsimonious tremgth 351) from COI data for
Neotrigonia margaritaceandNeotrigonia lamarckiiTree terminals correspond to
the two species from the following localities; G8lf. Vincent, Bruny Island, Port
Lincoln, Western Port and North Stradbroke Islaieximum parsimony (MP)
bootstrap values are shown above the line. Shauednals indicate specimens

previously identified adleotrigonia bednalli

Figure 3.3

Strict consensus of seven most parsimonious tlergth 835) from ITS molecular
data forNeotrigonia margaritaceandNeotrigonia lamarckii.Tree terminals
correspond to the two species from the followingpldies; Gulf St. Vincent, Bruny
Island, Port Lincoln, Western Port and North Straéib Island. Maximum parsimony
(MP) bootstrap values are shown above the lined&hgrminals indicate specimens

previously identified adleotrigonia bednalli

Figure 3.4

Bayesian consensus tree using combined COIl anddagiforNeotrigonia
margaritaceaandN. lamarckiigenerated in MrBayes V3.1.2 (Huelsenbeck and
Ronquist 2001). Tree terminals correspond to thedpecies from the following
localities; Gulf St. Vincent, Bruny Island, Portnicioln, Western Port and North
Stradbroke Island. Values for posterior probaletitabove the line and maximum
parsimony (MP) bootstrap below the line. Shadeghitegils indicate specimens

previously identified adleotrigonia bednalli
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Figure 3.5

Haplotype network olN. margaritaceaCOIl data produced at the 95% confidence
limit. Empty circles represent unsampled or pogsabitinct haplotypes. The rectangle
indicates a presumed ancestral haplotype, whitglavals represent two haplotypes
and small ovals represent one haplotype. Haplotgpegrouped by a dashed line into

their corresponding localities.
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Abstract

Several families of bivalves have been reportedotatain two mitochondrial
DNA types, maternal and paternal, which are coethim different body tissues.
These two mitochondrial genomes are inherited seglgr and this system of mtDNA
inheritance is known as doubly uniparental inhad&a(DUI). Here the presence of
DUI is reported folNeotrigonia margaritacegLamarck, 1804), using mitochondrial
DNA from Cytochrome C Oxidase | (COIl) and 16S rimosl DNA genes (16S
rDNA). Male and female mitotypes, from gonad ancthatc tissue , were identified
for both COI and 16S rDNAwithin each of the maleattwere sequenced. The low
divergences between the male and female mitotypdscated either a recent
acquisition of DUI inNeotrigonig or a recent masculinization event. To elucidaie t
further, the data was analysed in a phylogenegiméwork by adding terminals from
its extant sister group, Unionoida, which also sHoWl. Congruent with previous
results, femaléNeotrigoniaCOl mitotypes formed the sister group to femaleooid
COI mitotypes, suggesting that no masculinizatieen¢és (where the reversals in the
route of mitotype transmission resulting in reseeryences of F and M mitotypes)
have occurred in unionids since their divergenoenfNeotrigonia. The addition of
male Neotrigonia COI mitotypes showed that they were nested ambegfémale
Neotrigonia mitotypes. Interestingly, analyses withNa lamarckii (Gray, 1838)
mitotype, derived from somatic tissue, showed thattwo Neotrigoniaspecies did
not group according to gender. Rather, Keotrigonia lamarckiimitotype was sister
to all M and F mitotypes oN. margaritacea If the homology of DUl between
Neotrigonia and Unionoida is accepted then this lack of geiadfdration within
Neotrigonia suggests a recent masculinization event withiNeotrigonia
margaritacea The analysis of 16S rDNA sequence data showddrhke and female
mitotypes of Neotrigonia were very similar sequenddough males did show two
different mitotypes. The phylogenetic analysis listdata differed from the COI
result in that Unionoida male and female mitotyp@sned a clade that was sister
group to theNeotrigonia This result would suggest that DUI in Unionoidaikd have
appeared after the split witheotrigoniaor that the rate of 16S rDNA evolution has
been much slower than COIl. When the presencesanale of DUI was mapped onto
a phylogeny of all bivalves, the most parsimonitrassformation suggests that DUI
is the ancestral state for all Bivalvia but hasrbkxst on several occassions, though

the amount of missing data means that much funtivesstigation is required.
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Introduction

Animals transmit their mitochondrial genome predwamntly through the
maternal lineage (Hayaséi al, 1978; Birky, 1995). However, various forms of
paternal mtDNA transmission are known in severatitebrate and vertebrate
species (Korpelainen, 2004). Within the Mollusdpabental transmission of mtDNA,
known as doubly uniparental inheritance (DUI) (Zwset al, 1994a), has been
reported in numerous bivalves, mainly in Unionoida&luding species in Unionoidae
(Liu et al.,1996; Hoerlet al, 1996, 2002; Serb and Lydeard, 2003), Margaritiée
and Hyriidae (Hoelet al, 1996; Curole and Kocher, 2002), but also witiémeroida
(Passamonti and Scali, 2001), Mytiloida (Fisher Skibinski, 1990; Skibinslet al.,
1994a,b; Zourost al, 1994a,b; Passamonti, 2007), and Solenidae anddigae
(Theologidiset al, 2008). In these species, two types of mtDNA exXiste type of
MtDNA is transmitted via the eggs to both femald arale offspring. This mtDNA is
known as the maternal or type F mitotype. The otyy@e of mtDNA is transmitted
through the sperm only in male offspring, and iswn as the paternal or type M
mitotype (Zouros, 2000). The males are thus helasagc, where the type F
mitotype predominates in the somatic tissue andvtmeitotype is restricted to the
gonads (Stewast al, 1995; Sutherlandt al, 1998). There have been reports of
traces of the paternal mitotype in the somatic feraad male tissues (Stewattal.,
1995; Garrido-Ramost al, 1998; Dalziel and Stewart, 2002), as well asggs
(Obataet al.,2006). However, the sperm has been reported teebeof the male's
maternal mitotype (Venetet al.,2006). DUI is a phenomenon so far only detected in
bivalves, although not all bivalves have DUl andhsnenore remain to be assessed.
So far, absence of DUI has been reported for sp&dgihin the ArcidaeArca noae
(Theologidiset al.,2008), OstreidaeCrassostrea virginicandC. gigas(Obataet al.,
2008), VeneridaeVenus verrucosandCallista chiong(Theologidiset al.,2008), and
in Unionoida: Etheriidae (Walket al.,2006), although these latter two families
predominantly have DUI (Hoeét al., 1996, 2002).

DUI should be easy to detect as it generates tatindt mtDNA lineages with
different distributions in female and male tiss(iésuroset al.,1994a; Theologidist
al., 2008). Amongst the mytiloid bivalves, the averdgergence between the
paternal and maternal lineage is 20% for p-distaibesed on the partial sequence for
Cytochrome C Oxidase subunit | gene (COI) (Mitzal.,2005), whereas for unionoid
bivalves divergence values can be as high as 5@#ofikakis and Zouros, 2001;
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Bretonet al.,2009). The sequences for the same genes in usiamte so different

between sexes that DNA primers would recognise se@juences from the genomes
of one sex and failed to amplify the other (Ladduakand Zouros, 2001). However,
divergence values between the sexes do not neitg$sae to be so highMytilus
galloprovinciallis (Ladoukakis and Zouros, 2001) akigtilus trossulugBurzynskiet
al., 2003) have divergence ranges between 2 and 20%asdn behind this lower
divergence value may be homogenisation of the wvmme lineages through
recombination (Burzynslet al.,2003). Recent investigation into DUI by Doucet-
Beaupreet al., (2010) revealed that gene content and gene oedgrbetween the
complete M and F genomes among the Unionoida kegalv

Another reason why the amount of divergence casoberiable between the
gender-associated mtDNA within a male is due toot®irrence of "masculinization”
events (Hoelet al., 1996, 1997) or "role reversal" (Quesadal.,1999). These
events occur when a gender-associated mitochorithealge is lost and replaced by
the opposite gender lineage. Masculinization ocedmsn the original M-mitotype
MtDNA lineage is replaced by F-mitotype mtDNA, misubsequently only inherited
through males (Hoeét al, 1997; Quesadet al, 1999). This resets the ‘divergence
clock’ between the two lineages, and the divergesiexpected to increase over time
with further accumulation of mutations. UnlikeMytilus species, there is no
evidence for recent DUI masculinization events ogog in unionoids because the
amount of divergence between M and F type mtDN¥eiy high, ranging from 28%
to 50% for COI (Hoelet al, 1996, Doucet-Beaupst al, 2010).

An interesting consequence of DUI is that the & Bihgenomes from
different taxa may form distinct clades based oarather than taxa, if DUI pre-dated
the speciation events of the examined taxa (Thédiket al, 2008). This has been
shown in closely-related species suciMgsilus edulisandMytilus trossulugRawson
and Hilbish, 1995; Stewaet al, 1995) and similar results have been reportelinvit
the Unionoida (Hoelt al, 2001; Curole and Kocher, 2005). In unionoid breal
there is an exclusive M-mitotype extension in tlygo€Chrome C Oxidase subunit Il
gene (MCox2e), and a novel localisation of tRNAidise (TrnH) in the M genome
(Doucet-Beaupret al, 2010). This distinguishes the unionid M genoraeanly
from the unionoid F genome, but from all other R@mes in bivalves that possess
DUI (Doucet-Beaupret al, 2010). When different bivalve families, mytilids
venerids and unionids, were analysed togethelf: #ued M mitotypes of each family
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cluster together, away from genomes of other fasilieading to suggestions that
DUI emerged independently in each family (Ha@tfal, 1996; Miziet al, 2005).
However, masculinzation events provide an alteveagxplanation for this result.
Given the relatively basal position of Unionoidahim bivalve phylogeny
(Giribet and Wheeler, 2002; Dryer and Steiner, 20D@ucet-Beaupret al.,(2010)
reported that the DUI characteristics observechionoid bivalves could resemble
the DUI ancestral condition. Although the origirfidddJ1 are still not known, Hoebt
al., (2002) predicted that this phenomenon has beeratipg in bivalves for over 200
million years. This was based on the inclusion single, presumably F mitotype
COl sequence of Neotrigonia margaritacea in a eng, which showed this
sequence to be the sister to the F mitotype clatieedreshwater Unionoida.
Neotrigoniais a marine “relic” genus in Trigoniodea, whichrftg the sister group to
freshwater Unionoida together forming the monoptiyleubclass Palaeoheterodonta
(Hoehet al.,1998; Giribet and Wheeler, 2002; Dryer and Stei2@06). Despite
inclusion of only somatic DNA as the probable Fatyipe forNeotrigonig Hoehet
al., (2002) predicted that DUI has been present iad®aeterodonta prior to the
origin of freshwater unionids. For this chapteg gossibility of DUl operating in
Neotrigonia margaritaceavas assessed by sequencing mtDNA (COIl and 16S)
extracted from gonad tissue of males and females.r@sults of these analyses are
then combined with previously published informat@nthe absence and presence of
DUI within bivalves and used to examine the origirdbUl with respect to the

Palaeoheterodonta clade and further within Bivalvia

Methods
DNA extraction, amplification and sequencing

Twenty-two specimens ®eotrigonia margaritaceavere collected from
subtidal depths exceeding 12 metres from Gulf 8tc&ht, South Australia, and
preserved in 70% ethanol. Gender was determineditipscopic inspection of
gonad tissue. Of the 22 specimens (labelled SW lesnp Table 4.1), seven were
male and fifteen were female. Seven male specimwens sequenced using separate
DNA extractions on gonad and somatic tissue toiobtele and female mitotypes of
Cytochrome C Oxidase | (COI) and two out of sevetlem were sequenced for 16S
ribosomal DNA genes (16S rDNA). In addition, newligtained sequences were

combined with all other availabMeotrigoniasomatic tissue-derived COI sequences,
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in total 18Neotrigonia margaritaceéincluding Genbank samples) atitee

Neotrigonia lamarckispecimens (Table 4.1). These genes were spebifdalsen to
allow the broadest possible comparison using exjsdatasets on species known to
either have DUI or lack it.

Total genomic DNA was extracted according to theg@n DNeasy (Qiagen,
USA) protocol for animal tissues. The DNA was isethusing spinfilter followed by
ethanol precipitation. The genomic DNA was themotd using the Cetyl Trimethyl
Ammonium Bromide (CTAB) method (Scouras and Sn2001) and the samples
stored at -80C. A 590 base pair (bp) fragment of &t 425 bp of 16S rDNA were
amplified using the primers CO1490-L and CO219&-Hlifheret al, 1994) for COI
and 16Sar-L (Kochegt al, 1989) and 16Sbr-H (Palumdt al, 1996) for 16S rDNA.
Polymerase chain reaction (PCR) was carried oagusiCorbett FTS-320 thermal
sequencer using 0.2 pL taqGold (5 units/ul), 2 pi.grimer (5uM), 4 uL DNTP’s
(Deoxynucleotide Triphosphate) (10 uM), 8 uL Mg(@5 uM), 5 uL TGold®
(Applied Biosystems), buffer, 5 uL gDNA and 23.8 gterile water in a 50uL
reaction. Denaturation was carried out at 94 °Closeconds, with annealing
temperature of 48 °C for COI and 46.5 °C for 168ADapplied for 45 seconds and
extension at 72 °C for 60 seconds. This was regdate35 cycles.

PCR products were cleaned using MoBio spin clea(MoBio, USA). If
more than one product was present, the desiredipredhs isolated using agarose gel
(1.5%) electrophoresis and cleaned using the QigdAquick gel extraction kit
(Qiagen, USA). PCR products were amplified for gsming using a Hybaid Omn-E
thermal cycler (Hybaid Limited, USA), 5uL of PCRopiuct, 1 pL of primer (5uM)
and 4 pL Big Dye Version 3 were combined in a 1@gdction. The reaction was
completed at a denaturation temperature of 96 PBGseconds and annealing
temperature of 50 °C for 15 seconds and an extemsimperature of 60 °C for 4
minutes, repeated for 25 cycles. The product weasneld using 70% isopropanol and
sequenced at the Institute of Medical and Veteyiisaience, Adelaide, SA, using an
automated sequencer 3730 (Applied Biosystems).Segual data was edited using
segEd v1.0.3. Sequences were aligned using Mac@&dmn 4 (Maddison and
Maddison, 2000) and MAFFT (Katat al, 2009). Mitotypes were inferred using
ARLEQUIN 2.0 (Schneideet al.,2000) and TCS 1.21 (Clemesttal.,2000).
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Analyses

Female and male mitotypes of Neotrigonia margagdagere combined with
all other additional published sequences of bivalyecies known to possess DUI
(Table 4.1). In addition we used outgroups as ambyeHoehet al.,(2002) and
Theologidiset al.,(2008) due to their taxonomic appropriatenesslawdtchance that
they would have DUI (Table 4.2).

To evaluate the level of divergence between thasgds$ derived from the
female and male sequences for COIl and 16S rDNAeotfigonia margaritacea, the
pairwise uncorrected p-distances were determineddoh mitotypes sequence. The
two groups were compared with using analysis ofeculr variance (AMOVA), to
test whether variability within male mitotype arehfale mitotype sequence is
significantly different. Because molecular datamwenormally distributed,
significance was tested by permutating the dat&s T@1 (Clemengt al, 2000) was
also used to construct statistical parsimony nétwat the 95% connection limit
based on the COI gene. This method is designerbtade representations of gene
genealogies at the population level (Templatbal, 1992) and here it is used to
identify the ancestral mitotype for all male anchéde mitotypes.

As well as incorporating new data fdeotrigonig the effects of outgroup
choice and 3rd position saturation in COIl on prasianalyses of DUI in
Paleoheterodonta (Unionoida + Trigonioida) weresssd. It has been suggested by
Hoehet al.,(1998) that third-position transversions are sdtd for bivalves at this
level of divergence. Saturation can exacerbatelpnabfor older divergence and for
analyses that cover a wide range of hierarchaldg¥ghitfield and Cameron, 1998;
Schwarzet al.,2004). Also, heterogeneity in base compositioorgrtaxa can cause
problems in phylogenetic analysis if they do ndiiex shared ancestry, leading to
spurious attraction between taxa with similar cosipanal bias (Lockharntt al,
1994). The third position for COIl was recoded (&9 By Hoehet al.,(1997,1998,
2002) and this was also followed here to compaseetfect against the normally
coded dataset. The outgroup choice of the insez$dphila and other non-bivalve
molluscs by Hoelet al.,(2002) was also assessed here by using outgrooges m
closely related to Paleoheterodonta.
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Analyses of dataset 1

Maximum Parsimony (MP) analyses were conductedguSi@l nucleotides,
and using the same outgroups as in Hatedll,, (2002) (Table 4.2), excluding the snail
Albinaria turrita, which had a very long branch. PAUSOb10 (Swofford, 2003) was
used with default settings, except for stepwisdtamdusing 100 random addition
sequences. Jackknife support values (37% deletier assessed in PAU®sing
100 replicates of 100 random addition sequenceg$an analyses on the same data
set was performed with MrBayes 3.1 (Ronquist andlstnbeck, 2003), with COI
data organised in three unlinked partitions acemydd codon position, and applying
the general time reversible model (GTRF)€hosen based on the Akaike
Information Criterion AIC (see Posada and BuckeB§4) in MrModeltest 2.2
(Nylander, 2002). All Bayesian analyses were rutihefault priors as follows: rate
matrix: 0-100; branch lengths: 0-10; Gamma shagle: Six Markov chains were
started from a random tree and all chains ran sanebusly with a tree saved every
1000 generations for 10,000,000 generations. Therfillion trees were discarded as
burn-in, chosen after examination of the log likebd plots to see when stationarity
was reached using Tracer v1.4 (Rambaut and Drumn2@@¥). The majority rule
consensus tree of the last 9001 trees for eaclsasgave the posterior probabilities
for each clade.

Analysis of dataset 2

COl dataset saturation in the third position waseased using the test by Xia
(2003) implemented in DAMBE, and found it to bersfigantly saturated with
respect to outgroups.Examination of a plot of tit@mrss and transversions against a
corrected genetic distance in DAMBE suggestedtti@saturation would be mostly
with transitions. The dataset was then recodedyuRi coding in Mesquite
(Maddison and Maddison, 2009), so that only trarseas were coded at the third
position and so potentially eliminating a transitimas. A MP analysis were repeated

as above on the RY data set.

Analyses of dataset 3

Further data exploration was performed by remotiegdistant outgroups:
Drosophila yakuba, Lepetodrilus elevatus, DentalgprandKatharina sp (Table

4.2), while the bivalveSolemya velurandMusculista senhousi@male and female
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sequences) were retained as outgroups (Table ds2dlon the phylogeny of Giribet

and Wheeler (2002). The MP and Bayesian analyses again repeated, and the MP
analyses were repeated with both the new outgrvafegy and RY coding.
Analyses of 16S rDNA data

MP and Bayesian analyses were also conducted #®rQBIA data. The 16S
rDNA dataset contained new sequencesNieotrigonia margaritace, sequences
used in Theologidist al, (2008) for all available bivalve with DUI and tbeatgroup
sequences following Hoedt al.,(2002). The Unionoida pludeotrigonial6S r DNA
sequences were also analysed uSialgmya velurandMusculista senhousias

outgroups.

Analysis of the origin of DUI

To trace the origin of DUI in Bivalvia, DUl was seadl as either present (1),
absent (0) or unknown (?), based on referenceb@oldgidiset al.,(2008) and
Doucet-Beaupret al., (2010) and the results found here f@otrigonia This
character was traced in MacClade v4 (Maddison aaddi4son, 2000) onto the
phylogeny of Bivalvia generated by Giribet and Wbe€2002). Known absences of
DUI are critical to this analysis and so theselisted hereArca noae, Venus
verrucosa, Callista chionélheologidiset al.,2008),Crassostrea virginicaC. gigas
(Obataet al.,2008) and Etheriidae (Walket al,, 2006).

Results

Sequences for two genes, COI, 590 nucleotidesgtheand 16S rDNA, 425
nucleotides in length, were obtained for 22 N. raatgcea. Out of 15 female
specimens, there were four COI mitotypes (Tablg 4o different COIl sequences
were identified in each of the seven male specinseqgsenced, one type from gonad
and the other from somatic tissue (Table 4.1). Cé sequence from somatic tissue
of the four male specimens corresponded with twih@ffemale mitotypes. Three
unique “male” mitotypes were obtained from the sevele gonad samples. A level
of divergence, based on uncorrected p-distancesfaund between mtDNA COI
sequence data from somatic tissue and testis (Mayges), with divergence
between male and female mitotypes at 2.1%. Thaiity of COl sequence was
greater among the male gonad mitotypes than thatsomitotypes ofNeotrigonia

margaritacea Values of sequence divergence evaluated by wexted p-distance
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were between 0.0013 and 0.032 in F mitotype anad®t 0.0061 and 0.0044 in M
mitotype sequence. AMOVA confirmed that variabiktjthin male mitotype and

female mitotype sequence was significantly diffei@+0, wherei=0.05) (Table
4.3). Results from TCS resolved these mitotypes ansingle star-like network,
within the 95% limit of parsimony reconnection (Fgl). Mitotype B was inferred
as the ancestral mitotype to all male and fematetgpes (Fig. 4.1). An uncorrected
COl p-distance of 0.11 betweéh margaritaceaandN. lamarckiiwas recorded

Two female 16S rDNA mitotypes were obtained frohfexhale specimens,
these corresponded to two sequences available nBaa& (DQ093489, DQ280034).
Two male 16S rDNA mitotypes were obtained from ngdaad samples. A low
divergence between male and female mitotypes wals@&ed at 0.072%, based on
uncorrected p-distances (3 base differences). Npmfisant variability within male
type and female mitotype 16S rDNA sequence wasircoedl by AMOVA (P=0.13,
where significance was=0.05) (Table 4.3).

Analyses of dataset 1

MP analysis of 702 bp of aligned COI data, withcaldlon positions included,
(387 parsimony informative sites) produced 2 stsbtiees of 3418 steps
(Consistency Index Cl= 0.92, and Rescaled CongigtB€C=0.81 for informative
characters only). The tree in Figure 4.2 showslb#t male and female sequences of
N. margaritacedorm a clade that is the sister group tohdamarckii sequence .
TheNeotrigoniaclade was then sister group to the female-typ@tbidea, with the
male Unionoidea clade as the sister group to 88srablage (Fig. 4.2). The Bayesian

analysis of the same dataset gave congruent rébudts4.2).

Analysis of dataset 2

MP analysis of the same COI data set, now RY cdtladsitions excluded),
contained 332 parsimony informative sites. Thestdnsensus tree was produced
from 12984 trees of 1885 steps (Consistency Index0@9, and Rescaled
Consistency RC=0.90 for informative characters p(ppendix Ill). The tree
topology indicated that male unionoid mitotypesia well-supported clade, sister to
a clade containing thid. margaritaceaandN. lamarckiiand female unionoid
mitotypes. WithinNeotrigonig N. lamarckiiis a sister to both M and F mitotypes of
N. margaritaceaThis result was congruent with both the maximunsipaony and
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the Bayesian analyses of dataset 1 (Fig 4.2) wiheréhird position transitions were

not excluded.

Analyses of dataset 3

With Solemya velurandMusculista senhousias outgroups for the COI
datset there were 528 parsimony informative sitestae MP analysis produced 6510
shortest trees of 2082 steps (Fig. 4.3). The aditiinformative sites when
compared with the more inclusive outgroups appeabe due to the divergent
Musculista senhousisequences (Fig.4.3). As with the analysis 1 atite2esults of
both the MP and Bayesian analyses showed thatumaeoid mitotypes form a
well-supported clade that was sister to a cladéanoimgN. margaritacegmale and

female mitotypes) and. lamarckiiand the female unionoid mitotypes.

Analyses 16S rDNA data
Both the analyses with more distant outgroups dna\alves with DUI as

well as the more restricted analysis of Paleohdtarta showed a similar result that
differed from the COI result. In each case (Fig)4he male and female mitotypes of
Unionoida formed a well supported clade that wagesigroup tdNeotrigonia.The

tree topology produced by MP analysis of 581bplighad 16S rDNA data, (287
parsimony informative sites) produced 15 shortesist of 1066 steps (Consistency
Index Cl=0.58, and Rescaled Consistency RC=0.7hformative characters only)
(Fig. 4.4). Bayesian analysis produced the sam@agy as the MP analysis (Fig.4
and Appendix I1).

Analysis of the origin of DUI

The result showing that DUI occursNeotrigoniaallowed for further assessment of
the origin and evolution of DUI in Bivavia. Mappinige presence or absence of DUI
onto the phylogeny of Bivalvia generated by Giriaetl Wheeler (2002) suggested
that, under a maximum parsimony criterion, DUl lsspomorphic for Bivalvia with
several losses, although the large amount of ngs$ata means that this result must

be viewed with caution (Fig.4.5).
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Discussion

The results here provide the first evidence forghesence of DUI in
Neotrigonia Based on their being different mitochondrial geeguence in gonad and
somatic tissue respectively, of m&leotrigonia margaritacealhe observed tissue
specific distribution of male and female mitochaabsequences parallels that
predicted by a doubly uniparental mechanism of ahiémdrial inheritance (Skibinski
et al.,1994a, Zourost al.,1994a).

The sequence divergence between male and femalg/patCOI sequences
in Neotrigonia margaritace@ only 2.1%, which is much lower than reported fo
unionoids, where divergence between M and F tygeNAtranged from 28% to 33%
(Hoehet al.,1996). However this low divergence betwdéotrigonia margaritacea
sexes is similar to that &ytilus galloprovinciallis(Ladoukakis and Zouros, 2001)
and the Europea. trossellugBurzynskiet al.,2003). It has been shown that such
close similarity between M and F mitotype sequemoesesponds to a
masculinization event, where male genomes that haga paternally inherited, but
have recently arisen from female mitotypes (Quesadd, 1999). The strong
evidence in support of a masculinisation everN@otrigonia margaritace@s shown
in the phylogenetic affinity of male mitotype taviale mitotype (Fig. 4.2 and 4.3).
This is also supported by the mitotype networkNomargaritaceawhich shows that
the male mitotypes are connected to a female npieoB/ (Fig. 4.1), which can be
inferred as the ancestral mitotype to all M mit&gptherefore suggesting that M
mitotypes arose relatively recently. However, siitége unknown if the replacement
of a former male lineage by a newly-masculinizegdige is a random event, we are
unsure if sequence divergence between the F andgdtypes in COI oiN.
margaritaceacould potentially increase as the masculinizageant progresses
through to the final stage. As suggested by Hetedd., (1997), the old M lineage
could be totally replaced by the new M mitotype.

If we now accept the occurrence of DUINeotrigonia margaritaceand
recognize the complications associated with detgetiasculinisation events, we can
consider the variability of COIl sequence betweeteraad female mitotype. Several
authors have made the observation that the M gemeoiges faster than the F
(Skibinskiet al.,1994b; Rawson and Hilbish, 1995; Stevedral, 1995; Hoetlet al.,
1996). Consistent with this, the variability of t68©1 sequence was found to be

greater in male-type than female-tyideotrigonia margaritaceasuggesting an
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overall higher turnover rate for the M genome. Tesult is comparable to the study
on Mytilus COIIl data (Stewaret al.,1995), which established that the M lineage

evolves faster than the F lineage due to relaxkdtsen against the M type.

However, a more noteworthy aspect of the COI datagards to DUI origin
is revealed through phylogenetic analyses. Theiposif the genudleotrigoniaas a
sister clade to a grade of Unionoidea F mitotygpieaces is shown in Figures 4.2
and 4.3. It was necessary to perform multiple phgietic analysis to establish an
appropriate method, which in turn has accountedifolerlying mutational
mechanisms. For COI data MP trees were congrughtBeyesian trees (Appendix
[II) however, improved outgroup taxon sampling &d coding lead to stronger
support within the trees. The results from COI datibalso show the Unionoida male
mitotype is more divergent than female. This resuixpected considering a higher
rate of nucleotide substitution in the unionoideatochondrial M genome (Hoedt
al., 2002). This is consistent with the hypothesis o€kt al., (1998, 2002) and
Walkeret al.,(2006) that DUI has been operating in the Palaeob@onta prior to
the trigonioid-unionoid divergence. Phylogenetialgsis shows that within
Neotrigonig theN. lamarckiimitotype derived from somatic tissue is a sistealt M
and F mitotypes diN. margaritaceaThe mitotypes from twdleotrigoniaspecies
thus do not affiliate according to gender, a patteported foMytilidae genera
(Hoehet al.,1997). This indicates that while it is argualleotrigoniaspecies
descended from an ancestral bivalve that had BdvErsals in the route of mitotype
transmission occur during masculinization everdsa secent origin of DUI (i.e.,
divergence of F and M mitotypes) can be inferred\feotrigonia margaritacea
However, it is critical that both gonad and somaidA are analysed fax. lamarckii
male and female specimens.

Conversely, the 16S rDNA analysis (Fig. 4.4) sugg#sat DUI in Unionoida
could have appeared after the split wikkotrigonia,or that the rate of 16S rDNA
divergence has been much slower than for COI gememitochondrial genome
contains a number of highly conserved genes. Otigeainost conserved is that of the
mitochondrial 16S rDNA gene (Neefs al.,1990; Wanget al.,1999). Therefore low
variation between the M and F type 16S rDNA seqesmdN. margaritaceacan be
explained by the fact that this gene is inheritetependently from the nuclear rRNA
genes (Garegt al, 1998). Both male and female mitochondrial gerooan be

expressed in male gonads, making difficult thedisequencing of PCR product.
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This non-significant variation of a 3-bp differenoetween M and F mitotype

sequence could also be attributed to low PCR sacttas not uncommon that
universal primers fail to detect both male and fientygoes. A related problem is
contamination of the target tissue by one or themngenome (Theologidet al.,

2008). However, DUI is a complex mechanism andigfconsider that mtDNA
recombination occurs in bivalves (Ladoukakis andrés, 2001), then the possibility
exists that the mtDNA molecule that dominates threagl of the males is in fact the M
type, as observed with COI sequence. The 16S rDdgfon of the mtDNA may have
incorporated an F-like sequence through recomlundietween an F and an M
molecule. It is speculated that 16S rDNA of the twanargaritaceamales sampled
here is of the F mitotype, yet in terms of functeoxd mode of transmission, this
sequence behaves like an M mitotype. Similar exidemas used by Hoedt al.,

(1996, 1997) to propose masculinisation, where temally-transmitted genome may
revert into a paternally-transmitted one.

It is suspected that DUI has operated in unioneigega for 100 my (Hoeét
al., 1996) and Rawson and Hilbish (1995) estimatedithe of the split between the
most common M and F mitotypes in Mytilidae gendr&.8 mya. If we consider the
first occurrence ofNeotrigonia margaritace#o have been in the Pliocene (~5mya)
according to the fossil record (Darragh, 1986)nthewly-masculinizetNeotrigonia
margaritaceaM mitotypes could be even more recent. If newlysowinized
Neotrigonia margaritace® mitotypes totally replaced the original M mitpty
(Hoehet al.,1997), then a consequence of this process ishbatetected origin of
DUI within Neotrigonia margaritace@an be equated with the most recent
masculinization event. The masculinization explamatvould imply that there was
enough time since the separation of venerids, gtdedonacids and mytilids for at
least two masculinization events in the lineagdile@to each of these groups
(Theologidiset al.,2008). Masculinization events have not occurréer dhe
emergence of unionoids but, under the assumptetribll arose once in an ancestral
bivalve lineage, a masculinisation event must leairred in Unionoidea prior to
the split between M and F mitotypes (Haedlal., 1996, 1997).

Including this study, there are now 37 bivalvecsge shown to have evidence
of DUI. The 37 species belong to six superfamilistiloidea, Unionoidea,
Tellinoidea, Solenoidea, Veneroidea (Skibinskal.,1994a,b; Zourost al, 1994a,b;
Liu et al, 1996; Hoelet al.,1996, 2002; Passamonti and Scali, 2001; Curole and
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Kocher, 2002; Serb and Lydeard, 2003; Passamd@i/;2l heologidist al.,2008)

and now Trigonioidea. The results from the COI datafirm the prediction by Hoeh

et al.,(2002) and Walkeet al.,(2006) that DUI has been present in
Palaeoheterodonta prior to the origin of freshwateonids and thatleotrigonia
margaritaceahas DUI. The known distribution of DUI within biles (Fig. 4.5)

suggests a single origin of DUI for the whole o¥#&via. This is contrary to the

hypothesis proposed by Theologidisal.,(2008), who suggested that DUI arose
multiple times, independently among distantly-retespecies. Independent evolution
of DUI within the Bivalvia would require one origfor all of the Paleoheterodonta
and one for each of the families Solenidae, VereridDonacidae and Mytilidae,
followed by the separate origin required for fourtitid genera (Rawson and Hilbish,
1995; Stewaret al, 1995; Theologidigt al.,2008). A single origin for DUI is more
likely considering the complexity of the DUI phenenon in regards to its linkage to
sex inheritance and molecular intricacy (Zouro§®@ogswelkt al.,2006).
Therefore, if we were to assume that DUI has alsioggin, then patchy occurrence
of DUI within the class would imply loss of DUI some lineages and retention in
others, as is the case of Etheriidae (Watkeal.,2006). It is a widespread assumption
among biologists that a complex character, sudbldlsis more easily and frequently
lost than gained (Budd and Jensen, 2000). Tedtmgihgle origin of DUI hypothesis
will require further investigation of other specigghin Bivalvia to ascertain the
frequency of DUI in more-recently evolved lineagesl the consistency between
species within a lineage.

In conclusion, the finding of gender associated NADheteroplasmy in
Neotrigonia margaritaceavidens the distribution of DUI in the Bivalvia. @sidering
that a masculinization event is likely to have aoed inNeotrigonia margaritacea
the hypothesis of a single origin of DUI is favodirélowever, it is acknowledged that
this can only be confirmed by further work on adshail taxa within Bivalvia.
Recognition of DUI within Neotrigonia has implicatis for further phylogenetic and
phylogeographic work, in particular haplotype-basedlies will need to consider the
sex of all specimens sampled. This study also tegddhat not all genes
corresponding to an M and an F type sequence diverthe same degree, potentially
masking the presence of DUI. Therefore the bestoggh is to analyse sequences

using standard and specifically-designed primersrfore than one gene.
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Table 4.1. Bivalve ingroup taxa with GeneBank (NCBI) acceasaumbers for COI and 16S rDNA sequences usediebegs where sex is

unknown and it is presumed that they were derivech fsomatic tissue DNA, are indicated by an ast€ris

Order Family Subfamily Species COI DNA COI DNA IGBNA 16s rDNA
F-mitotype M-mitotype  F-mitotype M-mitotype
Unionoida Unionoidae  Hyriidae Hyridella menziesi AF231747 AF406802
Hyridella depressa AF156496
Alathyria jacksoni AY386977
Castalia stevensi AF231736
Diplodon deceptus AF231744
Velesunio angasi AF231743
Velesunio ambiguus AF305371
Velesunio ambiguus AF231743
Velesunio spl AY387018
Velesunio sp2 AY386999
Velesunio spA AY211550
Velesunio spB AY211558
Velesunio spD AY211587
Unioninae Inversidens japanensis AB055625
Inversidens japanensis AB055624
Ambleminae Fusconaia flava AF231733
Fusconaia flava AF406799
Fusconaia flava AY238481
Fusconaia flava AY498702
Amblema plicata APU72548
Plectomerus dombeyanus AY655057
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Order Family Subfamily Species COI DNA COI DNA IGEENA 16s rDNA
F-mitotype M-mitotype  F-mitotype M-mitotype

Quadrula quadrula FJ809751
Actinonaias ligamentina AF231730
Actinonaias ligamentina AF406796
Actinonaias ligamentina AY655027
Cyrtonaias tampicoensis AF231749
Cyrtonaias tampicoensis AF406798
Cyrtonaias tampicoensis AY655032
Lampsilis teres AF406803 AF406794
Ligumia recta AF231748
Ligumia recta AF406795
Ligumia recta EF213054
Pseudodon vondembuschianus DQ206793
Pseudodon vondembuschianus DQ206795
Potamilus purpuratus AF406804
Potamilus purpuratus AF406797
Potamilus purpuratus U72573

Anodontinae Gonidea angulata DQ206792
Gonidea angulata DQ206794
Pyganodon fragilis AF406805
Pyganodon fragilis AF406800
Pyganodon grandis AF231734
Pyganodon grandis AF406801
Pyganodon grandis AY238490




T

Chapter 4

Order Family Subfamily Species COI DNA COI DNA IGEENA 16s rDNA
F-mitotype M-mitotype  F-mitotype M-mitotype
Pyganodon grandis AY498700
Lampsilinae Glebula rotundata AY655044
unclassified Unionidae  Ventustaconcha ellipsiformis AY655082
Margaritiferidae Dahurinaia dahurica AY579123
Dahurinaia dahurica DQ241802
Margaritifera margaritifera AF303339
Margaritifera margaritifera AY 785399
Margaritifera falcata AY579126
Margaritifera auricularia AY579125
Margaritifera laevis AY579124
Cumberlandia monodonta AY785393
Cumberlandia monodonta AY785397
Muteloidae  Iridinidae Chambardia rubens DQ241807
Mutelidae Mutela dubia DQ241805
Mutelidae Mutela rostrata AY785387
Etheriidae Acostaea rivoli AF231739
Mycetopodidae Anodontites guanarensis AY785383
Anodontites trigonus AF231738
Tamsiella tamsiana AY785384
Monocondylaea minuana AF231745
Etheriidae Etheria elliptica DQ241803
Mytiloida Mytilidae Crenellinae Musculista senhousia AY570041
Musculista senhousia AY570043
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Order Family Subfamily Species COI DNA COI DNA IGEENA 16s rDNA
F-mitotype M-mitotype  F-mitotype M-mitotype
Musculista senhousia AY570065
Musculista senhousia AT570055
Trigonioida  Trigoniidae  Trigonioidae Neotrigonia margaritacea NMU56850*
Mitotype P
Neotrigonia margaritacea DQ093489*
Neotrigonia margaritacea DQ280034*

Neotrigonia margaritacea- (sw1) Mitotype A
Neotrigonia margaritacea- (sw2) Mitotype A
Neotrigonia margaritacea- (sw3) Mitotype B
Neotrigonia margaritacear (sw4) Mitotype B
Neotrigonia margaritaceaM (sws) Mitotype B Mitotype C

Neotrigonia margaritacea- (swe) Mitotype A

Neotrigonia margaritaceaM (sw7) Mitotype B Mitotype C Mitotype 3
Neotrigonia margaritacea (sws) Mitotype B

Neotrigonia margaritacear (sw9)  Mitotype D Mitotype 1

Neotrigonia margaritaceaF (sw10) Mitotype E Mitotype 2

Neotrigonia margaritaceavl (swii) Mitotype Q

Neotrigonia margaritaceaVl (swi2) Mitotype A Mitotype Q
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Order

Family

Subfamily

Species

COI DNA

F-mitotype

COI DNA IENA
M-mitotype

16s rDNA

F-mitotype M-mitotype

Neotrigonia margaritacear (sw13)
Neotrigonia margaritaceaM (swi4)
Neotrigonia margaritacear (swis)
Neotrigonia margaritacear (swie)
Neotrigonia margaritaceavl (swi7)
Neotrigonia margaritacear (swis)
Neotrigonia margaritacear (sw19)
Neotrigonia margaritacear (sw20)
Neotrigonia margaritaceaM (sw21)
Neotrigonia margaritacear (sw22)
Neotrigonia margaritaceauwz)
Neotrigonia margaritaceauwa)
Neotrigonia margaritaceauws)
Neotrigonia margaritaceauws)
Neotrigonia margaritaceavsi)

Neotrigonia margaritaceavs?)

Mitotype B

Mitotype D
Mitotype D

Mitotype A
Mitotype A
Mitotype A
Mitotype B
Mitotype A
Mitotype G
Mitotype H
Mitotype F
Mitotype H
Mitotype |

Mitotype |

Mitotype R

Mitotype R

Mitotype R Mitotype 4
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Order Family Subfamily Species COI DNA COI DNA IGEENA 16s rDNA
F-mitotype M-mitotype  F-mitotype M-mitotype

Neotrigonia margaritaceavs3) Mitotype |

Neotrigonia margaritacegtiL2) Mitotype M
Neotrigonia margaritacegetLs) Mitotype J
Neotrigonia margaritacegetL7) Mitotype L
Neotrigonia margaritacegtL13) Mitotype K
Neotrigonia margaritacea(nmt1)  Mitotype N
Neotrigonia margaritaceawmT?) Mitotype O
Neotrigonia margaritaceanma) Mitotype O
Neotrigonia margaritaceagnmts)  Mitotype O

Neotrigonia lamarckiinL1)
Neotrigonia lamarckiiNL2)

Neotrigonia lamarckiiNL3)

Mitotype NL1
Mitotype NL1
Mitotype NL1
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Table 4.2.  Outgroup taxa with GeneBank (NCBI) accession nensifior COIl
DNA and 16S rDNA sequences used. The reason fogulese outgroups was to

replicate theanalysis conducted by Heelal.,(2002).

Phylum Class Species COl 16S
Mollusca Bivalvia Solemya velum U56852 DQ280028
Mollusca Scaphopoda Dentaliumsp. U56843 DQ280026
Mollusca Polyplacophora Katharinasp. uU56845 EU407006
Mollusca Gastropoda Lepetodrilus elevatus U56846 EF549688
Arthropoda Insecta Drosophila yakuba  X03240
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Table 4.3.Sequence variability and AMOVA results for mitoddoial COI and 16S
rDNA ribosomal genes. AMOVA was performed to tesiether variability within
male mitotype and female mitotype sequence wasfisigntly different, significance

level (@=0.05) with significant values in bold.

Sum of Variance Percentage

Comparisons d.f. squares components of variation
Col
Among groups: F-types. M-type 1 1.369 0.079 15.19
Within groups 41 18.119 0.441 84.81
16S rDNA
Among groups: F-types. M-type 1 0.917 0.226 42.03
Within groups 4 1.250 0.312 57.97
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Figure 4.1

Mitotype network ofN. margaritaceaCOl data produced at the 95% confidence limit.
Empty circles represent unsampled or possibly ekhiaplotypes. The rectangle
indicates a presumed ancestral haplotype, whitgelavals represent two haplotypes
and small ovals represent one haplotype. Mitotygregyrouped by a dashed line into

their corresponding M or F types.

Figure 4.2

A Bayesian analysis tree based on Cytochrome Ca3gidubunit | using outgroup
taxa as in Hoekt al.,(2002). Posterior probabilities (pp) > 0.95 valaes shown
below the line and MP jackknife >70 values are smalove the line. Terminal
names correspond to NCBI accession numbers listédble 4.1 and Table 4.2.
Male, M, and female, F, types are marked accorttirayailable information,

Neotrigonia margaritace&enBank sequences are annotated by an asterisk*.

Figure 4.3

Bayesian analysis tree based on Cytochrome C ax®lasunit | for the Unionoidea
and Trigonioidea taxa. A subset of less distangrautps were used during this
analysis. Only MP jackknife >70 values are showovalthe line and posterior
probabilities (pp) > 0.95 values are shown beloglihe. Due to highly divergent
Musculista senhousisequences, long branches were detected for thesmals
(Appendix 11). Terminal names correspond to NCBtassion numbers listed in
Table 4.1 and Table 4.2. Male, M, and female, pesyare marked according to
available informationNeotrigonia margaritace@&enBank sequences are annotated

by an asterisk*.

Figure 4.4

A maximum parsimony consensus tree based on 163 e for
Palaeoheterodonta bivalve taxa. Only MP jackknii>and posterior probabilities
(pp) > 0.95 values are shown. Terminal names qooresto NCBI accession
numbers listed in Table 4.1 and Table 4.2. MaleaM] female, F, types are marked
according to available informatioNeotrigonia margaritace&enBank sequences

are annotated by an asterisk*.
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Figure 4.5

The most parsimonious transformation shows that Blithe ancestral state of
all Bivalves. The DUI character was mapped ontovalee phylogeny by Giribet and
Wheeler (2002), where black branches indicate D¥$@nce and light grey DUI
absence. The presence of DUl was recorded for tdgeh, Unionoidea, Tellinoidea,
Solenoidea, Veneroidea and now Trigonioidea. Abseveas recorded fakrca noae
Venus verrucos&allista chione Crassostrea virginicaC. gigasand Etheriidae (see
text for references). All other bivalves were sdoas unknown and are indicated by a

guestion mark by on the tips of the tree (?).
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Veneroidea

Veneridea' Verus velrucosa
Veneridea! Callista chione

Venerideal Vensrupis desussstus
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Abstract
Oogenesis is described in the Australian marinealte; Neotrigonia

margaritacea from specimens sampled over a five month peridee structure of
oocytes and gonad tissue are described for thetifine in this genus, using electron
microscopy and histology. The ovary was found tomtam oocytes in various
developmental stages throughout the study periamtyt@s develop from oogonia
derived from protogonia and then undergo threeindiststages of oogenesis;
previtellogenesis, vitellogenesis and postviteltogges with mature oocytes. Mature
oocytes are large in size and have a thick vitelhag layer. The vitellogenic layer has
a single passage, a micropyle, which could prowdadearrier to polyspermy. The
spawning mode is inferred based on gonad tissue @ayte structure. We
hypothesise thatNeotrigonia margaritaceacan be considered as sequentially
tachitictic, extended reproductive activity, usitigckle (continuous) spawning over

an extended summer season.
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Introduction

Broadcast spawning is a common reproductive styaetgppng marine
invertebrates, in which both males and femalesasel¢heir gametes into the water
column. Fertilization takes place externally in ta@er column, to increase the
chance of gamete interaction. Synchronous spawsangnonly occurs in anthozoans
(Harrisonet al.,1984; Babcoclet al.,1986, 1992; Brazeau and Lasker, 1989) and
various echinoderms (Pearsteal.,1988; Babcoclet al.,1992; Lamare and Stewatrt,
1998), but broadcasting also occurs in other manwertebrates such as polychaetes
(Caspers, 1984; Hardege, 1999; Watsbal.,2000), gastropods (Counihanhal.,
2001) and marine bivalves (Babcaeikal.,1992; Minchin, 1992; Grant and Creese,
1995). While some freshwater bivalves such as éheazmusseDreissena
polymorphaVeneroidea), are also broadcast spawners withiredtéertilization
(Burky, 1983; Misamoret al.,1994), the majority of bivalves belonging to
Unionoidea fertilize internally by inhaling freegpawned sperm and retaining their
larvae. Unionoidea is the sister group to the aficerse marine lineage Trigonioida,
the only extant forms of which belongh®otrigonia(Tevesz, 1975; Stanley, 1984;
Morton, 1987; Giribet and Wheeler, 2002). Unionai@ad Trigonioida are currently
grouped as Palaeoheterodonta, and knowledge oépineductive strategy of
Neotrigoniais of considerable relevance to inferring plesigohdc traits for
Paleoheterodonta as a whole. Presently there gngoknown about the spawning
method ofNeotrigonig the sole remaining genus of Trigonoidea.

Bivalves have been classified according to twoadpctive patterns;
tachitictic, with short and limited reproductiverjpels, and braditictic, with extended
period of reproductive activity (Fretter, 1984).dxternally-fertilising bivalves, such
asAnadara trapezigArcoidae) (Hadfield and Anderson, 1988) and thilid
Mytilus edulis(Humpreys, 1962; Newedlt al.,1982 Pipe, 1987) a single spawning
event may occur during the summer when water teatyper and food supply are
high. HoweverAnomia discriptag Anomiidae) has two spawning peaks, a minor in
summer and a major in autumn, whenerupis crenat@/eneridae) has a prolonged
trickle spawning season (Hadfield and Anderson8198Ithough reproductive
activity of Venerupis crenatdecreases during cooler winter months, this spasie
still considered braditichtic as regeneration araduration of gonads occurs
continuously throughout the year (Hadfield and Asda, 1988). Both patterns have

been recognized in brooding unionoids, with bradigiseen as a derived condition,
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having evolved twice independently in Anodontindan Lampsilini from the
tachytictia condition (Heard, 1998). Within Uniadea the family Margaritiferidae
are considered relatively basal; however, theyastrer spawn in a single event and
release larvae in summer (Bauer, 1987) or may haugple reproductive events
each year and therefore are considered as sedlyetattitictic (Smith, 2001). The
distinction between tachitictic and bradytictic Onoidea bivalves is that bradytictic
mussels continue to brood their larvae long aftetammorphose (Heard, 1998).
Measures used to infer the reproductive pattetnvafives include gonad volume,
oogenesis duration and spawning modes are frequesed (Sastry, 1979; Smith,
2001).

Oogenesis in bivalves is classified as follicuRpg, 1987) because the
bivalve oocytes develop within acini that make lng female gonad. Each acinus is
surrounded by connective tissue with haemocoetigssand intermittent
myoepithelial cells (Eckelbarger and Davis, 1999eP1987; Dorange and Le
Pennec, 1989; Al-Mohanret al.,2003). While it is a continuous process, three
phases of oogenesis are generally distinguishedijtpiiogenesis, vitellogenesis and
postvitellogenesis (or mature) oocytes. In genii@khree phases can be classified by
the level of uptake of vitellogenin or yolk protaiia microvilli (De Gaulejaet al.,
1995). It has been reported that the remainingpawaed oocytes in many molluscs
undergo degeneration, involving the breakdown efglasma membrane and
reabsorption of the components in the gonads, treguh decreased gonad volume
(Eckelbarger and Davis, 1996; Pipe, 1987; Doramgkela Pennec, 1989; Al-
Mohannaet al.,2003). The timing and the mechanism of this precgsot entirely
understood, but it is suspected that it coincides the end of breeding season, which
is typically controlled by changes in environmen&hperature (Sastry, 1979;
Behzadiet al.,1997).

This study concentrates dleotrigonia margaritaceédLamarck, 1804)which
is an endemic southern Australian bivalve. Thisgseoccurs in subtidal depths, in
sandy substrate, often in areas with strong wateents (Tevesz, 1975; Stanley,
1984). Morton (1987) argued thideotrigoniaspecies are gonochoric, although the
female reproductive cycle of the species has niesen studied. Previous studies have
described early prodissoconch morphology to inter-planktotrophic larval
development (O Foighil and Graf, 2000) and spergeiesis has been described
(Healy, 1989). According to Healy (198®)eotrigoniasperm ultrastructure is
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similar to that of internally fertilizing and browd) unionoidean bivalves. Oogenesis
in Neotrigoniahas yet to be investigated. Therefore, a populaifiNeotrigonia
margaritaceawas sampled over a 5 month period to documentresye using light
microscopy, scanning and transmission electronaseopy.

Methods

Samples oN. margaritaceawvere collected from the Adelaide region in the
Gulf St Vincent, South Australia, 5 km seaward oftFStanvac (S35.00250,
E138.31487) at 18 m depth. The site was exposedrinuous currents and is
composed of well-sorted coarse sand and shellAgtiilt samples were collected by
SCUBA diving monthly, during the Summer period frdme beginning of November
2005 until March 2006. Further sampling efforts &verade during Autumn and
Winter months but insufficient numbers were fouaquistify collection. Water
temperature varied from 18°C to 22°C during thegarg period. Forty specimens in
total were analysed, thirteen of which were male tarenty-seven were female. A
Chi-square statistic was calculated to assesssémied sex ratio deviated
significantly from expected 1:1 ratio for all samplused. To ensure maturity, only
specimens larger than 2 cm width and 2.5 cm hewgineé collected. Gonad tissue was
examined under a dissecting microscope and spavetabgs was estimated
according to the fullness of the gonad. Gonad ssneare viewed under a light
microscope to record presence of oocytes or sgésmeach monthly sample, the
gonad tissue of five female specimens was sepafiatedthe somatic tissue via
dissection under a dissecting microscope and tregh&d (Appendix IV). The tissue
samples were prepared for transmission electronossopy (TEM, Philips CM200),
scanning electron microscopy (SEM, Philips XL309l &ight microscopy (LM,
Olympus BH-2). Samples were all fixed for 24 housshg 3% glutaraldehyde in
0.2M phosphate buffer (filtered) pH 7.4, with 0.3Mcrose. For SEM, the gonad
tissue was cut into 2 mm pieces, rinsed in butfehydrated in an ethanol series and
critical point dried using a Balzer CPD 030 critipaint drier. Specimens were then
mounted on stubs and sputter-coated with 6 nm lof §@r TEM, the gonad tissue
was cut into 2 mm-thick pieces, and fixed for 2 4« then rinsed for 15 min in
three changes of buffer and post fixed in 1% osmfimn80 min at 4°C. Specimens
were rinsed in buffer and dehydrated through aareihseries, and embedded in low-

viscosity Spurr’s resin. For LM, tissue was emhastioh paraffin wax following
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dehydration and transfer to xylene. Sections 5-7lpiok were cut through the ovary,
stained with haematoxylin and eosin (Thompson, 1,966unted in DPX on
microscope slides, and examined using an Olympug Bhicroscope.

Light microscopy and TEM data were used for déstg oogenesis stages
and only LM slides were used to assess oocytefrggaency distribution. Oocyte
size was determined by measuring the diameteratbgonia, oogonia,
previtellogenic, vitellogenic and postvitellogemiocytes. Twenty eggs were
measured for each stage per individual specimepdAgix IV). Only oocytes
sectioned through the nucleus were measured. tiialtiagnalysis was undertaken on
SPSS version 15. A one- way ANCOVA was used tortestithly variations in
oocyte size and gonad mass. To standardize gonssltmahell length, shell length
data was used as the covariate in the ANCOVA. @rg-ANOVA was used to
compare mean oocyte size across all stages. Tugegtshoc tests were performed to
establish significant variation in gonad mass anclyte size, between months. The
total number of oocytes (all stages included) wss eounted from five acini per
specimen and mean percent of oocytes in each wstagealculated.

Results
General morphology of gonad tissue and oocytes

Neotrigonia margaritace& a gonochoric species though based on sample
size of 40 specimens, the sex ratio was signifigatitferent from a 1:1 ratio (Chi
squarey= 4.9,P= 0.038). The gonad was found in the viscera altloedoot and
ventral to the stomach. The ovary consists of @s@f highly branched and
globulated clusters of acini, surrounded by a #uimal wall, and contains developing
oocytes during oogenesis (Fig. 5.1). All matureybes were found in the acinal
lumen and developing oocytes or previtellogenic postvitellogenic cells were in
close contact with the acinal wall (Fig. 5.1, B®d and e, Fig. 5.3). TEM and LM
enabled categorization of five developmental stajemcytes (Figs. 5.4, 5.5, 5.6,
5.7). The gonad tissue, examined across all maontsismmer, contained all
developmental stages of oocytes including protagarogonia, previtellogenic,
vitellogenic and post vitellogenic stages (Fig.)5Mature oocytes were characterized
by a dramatically larger diameter and sphericapsh{&ig. 5.2f, 5.3e and f). As
oocytes increased in diameter, they aggregatdukigentre of the lumen (Fig. 5.4c,

d). In mature ovaries, the lumen was filled wittgnoocytes (Fig. 5.4c).
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Protogonia

N. margaritacegrotogonia (germ cells), were located along therimal walls
of the acini (Fig. 5.3a, b and Fig. 5.5a, b). Thaeye irregular in shape and measured
between 3-6 um (meanSD = 3.91+ 0.90 um, =n= 20). Protogonia, visualized
using LM (Fig. 5.3a, b), had a large irregularlyapbd nucleus in comparison to the
total cell size. Some mitochondria and golgi apperavere visible using TEM (Fig.
5.5b).

Oogonia

Oogonia were present in the wall of acini, onevay tell layers into the
lumen (Fig. 5.3a, b). Oogonia measured from 6-10usize (mear SD = 7.03t
1.18 um, n= 20) (Fig. 5.3b) and had a basophilic nucleuslmider basophilic
cytoplasm (Fig. 5.3b). With TEM they often had eylanucleus and the same
cytoplasmic organelles as protogonia (Fig. 5.5aSbjne cortical granules,
membrane-bound granules, were visible within plasmanbranes (Fig. 5.5¢).

Previtellogenic oocytes

Previtellogenic oocytes were irregular in shapee Size of the oocyte reached
50 um (meart SD = 31.54+ 11.35 umpn= 20) and the nucleolus within is 5 um in
diameter (Fig. 5.3c and Fig. 5.6a). Light microscepowed previtellogenic oocytes
had a basophilic nucleus and lightly eosinophijitoplasm (Fig. 5.3c). The nuclear
membrane was well-defined and numerous mitochormahibrough endoplasmic
reticulum were visible under TEM (Fig. 5.6a). Ptellogenic oocytes were still in
close proximity to one another but there were sible desmosomes. Vast numbers
of cortical granules were now aggregated in cdrtigtoplasm (Fig. 5.6a). Microvilli

and the vitelline coat were not present at thigesta

Vitellogenic oocyte

These oocytes were larger, ~100 um in diameterrfmé&D = 92.12 3.72
pm,n= 20) and continued to grow by accumulating yol&rgres (Fig. 5.3d and Fig.
5.6b). The vitellogenic oocytes were intensely roghilic with HandE staining (Fig.
3d,e). Vitellogenic oocytes were found in the luno¢éacinus. The point of
attachment to the acinal wall was visible and fsired to here as a stalk (Fig. 5.4c).

Yolk granules were 1-5 pm in diameter, light gred af the same density as the
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vitelline layer, while lipid granules were smallahout 1 pm in diameter, and dense
in consistency so they appeared black in the TERges (Fig. 5.6b and c¢). The
nucleus was round and 50 pm in diameter with agolhat of 10um diameter (Fig.
5.6b). Microvilli appeared for the first time aiglstage (Fig. 5.7a). The vitelline layer
was 3-4 um thick and the perivitelline space wasomal-2 um. Numerous
mitochondria, Golgi apparatus and endoplasmicuktin were visible and more

abundant than in earlier stages (Fig. 5.6b).

Postvitellogenic oocytes

Postvitellogenic oocytes range in size from 200-@84(meant SD = 200.33
+47.8 um,n= 20) (Fig. 5.3f and Fig. 5.6¢). The oocytes at 8tage were located in
the centre of the acinus lumen (Fig. 5.4c,d), bertenstill connected to the wall of
acini by a stalk (Fig. 5.4f). The cytoplasm wagextely eosinophilic (Fig. 5.3f ) and
TEM (Fig. 5.6¢) showed that there were numerouk gal lipid granules. The
nucleus was homogeneous and the nucleolus app#amed. Mitochondria and rough
endoplasmic reticulum appeared through the oopla$m perivitelline space
between microvilli and the vitelline layer was largeaching 15 um (Fig. 5.7b). The
thickness of the vitelline layer was up to 20 prd #re layer is furrowed (Fig. 5.2e
and Fig. 5.7c). The vitellogenic layer was not amnbus around the oocyte, a break
occurred at the apical region forming a gap, oropgle, of around 10 um width (Fig
5.2f, Fig. 5.4f and Fig. 5.7c, d).

Oocyte size frequency distribution and gonad tissue mass

The maximum gonad mass occurred in November foliblayeDecember
(Fig. 5.8a). These levels were followed by a trehdecreasing gonad tissue mass in
January, February and March. The one-way ANCOVAgfmmad mass was
significant €= 4.67,P= 0.017,r* =0.024), indicating that gonad mass differs between
months over the summer period and was significartiyelated to shell length. The
maximum gonad weight was 0.099 g and maximum pibsiiegenic oocyte diameter
recorded was 284 um, both from females samplediwehiber.

One-way ANOVA showed that monthly variations in memcyte size were
not significant across all stages of developmeratqgonia F= 0.38,P=0.99),
oogonia F=0.38,P=0.77), previtellogenicK= 0.75,P=0.77), vitellogenic = 0.99,
P=0.58), and postvitellogeni€&€ 0.57,P=0.96) oocytes, indicating that females
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carried all stages of oocytes during the samplengod. However, the mean percent
of different stages of oocytes did vary among msfikig. 5.8b). The highest mean
percent of postvitellogenic oocytes was recordedamember and December, when
the lowest mean percent of protogonia was foung. -Bb). The histogram shows
that mean percent of oogonia and previtellogenaytss did not differ between
months (Fig. 5.8b).

Discussion

A slightly female-biased sex ratio Keotrigonia margaritace#s recorded.
This is not unusual for bivalves and it is similaa number of freshwater species
(Heard,1975; Bauer, 1987; Byrne, 1998; Gareéal.,1999; Mclvor and Aldridge,
2007). The general features of themargaritaceagonad and oogenesis processes are
similar to the general pattern found among othealles, including Pteriomorphia:
e.g.,Mytilus edulis(Humpreys, 1962; Pipe, 198Pcten maximugorange and Le
Pennec, 1989Rinna nobilis(De Gaulejaet al.,1995),Atrina pectinata(Fang and
Qi, 1988),Brachidontes virgiliagBernardet al.,1988), VeneroidaAmiantis
umbonella(Al-Mohannaet al.,2003); and the closest relatived\teotrigonig
Unionoidea: e.gElliptio complanatalWonet al.,2005). Oogenesis occurs in an
acinus, starting with protogonia developing int@owoia, previtellogenic, vitellogenic
and then postvitellogenic oocytes. Mature oocytedarge and surrounded by a thick
jelly coat. These mature postvitellogenic oocytesenfound throughout the sampling
period, suggesting trickle spawning occurdlirmargaritaceaso the species can be
considered to be sequentially tachitictic, follogitme definition of Fretter (1984).

The previtellogenic stage is characterized by tlesgnce of a defined
nucleus, cortical granules and a large number tdaghondria, numerous ribosomes
and rough endoplasmic reticulum. This has beeniqusly interpreted as
initialization of major synthetic activity, such asgenesis, in other bivalves (De
Gaulejacet al.,1995). The nuclear envelope is well formed andesses numerous
pores allowing transfer of nutrients for the grogvimocyte. During the vitellogenic
stageN. margaritaceabocytes grow and accumulate organelles and thedugts.
However, the mechanisms supplying the material egéak the growing oocyte in
bivalves remains largely unknown (De Gaulegaal.,1995) and was not elucidated
here. In the bivalveBlytilus edulis(Pipe, 1987) an@rassosterea gigaSuzukiet

al., 1992), auto-synthetic formation of yolk proteinsrsuggested because of the
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presence of large and numerous rough endoplastigaltan and Golgi bodies in the
cytoplasm. Similar observations were madeNomargaritaceasuggesting
autosynthetic vitellogenesis may occur in this sggeclhe actual formation of yolk
granules has been relatively well studied in bigaland a number of different
production sites have been reported. In the gastirdplysia depilangBolognari and
Licata, 1976), as well as the bivalvdsgtilus edulistHumpreys, 1962), andinna
nobilis (De Gaulejaet al.,1995), formation of yolk granules occurs by meggf
ribonucleoprotetic granules, glucidic elements Bmd globules, within the Golgi
apparatus. ItNeotrigonia margaritaceave observed numerous whorls of rough
endoplasmic reticulum and Golgi body in the cytspieof the vitellogenic oocytes,
surrounding small yolk granules and mitochondrialgbapparatus has been
proposed as a suitable site for coalescence demntpartmental organization of
Golgi complex (Rothman, 1985). In other studiesmmiluscs, formation of granules
has been associated with both Golgi apparatusarghrendoplasmic reticulum
(Anderson, 1969; Taylor and Anderson, 1969; de <Bmigk et al.,1976; Humpreys,
1967; Pipe, 1987).

In N. margaritaceamitochondria are first produced and observed in
protogonia, and multiply during the previtellogestage. At the later stages of
oogenesis itN. margaritaceanitochondria are still present in the cytoplasurt, fot
as numerous as in earlier stages, suggesting ttathuondrial activity is reduced.
There is also evidence for transformation of mitoudria into yolk granules for a
number of bivalve species (Humphrey, 1962, 196vafhand Carass, 1958; Fang
and Qi, 1988), although neither the transformatibmitochondria into yolk granules
or an intermediate stage was observed\fomargaritacealarge lipid droplets were
not observed before the vitellogenic stagdliimargaritaceaand mitochondria and
lipid droplets were still present in the postvibgiénic stage.

The mature oocytes &f. margaritaceaare almost 300 pum in size, with 50%
of this diameter attributed to the vitelline lay&he vitelline layer is an accessory
structure composed of glycoprotein jelly, consisteith other marine invertebrates
(Thomaset al.,1999). Progressive thickening of the vitellinedais apparent in
vitellogenic and postvitellogenic developmentabstof theN. margaritaceabocyte.
Diverse roles for the vitelline layer in marine @mebrate eggs have been reported by
Lillie (1914), Bohus Jansen (1953), Hagstrom (1988)take (1976), Foltz (1995),
Thomas and Bolton (1999), Thometsal., (1999) and Boltort al.,(2000), such as
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gamete protection, increasing egg target size athdcing polyspermy. We propose
that the primary role of the vitelline layer Mf margaritaceds to provide a barrier to
polyspermy (Hagstrom, 1956).

Large spawned oocytes are a potential target foryraperm, thus increasing
fertilisation problems related to polyspermy. Ppltny often occurs in free
spawning marine invertebrates, where penetrationase than one sperm leads to
abnormal cleavage and death, as describe@rsosstrea giga@Gould and
Stephano, 2003). One of the principal mechanismsittay be employed to prevent
polyspermy is modification of the oocyte extracklidayer to prevent sperm binding
and/or penetration (Gould and Stephano, 2003). ddnigplex mechanism is a
combination of chemical and physical processes@ciherently at the time of
vitelline coat formation and oocyte spawning. Thereased thickness of the vitelline
coat acts as a physical barrier, and in some bavgpecies it is enhanced by the
release of jelly from cortical granules (Gould &tdphano, 2003). This causes the
elevation and hardening of the coat forming a spa@ouk, as has been observed in
many marine invertebrates after the single spemférdilized the egg (Gould and
Stephano, 2003). At fertilization, no significanbeytosis of cortical granules was
reported for the bivalveGrassostregAlliegro and Wright, 1983) anbllytilus
(Humphreys, 1967). However, there are reportsdaresspecies of bivalves where
numerous cortical granules are present in the es@mnd exocytosis occurs before
fertilization when the egg is shed into sea waarsteels, 1965). Based on this
evidence, it is speculated that cortical granutdés.imargaritaceabocytes contribute
to the formation of the vitelline layer enhancitgstrength and size prior to
fertilization.

In N. margaritaceathe vitelline coat is furrowed in appearance #fglnot
continuous. A micropyle present in tNe margaritaceavitelline coat is the remnant
of a stalk, or a site of detachment from the aawell. Similar micropyles have been
found in the Unionoidean sister groupNeotrigonig such asMargaritifera
margaritifera Unio terminalis, Unio elongatuandAnodonta anatingBeams and
Sekhon, 1966; Focarebi al.,1988; Hanstert al.,1997; Cek and Sereflisan, 2006).
The micropyle supports an apparent sperm passagewssh together with the shear
thickness of the vitelline layer is most likelyreduce the chances of polyspermy.
This was also shown to occurlimio elongatugFocarelliet al.,1988). The opening

through the vitelline layer, is a suitable sizetb as a sperm passagewaiNin
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margaritaceabecause it is up to 10um wide and is therefogelathan a single
sperm, which in diameter is at most 2.5 um acrdssly, 1989). This micropyle
nevertheless limits the number of sperm able tlifer the egg. The furrowing of the
vitelline layer could act to guide the sperm tovgattde micropyle.

Similarly to the closely-related freshwater uniogiup Margaritiferidae
(Grandeet al.,2001), which have been identified as sequenttalthitictic (Smith,
2001),Neotrigonia margaritaceappears to use trickle spawning over the summer
period studied here. While spawning was not diyealiserved, this reproductive
strategy can be inferred as the gonad mass dedrgesgually and significantly over
the sampling period, whilst the adult shell sizengked and average mature oocyte
size did not significantly differ. This indicatdset presence of oocytes ready to spawn
throughout the summer, suggesting sequentiallyittatb reproductive pattern. This
inference was supported by light microscopy andsimassion electron microscopy,
where gonad ultrastructure revealed some oocyteacdt developmental stage within
the ovary in each month sampled. An asynchronyeurebpment was also detected in
gametogenic cycle of the trickle spawniegnus verrucos@/eneridae), where
histological studies have revealed the presenet lefist two development stages
within the same gonad (Tirad al.,2003). However a single species can change its
reproductive strategy from one year to anotheim éise case of heterodont bivalve
Spisula solidissim@amily Mactridae), from a short synchronous sp#ova long,
partially asynchronic or several partial spawnsd@y and Malouf, 1980; Kangt al.,
1993). In comparison to the oocytes of the unioMdsgaritifera margaritiferaand
Unio elongatuluswhich at most reach 83 and 150 pm in diametgeds/ely
(Focarelli, 1988; Grandet al.,2001),N. margaritacegproduces larger oocytes,
supporting the conclusion thiseotrigoniahas lecithotrophic larval development (O
Foighil and Graf 2000), while Unionoidea have gldéh parasitic larvae (Watters
and O’Dee, 1999).

In conclusion this study has reported in detaildHferent stages of oogenesis
and provided the information on the spawning maadf margaritaceaThe
ultrastructure of oocytes and the process of ocgjsmeN. margartiaceds similar to
other bivalves. However, the mode of spawningfiedint for the two groups
comprising the Palaeoheterodonta, where freshwhtsmoida are brooding animals

with internal fertilization and can be both brachitic or tachitictic, while the marine
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Neotrigoniaappear to fertilize externally and is sequentitdlshitictic using extended

trickle spawning.
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Figure 5.1

Diagrammatic representation of oogenesis@otrigonia margaritacedased on light
and electron microscopy observations. The varitages of ovogenesis are
protogonia, oogonia, followed by previtellogeniggeltogenic and postvitellogenic

oocytes.

Figure 5.2

Scanning electron microscopy of gonad tissue aandspostvitellogenic oocyte of
Neotrigonia margaritace# through to E, gonad wall (Gw), connective tis$Ge),
acinus (Ac), post vitellogenic oocytes (PV) anaNime layer (VI). (F) Light
microscopy image of postvitellogenic freely spawoedyte showing micropyle (Mp)
and vitelline layer (VI). Scale bar on A to D is®@m and E and F is 50 pm.

Figure 5.3

Light microscopy images showing different ovogesasages dNeotrigonia
margaritacea A) protogonia (Pr) closely located to the aciwall; B) oogonia (O0)
showing a distinct nucleous; C) previtellogenicytes (PVo) nucleus (Nu) and
distinct nucleolus (n); D) vitellogenic oocytes (V&) late vitellogenic oocytes with
eosinophilic cytoplasm; and F) post vitellogenicytes (PV) with visible vitelline
layer (VI). Scale bar for A, B and C is 10 pm, iband E is 50 um and F is 100 pum.

Figure 5.4

A portion of theNeotrigonia margaritaceavary, showing individual acini at various
stages of development; A) early stages of ovogsmesi proportionally more
protogonia (Pr) and oogonia (Oo) visible near ttiea wall (Aw); B) all stages of
ovogenesis present in one acini, postvitelloge(fi and vitellogeneic (Vo); C)
vitellogenic and post vitellogenic oocytes are ntous and aggregate in the lumen
(Lu) of the acinus, nucleus visible (n); D) prewpad acinus full of postvitellogenic
oocytes and notably less protogonia and oogonjapdst spawning acinus is half
empty, note degeneration of oocytes and increasetbear of protogonia, oogonia
and previtellogenic oocytes. F) post vitellogemcytes still connected to the wall of
the acini by a stalk (S). Scale bars A through tr&200 pm and F scale bar is 100

pum.
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Figure 5.5

Transmission electron microscopy images of prot@and oogonia dfleotrigonia
margaritacea A) Oogonia (Oo) with protogonia (Pr) and preuigenic
oocyte(PvO); B) close up of protogonia showing eatls (Nu), mitochondria (Mc),
Golgi body (Gb), plasma membrane (Pm) and enemesi(Es); C) close up of
oogonia showing plasma membrane (Pm), corticaludeanCg), nucleus membrane
(Mb), mitochondria (Mc), endoplasmic reticulum (Eolgi body (Gb), nucleus
(Nu), and nucleolus (n). Scale bar for Ais 10 prd gor B and Citis 5 um.

Figure 5.6

Transmission electron microscopy images of prdeigelnic, vitellogenic and
postvitellogenic oocyts dfleotrigonia margaritaceaA) previtellogenic oocytes
(PvO) with large nucleus (Nu) mitochondria and at@aanumber of cortical granules
(Cqg) in cortical cytoplasm (Cc); B) close up ofelibgenic oocytes (Vo) showing
mitochondria (Mc), endoplasmic reticulum (ER), nomili (Mv), lipids (L), yolk
granules (Y); C) post vitellogenic oocytes (PV)wlidrge nucleus (Nu), microvilli
(Mv) and extensive vitelline layer (VI). Scale ar A and B is 5 um and for C it is

10 pum.

Figure 5.7

Transmission electron microscopy image$lebtrigonia margaritacegA) close up

of previtellogenic oocytes (PVo) showing mitochaadiMc), and microvilli (Mv)
which are also depicted in B) and involved in ligid transfer from cytoplasm to
vitelline layer (VI). Note large vitelline spacesjvbetween postvitellogenic cytoplasm
and vitelline layer; C) depicts post vitellogenmcgtes (Pv) with a furrowed vitelline
layer (V1) above the opening, depicted in D) opgrigya micropyle (Mp). Scale bar
iNAislum,inB2pumandinCand D itis 10 pm.

Figure 5.8
Temporal variation iftN. margaritaceaeproductive status over the summer months
for A) gonad weight and B) mean proportion of o@syin different stages of

oogenesis.
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General Discussion
The research presented in this thesis was stintuigte current gap in our
knowledge in regards to the systematics and phyipgéNeotrigona. While
museum collections, previous publications and cursgstematics have provided
valuable information about some aspects of theutiwlary affinities ofNeotrigonia
molecular and morphological analysis of freshlyiexkd specimens has enabled me
to examine phylogenetic relationships within thawge From the results present in
this thesis four important conclusions can now tzeva:
1. Molecular and morphological data supported the synmazation ofN.
bednalliwith N. margaritacegChapters 2 and 3);
2. The Southern AustraliaNeotrigonia margaritace&as a strong genetic
structure and high haplotypic diversity based on @@l ITS1 data (Chapter
3);
3. Doubly Uniparental Inheritance is preseniNeotrigonia margaritaceand it
has undergone a masculinization event (Chaptemt);
4. The process of oogenesis is establishedNmtrigonia margaritacea
(Chapter 5) and sequentially tachitictic spawnsqierred as a reproductive

mechanism.

Extant Species olNeotrigonia

Evidence from the morphological and molecular sysiics approach of this
research, along with newly-acquired knowledge dbofiondrial inheritance and life
history, present a renewed perspective of evolufdheNeotrigonia Specimens of
Neotrigoniafrom museum collections world wide, newly-colletspecimens and all
available types were utilized to revise specietustand distribution. This was a
challenging and laborious task as many of the muasmallections have not been
curated since late 1960s. However, the AustraliamsédmNeotrigoniacollection
was last worked on in 1990’s by Lamprell and Whetsth (1992), and was the most
important collection in this study. The Australisiusuem collection holds the largest
number of specimens ranging across the seven extamnal species. The results
based on morphological characters do not rejediespstatus foN. gemma, N.
lamarckii, N. uniophora, N. strangandN. kaiyomaruadut suggest thad. bednalli

is a junior synonym ol. margaritacea
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Further research on molecular and morphologicalacters needs to be
conducted for all extant speciesNdotrigoniato confirm their species status. The
species rank is used as a representation of atuaitde phylogenetic entity, thus
representing a unique role in interpreting evohaiy pathways. This view dates
back to Darwin (1859), who regarded evolution taatq to “the origin of the
species”, and is supported by many other workseahgihasized the evolutionary
importance of the species rank (Dobzhansky, 193h,d954; Mayr, 1963;
Ereshefsky, 1992). In the past decade, much piplusal debate was concentrated
around the species rank and what it means forgregng evolutionary pathways for
a particular group of organisms. This promoted |teTraative view, where the species
rank does not represent a valid taxonomic categpmyause the phenetic, cohesion
and monophyletic species concepts do not delineitieg-level taxa that are distinct
from lower or higher taxa (Pleijel, 1999; Ereshg{sk000; Pleijel and Rouse, 1999,
2000; Lee, 2003). In contrast, interbreeding cotxdplimit species-level taxa
characterized by gene flow not found in higher taxal thus justify the continued use
of the species category (Lee, 2003). Given thensxte use of the term ‘species’
across much scientific literature, both in systecnand ecological use, it would be an
abrupt move to discontinue the species rank. Thezd?leijel and Rouse (1999,
2000) and Lee (2003) suggested the use of comioeedhological and molecular
data in defining a species rank or that the speeaigsis replaced by a category of
Least Inclusive Taxonomic Unit (LITU) based onalhilable information. Ideally
this approach should be conducted on all remaiN®gtrigoniaspecies if we are able
to collect fresh specimens from all type localiti€kis approach is adopted by the
Assembling Tree of Life project (AToL) (ATol, 2010)he AToL project is designed
to provide for more comprehensive scientific comroation and information sharing
about the evolution of life forms. At the momeng BBivAToL, a large project
investigating evolutionary relationships within thigalves is underway (BivAToL,
2010). Therefore results from this thesis andulire taxonomic research on

Neotrigoniashould be shared to meet the goals of BivAToL @ltichately AToL.

Phylogeography
According to a very comprehensive review of théestd southern hemisphere
phylogeography by Beheregaray (2008), the Austra@entific community is in the

top-five most-productive countries in this disai@i However, when research is
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classified based on the continental origin of thgaaisms, Australia comes up as the
last continent (Beheregaray, 2008). The intentiocuorent research on
phylogeography of thBleotrigoniawas not only to contribute to this scientific
knowledge but also to spark an interest for futesearch in this part of the world. As
a research subject tineotrigoniais an ideal candidate, having rich fossil recard a
wide geographic distribution around the Austraantinent (Chapter 2). It provides
for an integrative field of research, which encosges many areas of biology as well
as the historical and geographical disciplinesasttescience.

Species ofNeotrigoniaoccur along the coast of Australian continenthwit
prevailing species diversity on the east coast p@r2). Except foN. kayiomaruae,
which occurs on the west coast, &hdmargaritaceawhich has a widespread
southern distribution, all oth&teotrigoniaspecies occur on the east coast (Chapter
2). The biogeographical disjunction detected betwgestern and eastern Australian
species can be correlated with a palaeogeogragdtacaér in the Bass Strait region.
This isthmus was exposed on numerous occasiorexfensive periods over the last 3
my (Dartnall, 1974; Davies, 1974). Therefore thesigs rangappears to have a
biogeographic structure similar to that found iaesal other phylogenetic studies of
southern Australian marine invertebrates (e.g.cdghlinet al, 2003; O’Hara and
Poore, 2000; Kassalat al, 2003; Waters and Roy, 2003a,b; Watdral, 2004,
2005). This southern temperate disjunction candoepared to the Atlantic vs Gulf
coasts of Florida (Avise, 2000), the Indian vs Ra€cean coasts of Northern
Australia (Benzie, 1999a, b), or the Indian vs Atla Ocean coasts of South Africa
(Lessioset al.,2003).

In contrast, the distribution deotrigonia margaritaceatretches across the
three main temperate provincegijsuBennett and Pope, 1953): Peronian (south-east
Australia), a Flindersian (south-west) and a Mangdasmania and southern
Victoria) (Chapter 3). The present distributionN®otrigonia margaritaceaan be
attributed to contemporary ocean currents andnip®itance of geological, climatic
and hydrographic history. Only low levels of divenge exist between the South
Australian, Victorian and Tasmanian populationdlomargaritacegChapter 3),
with no data to support a vicariant event acrosssEgtrait. However, significant
genetic structure exists between populationd.ahargaritacegChapter 3). The
level of divergence shown between the western ([Hocbln and Gulf St. Vincent)

and eastern populations (Bruny Island and Westert) B no greater than any other,
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indicating that recolonization may have originatiexin a westerly source population.
The occasional reversal of the Leeuwin CurrentriBset al., 1983; Kaempét al,
2009) reduces the potential for dispersal from wesiast, creating a source and sink
dynamic within western populations. This also sebkety given that the Bass Strait
land bridge was last flooded from a westerly diggcafter the last glacial maximum
(Lambeck and Chappell, 2001). Similar phylogeogiapésults have been reported
by Helgen and Rouse (2006) for South Australianaid species.

This idea would have to be tested with further dargpof intermediate
populations on either side of the Bass Strait lamdige. Acquiring live specimens
was attempted, and at times was successful (Appéndiut Neotrigoniaspecies
occur in patchy subtidal distributions and are \affrcult to find. Further
phylogeographic research dleotrigoniawould benefit from collection of all extant
species in large-enough sample numbers from avaitadpulations and ideally from
a larger number of populations over a smaller gagaigical scale. An approach like
this would enable detection of shared and currentgsing haplotypes, and would
also provide a better indication of gene flow. Thsuld enable a better

understanding of the history of these populations.

Doubly Uniparental Inheritance

The presence of Doubly Uniparental Inheritance (DtNeotrigonia
(Chapter 4) can potentially complicate haplotypelss, because divergence levels
between male and female mitotypes from the samalatign due to DUI is greater
than sequence divergence between females fromrehtf@opulations. This
phenomenon of DUI is now known to occur in six Ibreetaxa: Mytiloidea,
Unionoidea, Tellinoidea, Solenoidea, Veneroideakigkki et al.,1994a,b; Zourost
al., 1994a,b; Liwet al, 1996; Hoelet al.,1996, 2002; Passamonti and Scali, 2001,
Curole and Kocher, 2002; Serb and Lydeard, 2008sdtaonti, 2007; Theologidet
al., 2008) and Trigonioidea (Chapter 4). Doubly unipga€inheritance in the
Neotrigoniais most likely a result of a masculinization evélttis result is most
similar to the process of DUI previously descrili@dthe genudMytilus (Hoehet al.,
1997) but the sequence of events that led to maszation remain unknown. One
possible mechanism is supported by a study on mtBiiAsmission iMytilus
(Skibinskiet al, 1994b), where some males failed to pass eitloerNF mitotype to

their sons. Thus there is direct evidence thaténabsence of an M mitotype in a
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male, the F mitotype will assume the role of thenMbtype in the sperm (Skibinskt
al., 1994b). This explains a small level of divergebetween gonad and somatic F
mitotype and gonad-derived recently masculinizethltbtype. Although the
information existing so far on this process is tedito a few cases, our understanding
could be further improved by taking larger samplenbers and monitoring
consecutive generations from a designated populatio

According to the phylogenetic results in Chaptdldotrigonia margaritacea
andN. lamarckiido not affiliate according to gender. This resoltild be
misinterpreted as an independent origin of DUhi@ genudNeotrigonig where in
fact the reversals in the route of mitotype trarssioin have resulted in new
divergence of F and M mitotypes. This supportditedinood of a masculinization
event taking place iNeotrigonia margaritacearl he derived position of M mitotypes
relative to F mitotypes (gonad and somatic tissbidPshown by phylogenetic
results (Chapter 4, Fig. 4.2 and 4.3) and theselgenetic proximity depicted in a
parsimony network (Chapter 4, Fig. 4.1) suggedttti@mpaternally-inherited M
mitotypes were recently spawned from the femaletyyie.

Confirmation of DUI presence iNeotrigonia margaritace@&nables us to
assume that DUI has been present within the Biadbti more than 250 million
years. DUI is a unique plesiomorphic trait, andghglogenetic results from this
research are consistent with the hypothesis of lebvah (1998, 2002) and Walkext
al. (2006), which is that DUI has been operating mBalaeoheterodonta prior to the
trigonioid-unionoid divergence. This further supgahe hypothesis of single origin
of DUI within the Bivalvia. It is accepted that amplex character, such as DUI, is
more easily and frequently lost than gained (Buaidl #ensen, 2000).

These results can only be confirmed by examinaifpm first instance,
gonad- and somatic-derived DNA for both sexebloflamarckij and then, if possible,
the same analysis should be conducted fa¥aditrigoniaspecies. Also additional
genes, such as the cytochroo@xidase subunit Il gene (MCox2e) or the tRNA
histidine (TrnH), which have been informative faher taxa (Theologidist al.,

2008; Doucet-Beaupmet al, 2010), should be analysed féeotrigonia It has also
been shown that total genome analysis would befioealdecause DUI can be
defined by a large amount of nucleotide substitutiat falls within the coding
region, in addition to divergence levels betweetteraad female mitotype sequences
(Brentonet al.,2006).
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Oogenesis

Routinely the reproductive anatomy and larval cttaréstics of living
specimens are used to broaden our understandisigad¥e evolution, in particular,
of the Paleoheterodonta group, which contains batbders and spawners (Graf and
Cummings, 2006). Chapter 5 describes the ovogenghbisotrigoniafor the first
time, using histologic and microscopic techniquesléarly outline characteristics of
the protogonia, oogonia, previtellogenic, vitellageand postvitellogenic oocytes.
The general features of the margaritaceagonad and oogenesis processes are
similar to most bivalves from the subclasses Pieoigphia (Albertini, 1985; Pipe,
1987; Fang and Qi, 1988; Bernatal.,1988; Dorange and Le Pennec, 1989; De
Gaulejacet al.,1995), Veneroida (Al-Mohanret al.,2003), and Unionoidea (Waat
al., 2005). In comparison to the oocytedudrgaritifera margaritiferaandUnio
elongatuluswhich at most reach 83 and 150 um in diameterexsely (Focarellet
al., 1988; Grandet al.,2001),N. margaritacegroduces larger oocytes of 200 um in
diameterNeotrigonia margaritace@ocytes are thus on the whole larger in size than
Unionoidea oocytes, with larger nucleus and cytspl&olding yolk and lipid
granules. This would provide nutrients for prolotig®cyte survival during trickle
spawning, and lecithotrophic larval developmenfighil and Graf, 2000). |
attempted larval development experiments followsagtry (1979) but with very little
success, mainly due to small numbers of matureviehgials and a lack of synchrony
in male and female spawning in the laboratory. fautasearch should address larval
development and therefore successfully identiftbes of reproductive
development ifNeotrigonia margaritacearurthermore information about larval
morphology and traits could also be developed phtglogenetically-informative
characters. This would further explore the porobrariable larvatraitsthat are
homoplastic (i.e. they require convergences, parsiths,or character reversals) with
respect to specific molecular-bagghealogical hypotheses (Strathmann and
Eersisse, 1994).

Conservation implications of these findings

Species names are also important tools in consenvats pointed out by Dall
(1997), species selected for conservation actiomalanost always those that can be
recognized and have definite names. Likewise greefected for monitoring of

distribution and diversity tend to be those withust taxonomy (New, 1999).
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Haywood (1994) pointed out that there are politazhtantages of splitting rather than
lumping species together, so as to create longae impressive species lists.
However, excessive division or splitting, introds@elevel of ignorance to the
conservation approach, as many named speciesddredrecognized as equivalent
simply by designation, rather than by any degreecofogical or evolutionary
differentiation (Haywood, 1994). Amalgamation offeient forms, or lumping, in the
conservation approach, often supported by legmsiatepresents a species as though
they are invariant entities without recognisingywag levels of genetic variability or
adaptive capability across their geographical rghgev, 1999). This research
indicates thaNeotrigonia margaritace&as a broad distribution throughout southern
Australian seas and, although thebednalli-margaritace@omplex has been reduced
to one named species, it exhibits a clear gengtictsire between populations
indicative of limited gene flow (Chapter 3).

Phylogeographic analyses have also played an ienandle in defining
evolutionary significant units (ESU), a unit of s@nvation below the species level
(i.e. genetic biodiversity) that is often definadtbe grounds of unique geographic
distribution and mitochondrial genetic patterns (& 1994). The Australian
legislation addresses conservation of geneticafiiiratt populations through the
federalEnvironmental Protection and Biodiversity ConseiwatAct 1995EPBCA)
(Dall 1997), which focuses upon matters of so-cBNational Environmental
Significance. Théeotrigonia margaritace@opulation in Port Stanvac is
reproductively isolated from the nearest other pafjpans found in Port Lincoln and
Western Port (Chapter 3) and therefore this shbeldonsidered as an important site
for the preservation of marine biodiversity. Howevbe EPBCA is firstly limited by
only applying to Commonwealth-owned lands and tloeecexcludes all coastal
waters within 3 nautical miles of the coast — iddhg the SA gulfs. Secondly, the
legislation only allows for listing of rare, endamngd and threatened species,
populations and ecological communities, via a cocaptd process of nomination and
investigation by the national Threatened Speciani@ittee (that can take years).

An important part of the assessment process featbned species listing is
identifying key threatening processes (KTP) (Fid) 6which may cause native
species or population to become eligible for ligtimhe Port Stanvac population of
Neotrigonia margartiacefas been exposed to loss of habitat through bsaoth-

replenishing by one of the local councils and vessgorarily listed as being “sub
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fossil” (Shepherd and Thomas 1982). This populatiay be exposed to future
threats caused by a desalinisation plant being &uFort Stanvac or ongoing
wastewater disposal at Christies Beach. CurretittyCommonwealth government is
assessing the giant cuttlefisbepia apamppopulation at Port Lowly (Spencer Gulf,
SA) for listed status due to potential threats edusy a proposed desalination plant
and over-fishing. Although this species is broatistributed around the Australian
coast and generally not considered endangereaiagplcies level, it has a unique
genetic structure (Kassaknal, 2003). Therefore my information about the clear
genetic structure dfleotrigonia margaritace@opulations (Chapter 3), it's small or
sparse population size, and how it has change@iassover time may enable a
trigger for proper assessment of this species|tregun appropriate conservation
action (Fig. 6.2).

A large portion of the knowNeotrigonia margaritace@ange is in South
Australian State waters. Therefore the conservajiodelines set by the State
government Department for Environment and Heritagin its ‘No Species Loss’
policy, could protect this biodiversity of South gtalian waters where the federal
EPBCA may be ineffective. Legislation addressesreservation approach based on
genetic structure of both populations and spetietheory, the results of this thesis
could be used to set priorities for conservatioseldeon genetic data rather than
artificial species limits, which may be geneticaitganingless. To effectively assess a
species or a population before it can be includethceatened species list, all relevant
Commonwealth and State legislation needs to besaddd as illustrated in Fig 6.1.
As an example Fig. 6.1 could be applied to the exvadion assessment of
Neotrigonia margaritace@opulation from Port Stanvac (Fig. 6.2). Initiatlyis
population was considered as a population of ‘cofag®n concern’ before any other
legislative processes were implemented. Followimg assessment process a number
of ongoing KTPs have been identified, wich couldemtially lead to species richness
decline (see Fig. 6.2). On this basis, | suggegtttiteNeotrigonia margaritacea,
population from Port Stanvac (see Fig. 6.2) shbeldjiven further conservation

attention in South Australia.

Conclusions
Returning to my thesis aims, this research hasrex@tbthe general

knowledge regarding the evolutionary affinitiesN#otrigoniaspecies. The number
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of extant species belonging to the genus is estaddiThe species delimitation and
phylogeography are established within a stablequgnetic reconstruction. Doubly
Uniparental Inheritance is detected withNeotrigonia Finally, the process of
oogenesis is determined fdeotrigonia margaritacea.

In the broad aspect of bivalve systematics, thesaech supports previous
findings by Giribet and Wheeler (2002) in that thenophyly of the
Palaeoheterodonta, comprising the Unionoidea aigiiioidea, is confirmed. The
most significant synapomorphies identified to fertborroborate the monophyly are:
similarities in morphology of the oocytes and refurctive tissue; as well as the
oogenesis process (Chapter 5); and, in moleculastehe presence of DUI (Chapter
4). In conclusion, this thesis advances scientifidedrstanding abobteotrigoniain
regards to current systematics, phylogeny, phylgggghy, mitochondrial inheritance

pattern and aspects of reproduction, especiallgoesjs.
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Figure 6.1

Flow diagram showing a series of decisions anaastinvolved in the conservation
assessment process. Species or populations ofrgatiea ‘concern’ could be
selected based on either State or Commonwealtbidéign. Flow diagram connects
activities and decision making processes that anducted by the government bodies

or brought forward by scientific research.

Figure 6.2

Flow diagram showing how Fig. 6.1 could be appt@the conservation assessment
process foNeotrigonia margaritacean Port Stanvac. The flow diagram connects
activities and decision making processes that amewtly in place indicated by a
solid line, while dashed connecting lines are ddpahon future research outcomes.
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Table 1.1.Listing of all collectedNeotrigoniaspecimens and all locations where collection weesrgited either by SCUBA diving, dredging and beammbing
Multiple SCUBA diving attempts were conducted ai@ations. Some locations were explored extemgistech as Brighton, Port Stanvac and Port Noadung

SA, where diving was conducted in grid pattern dvemonths. L = Live; D = Dead shells.

8T

Collection Targeted
State Location Latitude Longitude method Specimens obtained specimen
North Stradbroke
Queensland Island 27°25'17.26"S 153°32'21.45"E = SCUBA diving neo N. lamarckii
27°25'19.10"S 153°32'57.09"E = SCUBA diving  none N. lamarckii
27°25'34.52"S 153°32'55.98"E SCUBA diving  none N. lamarckii
27°23'25.12"S 153°38'4.11"E dredging 3 L N. lamarckii N. lamarckii
Heron Island 23°25'59.25"S 151°54'15.42"E SCUBAM none N. uniophora
NSW Port Jackson 33°51'12.07"S 151°15'21.12"E SCdiikg 4D N. margaritacea N. margaritacea
33°50'56.34"S 151°15'32.80"E = SCUBAdiving 5D N. margaritacea N. gemma
33°50'50.97"S 151°1556.30"E = SCUBAdiving 2D N. margaritacea N. uniophora
N. margaritacea
Eden 37° 4'54.15"S 149°56'55.60"E = SCUBA diving @on N. margaritacea
N. gemma
Victoria Western Port 38°21'10.58"S 145°14'26.81"ESCUBA diving  20L N. margaritacea N. margaritacea
Port Fairy 38°24'21.92"S 142°14'25.98"E SCUBAiMiy none N. margaritacea
South
Australia Robe 37°10'27.41"S 139°42'45.38"E SCUBAW none N. margaritacea
Kingscote 35°37'2.15"S 137°41'37.42"E SCUBA divingnone N. margaritacea
American River 35°41'55.99"S 137°42'35.87"E dradgi none N. margaritacea
Kings Beach 35°40'4.75"S 138°18'52.32"E SCUBA divin none N. margaritacea
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Victor Harbour,

The Bluff 35°36'21.06"S 138°36'34.88"E = SCUBA divinghone N. margaritacea
Port Noarlunga 35° 8'59.80"S 138°27'43.46"E = SCUBAng 3L N. margaritacea N. margaritacea
Port Stanvac 38°21'10.58"S 145°14'26.81"E SCuBAndi  15L N. margaritacea N. margaritacea
dredging 40L  N. margaritacea N. margaritacea
Brighton 35°1'4.51"S 138°30'38.98"E SCUBA diving>100D N. margaritacea N. margaritacea
Wool Bay 34°59'41.31"S 137°45'37.94"E =~ SCUBA divingnone N. margaritacea
Edithburgh 35°5'7.38"S 137°45'3.72"E SCUBA divingnone N. margaritacea
Marion Bay 35°14'17.29"S 136°58'58.54"E SCUBA diyi N. margaritacea
Wallaroo 33°53'24.74"S 137°30'30.41"E dredging 3D N. margaritacea N. margaritacea
Port Lincoln 35°9'42.79"S 135°50'41.58"E dredgin 48L N. margaritacea N. margaritacea
Western
Australia Albany 35° 7'37.01"S 118° 3'53.38"E dnedg 1D N. margaritacea N. kaiyomarue
Margaret River 33°57'7.42"S 114°57'3.17"E SCUBWmy none N. margaritacea
Rottnest Island 32°1'11.44"S 115°32'23.37"E SCUBANg none N. margaritacea
31°59'11.56"S 115°32'7.23"E SCUBA diving none N. margaritacea
Geralton 28°48'3.86"S 114°35'18.20"E SCUBA divinghone N. margaritacea
Monkey Mia 25°47'30.64"S 113°43'19.01"E Beach comgb none N. uniophora
Denham 25°55'44.40"S 113°32'4.80"E Beach combingpne N. uniophora
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Appendix 1.2

Standard Operating Procedure for Hand held dredge/lPedging

Purpose:
Describes the procedure used to catch and transpertebrates from a dredge site to
FUSA with as little mortality as possible.

Policy:
This method is recommended for the collection aadsport of benthic invertebrates
from a dredge site to laboratories in the Schod@iofogical Sciences at Flinders

University, SA.

Responsibility:
Research scientist and assistants, animal carebpgcesearchers, university

programs students, university programs coordinaimat skipper.
Equipment description

Standard dredging methods that use a large drédgé gpening exceeding 500kg in
weight) have been shown to represent a signifipatge disturbance to the substrate
and infauna (Cheshire and Miller 1996). Therefonave designed a dredge cage
manufactured by the School of Biology workshoph¢oa hand-held, light weight and
small in frame. In total, rope and weights includiéds 5 kg in weight. The frame is
made of steel, 50 cm wide, 30 cm deep and 80cmadrigdhs covered with galvanised
mesh size of 1cf(Fig.1.1). This dredge, of such small proportiareates a
minimum impact on substrate, does not have théwtoldig in and rip up the

seagrass , but is effective in picking up benthima.

Materials:
Dredge cage
Buckets

Flowing sea water
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Procedures:

Note: Dredges generally capture invertebrates, kerysome small species of
bottom fish are also caught. The dredge is handi, lagld generally small piece of
sampling equipment so that it causes minimal dissago the bottom sediments as
well as injury to animals living on the bottom. Tlelowing method is used to
minimize the impact on the animals.

1. A small dredge size is used to minimize bott@staiction. The length of time
dredging should not exceed 5 minutes from the timadredge is on the bottom

to the time that the net is to be pulled up. Bpatesl is maintained at 2 knots during
dredging time. Shorter dredge time prevents anitmgilsg crushed or suffocating in
dredge.

2. Once the dredge is brought on board, the contettransferred into a large sea
tray with flowing seawater. The animals should peead out and sorted through
immediately in order to prevent continued crushang suffocation. It is useful

to have a bucket of clean cold water in the sort#ide in which to place fragile
organisms.

3. Animals that are not targeted, such as fishylshiee immediately returned to the
water at the same site they were collected. Thapsekiof the boat will manoeuvre the

boat to the dredge site if the boat has drifted.
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a)
Figure 1.1Dredge used for benthic sampling. a) side viewl@ntottom view of a
dredge.

References

Cheshire A.C. and Miller D.J. 1996. The potentmbact of beach sand

replanishment dredging on the Adelaide northerrrapetitan beache® report to

the Coast Protection Branch, South Australian Diepamt of Environment and
Natural Resources.
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Appendix Il

Australian connectivity interface CSIRO

Accesshttp://www.csiro.com/connie?2/

Introduction

The Australian Connectivity Interface Aus-Connlehas been developed as a tool for
environmental scientists to investigate the larcgdespatterns of spatial connectivity
around Australia. Specifically, it provides the ugith an estimate of the probability
that any two regions are connected by modelledroceeaulation over a specified

dispersion period.

| attempted using this interface to predict ladiapersal foNeotrigonia
margaritaceaand by doing so investigate possible connectiviiydeen populations

tested in Chapter 3.
Method

Connectivity between all four populations (Cha@grwas tested over five months in
which Neotrigonia margaritaceare suspected to be reproductively active (Chapter
5). Therefore interface was run five times for epopulation, where populations
were marked as source. The dispersal time was hgpoally chosen as 10 days
which is also the minimum parameter for this analygertical level corresponds to
depth at which organisms occur and on averagevdss15m. The connectivity
statistics were based on the year 2006, also thesganple collection was performed.
This data set is the representative of an avenagernt activity, wave action and

potential seasonal influences, such as storms amtkw
Results

The Australian Connectivity Interface generatesiltesn the form of digital maps.
Dispersal is estimated and expressed in percentBgesersal area is highlighted on

the map.

Results show lack of connectivity between any efgbpulations tested, over all five

months (Fig. 2.1). Port Lincoln population couldéxgosed to effects of ocean
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current the most, in comparison to other populatiétredicted larval dispersal area
for the Port Lincoln is the greatest in the Janu&mnilar level of larval dispersal is
predicted for Gulf St. Vincent and Brunny Islangptations while predictions for
larval dispersal from Western Port population aneimmal and do not change over
five months. These results are expected as tlatidmcof Western Port population is

in sheltered gulf system.
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Figure 2.1.Compiled results from the Australian connectivitierface: A) January,
B) February, C) March, D) November and E) DecembRere is no connectivity
between populations, and in general very littlgeision due to ocean currents within

all populations.
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Appendix Il

Appendix Il is a collection of all trees generatesia result of data exploration and
multiple analysis conducted on COI and 16s rDNAadsgts (Chapter 4). Bayesian

analysis and maximum parsimony analyses were coeditic explore origin of DUI

within Neotrigoniaand its evolution within Palaeoheteronta.
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Figure 3.1.A maximum parsimony consensus tree based on CyioehC Oxidase
subunit | using outgroup taxa as in Haetlal. (2002). MP jackknife > 85 values are
shown. Terminal names correspond to NCBI accessiombers listed in Table 4.1
and Table 4.2. Male, M, and female, F, types ankewhaccording to available
information,Neotrigonia margaritace&enBank sequences are annotated by an

asterisk*.
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Figure 3.2.Bayesian analysis tree based on Cytochrome C Oxwslasunit | for the
Unionoidae and Trigonioidae taxa with outgroup tagan Hoelet al. (2002).
Posterior probabilities (pp) > 0.95 values are sholerminal names correspond to
NCBI accession numbers listed in Table 4.1 andd 4t®2. Male, M, and female, F,
types are marked according to available informatigotrigonia margaritacea

GenBank sequences are annotated by an asterisk*.
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L mionmiar:
A mintepn

Ui
b misrnE

Figure 3.3.A maximum parsimony consensus tree based on CyioehC oxidase
subunit | for the Unionoidae and Trigonioidae taRd, coded and less distant
outgroups were used during analysis. Only MP jaifkkn 85 values are shown.
Terminal names correspond to NCBI accession nuniisézd in Table 4.1 and Table
4.2. Male, M, and female, F, types are marked aliogrto available information.

Neotrigonia margaritace&enBank sequences are annotated by an asterisk*.
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Figure 3.4.A maximum parsimony consensus tree based on QytoehC Oxidase

subunit | using outgroup taxa as in Haetlal. (2002). MP jackknife > 85 values are

shown. Terminal names correspond to NCBI accessionbers listed in Table 4.1

and Table 4.2. Male, M, and female, F, types arkewbhaccording to available

information.
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Figure 3.5.A maximum parsimony consensus tree based on QyioehC oxidase

subunit | for the Unionoidae and Trigonioidae taRd, coded during analysis. Only

MP jackknife > 85 values are shown.
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Figure 3.6.Bayesian analysis tree based on Cytochrome C Sisiabunit | for the
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(pp) > 0.95 values are shown.
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Figure 3.7.A maximum parsimony consensus tree based on QyoehC Oxidase

subunit | using less distant outgroup taxa. MP kadk > 85 values are shown.

Terminal names correspond to NCBI accession nuniisézd in Table 4.1 and Table

4.2. Male, M, and female, F, types are marked aliogrto available information
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Figure 3.8. A maximum parsimony consensus tree based on QytoehC Oxidase

subunit with less distant outgroups and RY codeB.jadtkknife > 85 values are

shown. Terminal names correspond to NCBI accessionbers listed in Table 4.1

and Table 4.2. Male, M, and female, F, types arkewhaccording to available

information.
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Unionoidae and Trigonioidae.
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Appendix 1V

Table 4.1.Raw data of diameter measurements for protogorgadhn sampling

month.
Protogonia November December January February March
3.4 3.2 3.4 3 4.1
3.6 3.5 3.6 5 3.5
5.6 3.4 3.2 1 4.3
6.1 4.1 3.5 3.4 4.6
3.8 3.5 3.4 3.8 5.5
4.3 4.3 4.1 4.1 3.5
5.8 4.6 3.5 4.1 3.2
2.7 5.5 4.3 3.5 4.3
3.1 3.5 4.6 4.3 5.8
3.2 3.2 5.5 4.6 2.7
3.5 3.1 3.5 5.5 3.1
3.4 3.3 3.2 3.5 3.2
4.1 6.1 3.1 3.2 3.5
3.5 5.2 3.5 4.8 3.4
4.3 4.1 4.3 3.3 4.1
4.6 3.5 4.6 6.1 3.5
5.5 3.1 5.5 3.4 3.6
3.5 3.3 3.5 3.6 5.1
3.2 3.2 3.2 3.2 3.4
3.1 4.2 3.1 3.5 5.2
total 80.3 77.9 76.6 76.9 79.6
mean 4.015 3.895 3.83 3.845 3.98
stdev 1.0069626030.866617745 0.743462738 1.069419419 0.869119336
4.1
405 -
|
- 471 [1 I
E3.95 - |
£ 39 - I
%3.85 1 T I
3 38 - I I
=N
3.75 |
3.7 -
3.65 : : : :
November December January February March
month

Figure 4.1.Comparison of raw data of diameter measuremenisréiogonia in each
sampling month.
200



Appendix

Table 4.2.Raw data of diameter measurements for oogoniadh sampling month.

Oogonia Novembar Decembar January February March
6 10 7.6 10 9.6
6.1 9 8.2 8.9 7.6
8.6 9.4 9 9.2 8.2
7.2 6.4 9.3 9.4 7.8
7 8.5 9.7 9.6 0.8
7.3 7.6 8.6 7.6 6.4
6.2 8.2 7.2 8.6 8.5
6 9 9.4 6.9 7.6
8 9.3 6 6 8.2
8 9.7 6.1 6.1 9
9 8.6 8.6 8.6 9.3
10 7.2 7.2 7.2 9.7
10 9.4 7 7 8.6
8.9 6.8 7.3 7.3 7.2
9.2 8.9 10 10 10
9.4 10 9.6 9.6 8.9
9.6 10 8.5 7.6 9.2
7.6 7.9 8.5 8.2 9.4
8.6 8.3 7.9 7.8 9.6
6.9 6.9 7.3 9.8 7.6

total 159.6 171.1 163 165.4 172.2

mean 1.596 8.555 8.15 8.27 8.61

stdev 1.3539804871.121781947 1.168669959 1.28107685 1.003100457

12 4

10 4

oogonia (pm)
[s2]

November December January February March
month

Figure 4.2.Comparison of raw data of diameter measuremenisoigonia in each

sampling month.
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Table 4.3.Raw data of diameter measurements for previtetimga each sampling

month.

March

January February

December

Prevetellogenic November

50
50
49

43 28 36.8
39

48

20.6

50.2

22.8

55
49.3

25
40
49

4.2

36.8

25
40

28
33

50.2

15
16
18.9

55
49.3

49

43

29
45

43
38
37

38
3

15
16
18.9

22.3

7

46

25
51
44
48

22
28
51

28

24
36

31

22.3

39

25
40

52

44
48

40

43

37

22
28

51

49

23

27

36

37

36

43

41

38
37

29
31

39

41

44

48
37

43
48

39

24
36
52
43

32

28
37

23
34

4.2

36

49 28

41
721.2

735

707.7

759

693.9

total

36.06 37.95 35.385 36.75

11.565
13.0738982611.09805104 8.331771784 14.34709855 9.925379484
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Figure 4.3.Comparison of raw data of diameter measuremenisrévitellogenic

oocytes in each sampling month.
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Table 4.4.Raw data of diameter measurements for vitellogeaaytes in each

sampling month.

Vitellogenic  November December January February March
89 97 83 83 102
73 110 110 92 98
100 112 94 77 73
102 94 76 89 96
98 86 89 73 82
132 76 83 100 106
86 95 92 102 94
78 98 77 98 73
63 94 91 132 89
115 96 73 86 83
79 89 95 89 92
86 73 96 73 77
94 100 113 100 91
108 102 86 102 73
98 98 78 98 95
76 132 63 132 73
75 86 115 86 100
83 94 79 95 102
94 76 86 69 98
109 89 94 99 132
total 1838 1897 1773 1875 1829
mean 91.9 94.85 88.65 93.75 91.45
stdev 16.5303548513.42140866 13.36639541 16.61285172 14.53661439

___»

o »
__»

_____ »
__ »

November

Figure 4.4.Comparison of raw data of diameter measurementatillogenic

December

oocytes in each sampling month.

January
month

February

March
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Table 4.5.Raw data of diameter measurements for postviteflmgoocytes in each

sampling month.

Postvitellogenic  November December  January February March

172 208 320 172 126
192 172 172 208 203
208 160 136 152 168
280 252 252 232 198
284 196 200 196 206
264 312 224 228 213
272 240 216 160 166
240 200 108 132 184
112 164 120 148 165
192 252 152 224 207
172 284 126 200 228
208 264 203 164 160
152 272 168 252 132
232 240 198 284 148
196 112 206 264 224
228 192 213 272 200
160 172 166 240 164
132 208 184 112 252
148 168 165 192 284
224 208 207 229 264
total 4068 4276 3736 4061 3892
mean 203.4 213.8 186.8 203.05 194.6
stdev 49.897157 49.832984 49.152394 48.6009259 642024

230 ~

B

2 220

[e)

@

s 210 A

[&]

(=]

© 200 -

2

T 190 -

=]

o

T 180 A

=

+ 170

Q

2 160

November December January February March
month

Figure 4.5 Comparison of raw data of diameter measuremenfsdstvitellogenic

oocytes in each sampling month.

204



