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“It’s not that evolutionary significance starts at a certain point. Your mother probably
thinks you’re an evolutionarily significant unit.”

-Waples, 1991

ABSTRACT
Barramundi (Lates calcarifer) is a centropomid teleost with a wide distribution across the
Indo Pacific. In Australia, barramundi are native to the tropical zone from Exmouth Gulf
in Western Australia, across the northern part of the continent, to the Mary River in
Queensland. Barramundi are protandrous hermaphrodites, and are euryhaline, with a
catadromous life history. Barramundi are a valuable Australian resource, with important
commercial and recreational fisheries and aquaculture production to the value of $11
million dollars per year. Recent declines in the availability of the fish in some rivers has led
to an interest in the possibility of restocking rivers with barramundi from other areas.

Determining the genetic structure of barramundi populations in Australia is important for
understanding biogeographic history, and appropriate management practices for both
aquaculture and recreational and commercial fishing. Previous studies have concentrated
on the east coast of Australia, and have largely ignored the western populations. In this
study, I obtained DNA data from barramundi populations across the Australian range of
the species, as well as populations from Papua New Guinea and Indonesia. The aims of
this study were to use the genetic data to determine: 1. if populations in Western Australia
show genetic differences between geographic regions 2. if these populations show an
ancestral split from populations in the east of Australia and 3. the ancestral origins of
Australian barramundi.
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Previous studies of DNA data from barramundi have discovered an east/west split
occurring at the Torres Strait that was assumed to be caused by the closing of the strait
during lowered sea levels. However, these studies suffered from a bias in sampling area,
concentrating either on the eastern half of the range of barramundi, or on the western tip
of the range. Data from these studies were combined and reanalyzed. Two major clades
were discovered, with considerable biogeographic structuring, but their geographic
locations did not coincide with the reported vicariance event at the Torres Strait. Instead,
historical divisions among freshwater drainage systems appeared to have driven the
evolutionary history of barramundi in Australia.

In order to investigate these historical divisions further, a 290 bp section of the
mitochondrial DNA control region was sequenced in 284 barramundi from seven
populations across the Australian geographic range of the species and from one population
in Papua New Guinea and one population in Indonesia. Analyses of molecular variance
within and among populations showed significant geographic structuring, based on
biogeographical provinces and drainage divisions. Nested clade analyses indicated that
these geographical associations were the result of restricted gene flow, range expansion,
and past fragmentation events. I hypothesise that the Ord River area in the west of the
continent was the ancestral source population for the rest of the species’ range across
Australia, with Indonesia being the most likely origin of this source. Populations of
barramundi from the Pilbara region are genetically distinct and geographically isolated, with
strong evidence of an ancestral divide along geographical barriers to dispersal. There is a
strong association between Papua New Guinea and Australia, although further
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investigations using the cytochrome b region of mitochondrial DNA indicated a more
ancestral divide between the two than is currently evident, which could reflect an ancient
geographical divide between the two, or could be evidence of a secondary migration route
to Australia.

For a more detailed study of evolutionary processes acting on populations of barramundi in
Western Australia, allelic diversity was examined at five microsatellite loci. All loci were
polymorphic and genotypic frequencies conformed to Hardy-Weinberg expectations, with
no significant linkage between loci evident in any population. Measures of within
population diversity were significantly related to latitude, suggesting southerly migration
from a northern source population. The Ord River was the most genetically diverse
population, and the most likely ancestral migration source to the area, with diversity
decreasing down the west coast. Although there were significant differences among
populations, the nuclear microsatellite data do not indicate the same degree of genetic
structuring as is evident in the mitochondrial data. This may be a consequence of rapid
evolutionary change at microsatellite loci, with past separations or population differences
masked by recombination and back mutation of the microsatellite alleles. However, the
nature of nuclear and mitochondrial inheritance may also indicate life history differences
between the sexes, where significant genetic contribution to gene flow by males and limited
female gene flow may lead to preservation of maternally inherited population substructure.
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The principal findings from this study are:

•

There is no genetic evidence for an east/west division of barramundi populations
in Australia, as suggested by previous research.

•

Despite barramundi’s catadromous life history, and ability to disperse through
marine waters, the present genetic structure indicates a division principally among
river drainages. From a population genetic viewpoint, the species can be regarded
as freshwater, rather than marine.

•

The most likely origin of barramundi in Australia is the Ord River region, with
Indonesia as the route of migration.

•

Differences in the population structure demonstrated by nuclear and mitochondrial
data indicate possible life history differences between the sexes.

•

Barramundi populations in different biogeographical provinces may have been
substantially isolated over a long period of time, and may therefore represent
independently evolving populations. This has important implications for fishery
management and translocation issues for restocking rivers.
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CHAPTER I
IN THE BEGINNING…
INTRODUCTION

1.1.

BARRAMUNDI BIOLOGY AND ECOLOGY

1.1.1.

Taxonomy, description and natural history

Barramundi, or giant perch, (Lates calcarifer Bloch, 1790) are large centropomid fish
(Actinopterygii: Perciformes: Centropomidae: Latinae). The species is elongate and
laterally compressed, with a relatively large, slightly oblique mouth and a protruding
mandible that extends back beyond the eye. The head profile is clearly concave. The lower
edge of the pre-operculum is serrated with a strong spine; the operculum has a small spine
and a serrated flap above the origin of the lateral line and the scales are ctenoid. The first
dorsal fin bears eight to nine spines and ten to eleven soft rays . The ventral fins have
spines and soft rays; the paired pectoral and pelvic fins have soft rays only; and the caudal
fin has soft rays and is rounded (Kailola et al. 1993).

Barramundi are an euryhaline fish, capable of inhabiting a variety of habitats such as rivers,
billabongs, mangrove swamps, tidal estuaries and coastal reef systems. They are
8

catadromous, with adult fish inhabiting river systems but spawning in brackish or sea water
in estuaries and at river mouths (Shaklee et al. 1993; Keenan 1994; Pender and Griffin
1996; Chenoweth et al. 1998a). During their early development, larvae and juveniles take
advantage of the habitat provided by coastal nursery areas, which include mangroves and
low-lying coastal flats that become inundated at high tides.

On the basis of recorded movements of tagged fish, Australian barramundi are generally
confined within river systems, with migration between adjacent river mouths more than
100 km apart a rare event (Russell and Garrett 1985; Davis 1986). Reynolds and Moore
(1973) found New Guinea barramundi returned upstream immediately following spawning,
and subsequent studies (Moore and Reynolds 1982) found fish continually return to the
same general area from which they originally migrated. In contrast, Davis (1985) reported
that fish in the Northern Territory and Gulf of Carpentaria tended to remain within the
tidal limit of rivers and did not partake in such migrations.

1.1.2.

Distribution

Barramundi are widely distributed throughout the coastal and littoral waters of the IndoWest Pacific from Iran to Australia (Pillay 1993) with their range including China, Taiwan
and Papua New Guinea (Figure 1-1). In Australia, the species occurs as far south as the
Noosa River (latitude 26°30' S) on the east coast and the Ashburton River (latitude 22°30'
S) on the northwest coast (Schipp 1996).

9

Figure 1.1 World distribution of barramundi (shaded area) (Pagano 2002).
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1.1.3.

Age and growth

Barramundi are relatively long lived (10-20 years) and can grow to a size of at least 150 cm
in total length and 50 kg in weight (Reynolds and Moore 1973; Shaklee et al. 1993). The
species has been reported to grow to 1.5-3.0 kg within one year in ponds under optimum
conditions (ICLARM 1997), but this growth rate is considered exceptional and can
probably be achieved only by starting with reasonably large, wild-caught juveniles.

Barramundi attain sexual maturity at an age of 2-3 years. Most are protandrous
hermaphrodites (although those from Songkhla, Thailand are apparently gonochoristic
(Dhert et al. 1992)); generally, fish smaller than 800 mm length are male and those greater
than 1 m females (Moore 1979; Davis 1982; Shaklee and Salini 1983; Davis 1984b). Fish
held in captivity sometimes demonstrate features atypical of fish in the wild; they change
sex at a smaller size, exhibit a higher proportion of protogyny and some males do not
undergo sexual inversion at all (Schipp 1996).

During the variable spawning season in the wild, mature males and females usually
congregate within an estuary. Spawning occurs at night, over flooded sand flats and marine
embayments around the mouths of river systems, coinciding with the ebb tide (Morrisey
1985), and appears linked to the lunar cycle; the greatest activity occurs on nights following
the full and new moons (Schipp 1996). Fertilisation is external; during spawning, each
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female may release several million eggs, which are immediately fertilised by sperm released
by males (Davis 1984a).

1.1.4.

The barramundi fishery in Australia

Barramundi are widely considered to be the premier sport fish in the inland waters of
northern Australia. The species supports an important commercial wild-capture fishery and
is a major component of the recreational fishery in Queensland, the Northern Territory
and Western Australia. Wild stocks of barramundi are under pressure from commercial and
recreational fishing, as well as habitat alteration and destruction in parts of northern
Australia (Keenan and Salini 1990). Barramundi are highly regarded by recreational fishers
and, due to the importance of the recreational fishing industry in Western Australia, there is
increasing pressure for hatchery-reared fish to be used to enhance depleted or non-existent
wild barramundi stocks in fresh water impoundments, estuaries and coastal areas (Thorne
2002). Similar circumstances led to the Queensland Department of Primary Industries
undertaking research into the production of barramundi for stocking fresh water reservoirs
and aquaculture and, subsequently, to barramundi recreational fishing being targeted in the
Queensland Government’s strategic plan for 1989.

There is a constant demand for more predictability in fisheries science and management
and there is a wide range of tools available for fishery scientists and managers to assess fish
under exploitation. Broad disciplines aiding decision makers to better manage fisheries
include biology, ecology, oceanography, sociology, economics, seafood science, and
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equipment technology (King 1995). Although knowledge of stock structure is only one
component of stock assessment, it is integral to the sustainable management of a fishery, as
it enables allocation of catch among competing fisheries, recognition and protection of
nursery and spawning areas, and the development of optimal harvest and management
strategies (King 1995).

A ‘stock’ can be regarded as a group of individuals defined for a particular management
purpose. Given that sustainable management requires allocation of catch among competing
fisheries, recognition and protection of nursery and spawning areas, and the development
of optimal harvest and management strategies (Begg et al. 1999), a stock should consist of
individuals of the same species, usually in the same broad geographic area, that are
members of an interbreeding population. This implies both homogeneity within the group
and distinctness from other groups.

1.2.

GENETICS AS A DEMOGRAPHIC TOOL
While demography may be more important than genetics in determining the fate of
populations, genetic tools are still the best route to demographic understanding (Milligan et
al. 1994). Genetic variation when related to geography contains a record of demographic
forces and patterns such as fluctuating population size, sex ratio variation and migration.
Genealogical and coalescent approaches (Hudson 1990), in particular, can help separate
purely genetic processes, such as mutation, from demographic processes, such as
population size, that are likely to be of most interest to fisheries managers and
13

conservationists. Demographic analyses done without the aid of genetics have the
limitation that they represent a very short term view of only a few years to a few
generations. Because of this, such analyses are best used to assess the most important parts
of a life cycle, rather than as predictive tools. Genetic data can provide a record of rare or
long term trends that, in the extreme, make the current conditions irrelevant. Genetic data
are increasingly important in assessing the degree of connectedness between populations;
gene flow is critically important to the maintenance of genetic diversity and to the
probability of persistence in metapopulations.

1.3.

GENETICS AND ECOLOGICAL PROCESSES
The advent of molecular techniques in the mid 1960s allowed researchers to detect genetic
variation in proteins (Margoliash 1963; Kimura 1969) and later directly in DNA. Molecular
variation could then be measured quantitatively and empirical results interpreted using
population genetics theory (Fisher 1930; Wright 1931; Haldane 1932).

The most surprising result from these direct measurements of genetic variation was that
molecular variation in most natural populations was much greater than anticipated (Harris
1966; Lewontin and Hubby 1966; Kimura and Ohta 1971). The neutral theory proposed by
Kimura (1968a; 1968b) asserts that a “great majority of evolutionary changes at the
molecular level are caused not by Darwinian selection but by random drift of selectively
neutral mutants”. This theory, originally intended to apply to protein variation, assumes
that only a tiny fraction of DNA changes are adaptive, and the great majority of
14

substitutions and mutations have no effect on survival or fitness (Kimura 1987). This
neutral variation, when coupled with population genetics theory, supplies a powerful tool
for ecological research, as dynamics of allele frequency change are determined by
demographic parameters such as population size, population subdivision and breeding
structure.

1.4.

GENETIC STRUCTURE OF POPULATIONS: HISTORICAL AND
CONTEMPORARY PROCESSES
The genetic structure of a species is the distribution of genetic variation within and among
populations. Establishing a link between the ecology and the evolution of species involves
studying gene flow in relation to the magnitude and spatial scale over which populations
differ genetically. In order to understand the microevolutionary forces taking place
throughout the history of a species, the interaction of gene flow with genetic drift,
mutation and natural selection in forming spatial or temporal population structures must be
quantified (Bohonak 1999).

The term ‘phylogeography’ has been coined in reference to superimposing the phylogeny
of haplotypes over geographical locations (Avise 1994). Phylogeographic studies provide
ecologists and evolutionary biologists with a historical context in which observed patterns
in nature can be placed (Avise 2000). Understanding the temporal component of a species’
distribution can be used to explain ecological and phenotypic discontinuities
observed across the extant range of a species (Brown et al. 1996; Groman and Pellmyr
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2000; Althoff et al. 2001). Such studies can also reveal extensive periods of allopatry among
populations that were not previously recognizable (Taylor et al. 1998; Omland et al. 2000).
Investigations concerning ongoing ecological processes that lead to differentiation among
populations benefit by placing them in such a historical context because different
histories can lead to different adaptive strategies, including behavioral, physiological, and
life history traits (Althoff and Thompson 1999; Després and Jaeger 1999). Additionally, the
magnitude of recent range changes is essential knowledge for investigators employing
methodologies that are sensitive to range changes, yet use current distributions to test
evolutionary hypotheses (Barraclough and Vogler 2000).

1.5.

CONSERVATION BIOLOGY AND GENETICS
Conservation biology is an applied cross-disciplinary science of maintaining biological
diversity at genetic, species, and ecosystem levels. The scientific foundation of conservation
biology, as Bowen (1999) suggested, includes three complementary fields: 1) systematics,
identification of organismal lineages; 2) ecology, protection of the life-support system for
the lineages; and 3) evolutionary biology, maintenance of conditions that generate new
lineages in the long term.

Phylogenetic distinctiveness can be a prominent criterion for conservation. Highly distinct
taxa can contribute disproportionately to overall biodiversity, and may therefore receive a
high conservation priority. This conservation is not motivated by the ecological role or the
future evolutionary potential of a species, but by concern for future bioheritage of the
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planet. The basis for preserving such distinct biota is expressed in terms of taxonomic rank
and distinctiveness in morphological and genetic comparisons. In this way, DNA sequence
information can provide a yardstick for measuring a taxon’s uniqueness.

The ecological approach to conservation marks representative habitats, and those with a
high species richness, for protection. Unlike the systematic approach, the conservation of
an ecosystem is not dependent on the presence of an endangered species, but rather species
that play an essential role in ecological processes have high conservation priorities. This
approach requires information on natural history, population structure and the interactions
of existing species, rather than simple DNA sequence data.

The evolutionary genetics field within conservation is an approach that looks to future
evolutionary potential, rather than past uniqueness or present ecosystems. Genetic diversity
allows a species to respond to environmental challenges. Because of this, genetic diversity
is the foundation for future organismal diversity, and corresponding efforts are directed at
preserving existing genetic variation within endangered species.

1.6.

GENETIC TOOLS FOR PHYLOGENETIC ANALYSIS

1.6.1.

Mitochondrial DNA

Animal mitochondrial DNA (mtDNA) is a relatively small circular molecule of 15 to 20 kb,
comprising 37 genes. These genes code for 22 tRNAs, two rRNAs and 13 mRNAs. The
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mRNAs code for proteins involved in electron transport and oxidative phosphorylation in
the mitochondria. The genome lacks introns and contains small intergenic spaces in which
the reading frames sometimes overlap. The control region is the only major noncoding area
of the mitochondrial genome. It is approximately 1 kb in size, and is involved in the
regulation and initiation of replication and transcription of the mitochondrial genome. In
recent years the use of mtDNA in phylogenetic and population genetic studies has become
increasingly popular, first with the isolation of mtDNA and the use of restriction enzymes
to detect differences in nucleotides (Lansman et al. 1981), and later with the advent of
polymerase chain reaction (PCR) methodology and the use of ‘universal’ primers (Kocher
et al. 1989) for copying and amplifying the mitochondrial genome.

Mitochondrial DNA has many advantages as a molecular marker for genetic analyses. It
evolves faster than the majority of nuclear DNA, with an average mutation rate of
10-8site-1year-1 (Brown et al. 1979; Ferris et al. 1983; DeSalle et al. 1987) compared to
10-9site-1 year-1 in nuclear genes, probably due to inefficient replication repair (Clayton
1984). Different rates of evolution are apparent in different areas of the mitochondrial
genome (Saccone et al. 1991), which enables the choice of regions with rates suitable to the
type of genetic questions being posed. Another advantage of mitochondrial DNA is its
pattern of maternal inheritance in most species. Exceptions to this pattern do occur, with
paternal leakage in mice (Gyllesten et al. 1991) and biparental inheritance in marine mussels
(Zouros et al. 1992). Mitochondrial DNA generally does not recombine (Hayashi et al.
1985), although, again, exceptions to this have recently been reported (Eyre-Walker et al.
1999; Hagelberg et al. 1999). Individuals are usually homoplasmic for one mitochondrial
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haplotype, though heteroplasmic (existence of more than one extranuclear DNA sequence
type in an organism) conditions have been reported in many species (e.g. perches (Nesbø et
al. 1998); Drosophila (Volz-Lingenhöhl et al. 1992) and bats (Wilkinson and Chapman
1991)).

These features mean that each molecule as a whole usually has a single genealogical history
through maternal lineages. Compared to diploid nuclear autosomal genes with biparental
transmission, the effective population size of mtDNA is one quarter of that for nuclear
autosomal genes (Moore 1995). Therefore, a mtDNA tree is more likely to be congruent
with a species tree due to a high probability of coalescence even when speciation events
have occurred within short time periods.

The neutrality of mitochondrial DNA as a marker has been questioned (Rand and Kann
1996). Though the high evolutionary rate of the genome does lend support to arguments
for neutrality (Brown et al. 1979, 1982; Vawter and Brown 1986), as does the assumed
uniformity in the substitution rates of mtDNA and the relaxed translation of mitochondrial
mRNAs (Cann et al. 1984), it is more likely that mtDNA evolution follows the mildly
deleterious or the nearly neutral model. Fry (1999) suggested, based on neutrality tests of
molecular data from 14 studies, that there is an excess of rare haplotypes within species,
and that these haplotypes carry mildly deleterious mutations. Ballard and Kreitman (1995)
pointed out in their review that the lack of recombination in mitochondrial genomes makes
them particularly susceptible to genetic hitchhiking, which means that selection on any part
of the mtDNA has an influence on polymorphism in the whole molecule in the population.
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The heterogeneous substitution rates along lineages and the relative excess of replacement
polymorphism also support the idea that selection has a role in mtDNA polymorphism,
although Ballard and Kreitman (1995) suggested that genetic drift may be the prevailing
force in mitochondrial evolution.

The uncertainty of mitochondrial neutrality does not severely diminish the value of
mtDNA for phylogenetic studies. Even if molecules differ in fitness, properly identified
synapomorphies still allow the recognition of monophyletic clades. Assessment of the
degree of mtDNA neutrality is essential, however, for analyses involving genetic distance
estimates and the assumption of a molecular clock (Avise et al. 1987).

Whether or not mtDNA is strictly neutral, it is a sensitive indicator of population level
processes. Analysis of mtDNA divergence can be used to reveal geographic clusters of
related molecules (individuals) or matrilineal relationships within populations. It can be
used to trace historical events like bottlenecks, or to analyse the direction of hybridization.
However, it is also likely to have its own bottlenecks, independent of reductions in the
population. This is because mtDNA is a single linkage group, and is thus especially
susceptible to selective sweeps, which might have less effect on effective population sizes
for the nuclear genes. MtDNA can also be very useful in resolving phylogenetic
relationships between closely related taxa (Moritz et al. 1987).
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1.6.1.1.

Control region

In animal mitochondrial DNA, the main regulatory region (which is non-coding) is known
as the control region. The heavy strand origin of replication (Desjardins and Morais 1990)
and the promoters for transcription of the heavy and light strands (L'Abbe et al. 1991) are
contained within this region.

The control region is thought to be the most variable portion of the mtDNA genome,
despite its functional importance. In the human control region, estimates of the rate of
substitution range between 2.8 times (Cann et al. 1984) and 5 times (Aquadro and
Greenberg 1983) the rate of the rest of the mtDNA genome. The majority of control
region studies have focused on intraspecific variation and the phylogenetic relationships of
closely related species (Cavalli-Sforza et al. 1994). The high mutation rate, however, may
diminish the usefulness of the region for inferring deep genetic divergences, due to
saturation and ambiguities in homology determination.

1.6.1.2.

Cytochrome b

Cytochrome b is one of the cytochromes involved in the electron transport chain in
mitochondria. It contains eight transmembrane helices connected by intramembrane or
extramembrane domains (Esposti et al. 1993). The cytochrome b gene has become the
most widely used mitochondrial gene for phylogenetic studies. The rate of evolution in
silent positions is relatively fast, although in terms of non-synonymous substitutions, the
evolutionary rate is quite slow (Irwin et al. 1991). Cytochrome b has gained status as a
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universal metric, because it is so widely used, and studies can be easily compared.
Cytochrome b is thought to have regions that are variable enough for population level
questions, and other regions that are conserved enough for clarifying deeper phylogenetic
relationships. The cytochrome b gene is under strong evolutionary constraints because
some parts of the gene are more conserved than others due to functional restrictions
(Meyer 1994). Most of the variable positions are located within the coding regions for
either the transmembrane domains or for the amino- and carboxy-terminal ends (Irwin et
al. 1991).

1.6.2.

Microsatellites

1.6.2.1.

General characters of microsatellites

Microsatellites are short repeats of an organism’s DNA sequence, occurring throughout the
eukaryotic genome. Historically, the term microsatellite has been used to describe only
repeats of the dinucleotide motif CA/GT (Litt and Luty 1989; Weber and May 1989).
However, the term microsatellite has now become the most common term to describe any
single repeated sequence motif of 1-5 bp. They are also referred to as simple sequences
(Tautz 1989) and short tandem repeats (STRs) (Edwards et al. 1991). These repeats can be
excellent genetic markers due to their high level of polymorphism if they are long enough
and uninterrupted (Powell et al. 1996).
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1.6.2.2.

Microsatellite evolution

The high mutation rates of microsatellites can be explained by two potential mechanisms,
namely recombination between DNA molecules caused by gene conversion, or unequal
crossing over (Smith 1976; Jeffreys et al. 1994), and slipped-strand mispairing during DNA
replication (Levinson and Gutman 1987b). Replication slippage has been found to be the
main mechanism generating length mutations in yeast and E. coli studies (Levinson and
Gutman 1987a; Henderson and Petes 1992). In replication slippage, the nascent DNA
strand dissociates from the template strand during replication of the repeat area and the
nascent strand can reanneal out of phase with the template strand. When replication is
continued, the eventual nascent strand will be longer or shorter than the template,
depending on whether the looped-out bases have occurred in the template strand or the
nascent strand. Microsatellites will then lose or gain a single or a few repeats. In contrast, if
recombination between DNA molecules were the major mechanism for microsatellite
mutation rates, a much wider range of novel mutants would be expected.

Many studies have shown that microsatellite loci involve more gains than losses of repeat
units (Weber and Wong 1993; Talbot et al. 1995). It is unclear, however, whether this
asymmetry in the distribution of mutations occurs only in hypervariable and long
microsatellites, or in all types of microsatellites. The molecular mechanism resulting in this
kind of upwardly biased mutation is still unclear.
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1.7.

BARRAMUNDI PHYLOGEOGRAPHY

1.7.1.

The distinctiveness of populations

Interest in the population genetic structure of Australian barramundi was stimulated by the
perceived decline of Queensland and Northern Territory commercial catches in the late
1970s (Salini and Shaklee 1986). Concern for the fishery led Shaklee and Salini (1983) to
investigate the possibility of multiple barramundi stocks, and to argue against a single stock
fishery management approach. Keenan and Salini (1990) presented allozyme data
suggesting that sufficient allelic polymorphism existed to identify 14 discrete stocks,
extending from Western Australia (Ord River) toward the eastern Australian limit of
barramundi in southern Queensland. Shaklee and Phelps (1991) summarized this pattern of
stock structure in Australian barramundi, substantiating their argument with the
conformation of populations to Hardy-Weinberg expectations; and in doing so presented
evidence to suggest that the assumption of no migration between populations had not been
violated.

An extensive review of allozyme frequencies within Queensland barramundi resulted in
Shaklee et al. (1993) identifying 24 stocks over the range studied. They hypothesized that
because barramundi were naturally distributed around the coastline, then the population
genetic structure of the species should approximate a one-dimensional stepping-stone
model. Shaklee et al. (1993) used harvest statistics from the Queensland barramundi fishery
to estimate effective population sizes, and predicted that the generational movement of
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barramundi among populations was tenfold more than the estimate of Salini & Shaklee
(1988), despite substantial genetic differentiation. Whereas previous workers had refrained
from discussing the role of local selection pressures in population genetic differentiation,
Shaklee et al. (1993) cited the discontinuous distribution of appropriate habitats, an absence
of extensive pre-spawning migrations, and limited dispersal opportunities as a basis for
reasoning that long-term reproductive isolation had not only caused the observed
population genetic differences among barramundi, but had resulted in those populations
becoming adapted to local environmental conditions. They further speculated that more
stocks would be revealed if surveys were conducted in the western parts of the species’
Australian distribution.

Whereas previous studies had examined population differences on a regional basis, Keenan
(1994) interpreted new and previously published data from fish collections ranging from
the Ord River (Western Australia) to the Mary River (Queensland) to address the genetic
structure of Australian barramundi populations from an evolutionary perspective. Keenan
(1994) found that duplicate samples over seven years in two areas confirmed Salini and
Shaklee’s (1988) theory of temporal allelic stability, and proposed 16 discrete populations,
all being confined to solitary rivers or to adjacent watercourses. For example, the Ord River
population was found to be statistically homogeneous with the nearby Moyle River
(Northern Territory). Keenan (1994) then argued that the one-dimensional model of
population structure was most appropriate for Australian barramundi. That model predicts
that coastal gene flow acts as the primary determinant of population structure, and assumes
there is substantial genetic exchange among adjacent barramundi populations. Keenan
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(1994) estimated effective population sizes by calculating the proportional loss of observed
heterozygosity between selected locations to show that the migration of barramundi
between adjacent rivers could be substantial (by at least an order of magnitude higher than
previous estimates), whilst maintaining population subdivision over geographic distance.

1.7.2.

The East/West scenario

Keenan (1994) considered that the generally low levels of heterozygosity found in
Australian barramundi was due to the ‘founding’ effects of populations that have rapidly
recolonized many tropical Australian estuaries during late Quaternary changes in sea levels.
He further suggested that heterozygosities have decreased proportionally to migratory
distance from the primary eastern and western ‘source’ populations of barramundi split by
the Australia/New Guinea land bridge, such that there are both marked effects of genetic
drift toward the edges of those colonizing populations, and evidence of increased
heterozygosity through the natural hybridization of those source populations (Keenan
1994).

Chenoweth et al. (1998a, b) examined part of the control region of the barramundi
mitochondrial genome and identified two major genetic lineages in Australian barramundi
populations, which they interpreted as arising from the separation of eastern and western
populations following the closure of Torres Strait, at 335,000 y BP. These lineages are not
totally restricted to particular sides of Torres Strait (or Cape York Peninsula), but show
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opposing clines in frequency to the east and west, which Chenoweth et al. (1998a, b)
interpreted as secondary introgression via contemporary gene flow.

1.7.3.

The Western side of the story

In a study of two populations from Western Australia (Ord and Fitzroy Rivers) and one
population from each of the Northern Territory and Queensland (Darwin and Cairns areas
respectively), Doupé et al. (1999) also collected data for the barramundi mtDNA control
region. They also found two major genetic lineages, but with the divisions being among the
western populations, rather than between eastern and western populations. Doupé et al.
(1999) hypothesized that the genetic divergence among western populations may have
arisen separately from the east/west division proposed by Chenoweth et al. (1998b).

Genetic differences among Australian barramundi populations have been recognized for
some time, and the most recent work (Doupé et al. 1999) also found highly significant
differences among populations (ϕST = 0.56). Despite these clear differences, previous
studies of the population genetic structure of Australian barramundi have shared common
problems. These include a typically strong bias toward the central and eastern parts of the
species’ range (only two populations having been sampled in Western Australia, and neither
was towards the western limit of the range); often small sample sizes biased in one
direction or another (e.g. Doupé et al. 1999); and a lack of uniform data analyses.
Subsequent debate over the implications of the most recent studies (e.g. (Keenan 1994;
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Chenoweth et al. 1998a, b; Doupé et al. 1999) was centred on developing a policy for the
translocation of barramundi.

1.8.

AIMS OF THIS STUDY
The aims of this study were to use mitochondrial DNA and microsatellites to examine the
phylogeography of barramundi in Australia. Specifically, I wished to determine:

•

Whether there exists distinct eastern and western lineages of barramundi in
Australia.

•

The ancestral origins of barramundi in Australia.

•

The genetic structure of barramundi in Australia.

•

The relative importance of history and demography in determining this structure.
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CHAPTER II
JUST A LITTLE BIT OF HISTORY REPEATING
AN ANALYSIS OF PREVIOUS DATA

2.1.

INTRODUCTION
Several authors (McManus 1985; Rosen 1988; Chenoweth and Hughes 1997) have
suggested that the high levels of marine diversity that characterize the Indo-West Pacific
region is a consequence of fluctuating sea levels during the Pleistocene. The Torres Strait,
which presently separates northern Australia from New Guinea, was closed several times
during the Pleistocene, and was most recently reopened just 7000 years BP (Chappell and
Shackleton 1986). Periodic closing of the Torres Strait would have split formerly
continuous marine populations to either the Indian Ocean or the Coral Sea, and might be
the cause of population genetic differentiation reported between populations of
butterflyfishes (Chaetodon spp.) (McMillan and Palumbi 1995), coconut crabs (Birgus latro)
(Lavery et al. 1996), mud crabs (Scylla serrata) and prawns (Panaeus spp.) (Chenoweth et al.
1998a).

It has been suggested that the genetic structure of Australian barramundi, Lates calcarifer,
populations may also be explained by this vicariance event (Keenan 1994; Chenoweth et al.
1998a, b). Barramundi is a centropomid teleost with a tropical Indo-West Pacific
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distribution (see Figure 1.1) that ranges from the Persian Gulf to southern Japan, and along
the southern coast of New Guinea and the northern coastline of Australia. In Australia, the
species ranges from the Ashburton River in Western Australia, around the northern
coastline, and southward along the east coast to the Mary River in Queensland (Dunstan
1959). Barramundi are euryhaline, catadromous fish, where adults spawn in estuarine
waters and larvae forage in the estuary for only a few weeks before migrating upstream to
mature in fresh waters (Shaklee et al. 1993). Evidence from Australia and New Guinea
demonstrates that barramundi are protandrous hermaphrodites, with individuals becoming
sexually mature males in their third or fourth years, spawning at least once, and
subsequently becoming functional females (Davis 1982, 1984a, b; Shaklee and Salini 1985).

On the basis of an allozyme study of barramundi populations from eastern and northern
Australia, Keenan (1994) first suggested that the periodic closure of the Torres Strait during
the Pleistocene was responsible for an apparent east-west genetic differentiation in the
species. This appeared to be confirmed by Chenoweth et al. (1998a), who amplified a 270
bp fragment of the mitochondrial DNA control region and found two major genetic
lineages with 4% sequence divergence, one to the east and one to the west of the Torres
Strait. The clades were not, however, restricted to either side of the Torres Strait, but
showed opposing clines in frequency, which was interpreted as arising from secondary
introgression via contemporary gene flow (Chenoweth et al. 1998b).

Neither Keenan (1994) nor Chenoweth et al. (1998a) sampled Western Australian
populations of barramundi. The only published study of the genetic structure of
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barramundi from Western Australia is that of Doupé et al. (1999), who sampled
populations from the Ord and Fitzroy Rivers in the Kimberley region, from Darwin in the
Northern Territory and from Cairns in Queensland. Doupé et al. (1999) used the same
mtDNA control region fragment as Chenoweth et al. (1998a), and also found two major
genetic lineages, with 3% sequence divergence. However, the geographic pattern of these
clades did not fit the east-west vicariant scenario of Keenan (1994) and Chenoweth et al.
(1998a). Instead, the later study indicated a pronounced genetic boundary between the
Kimberley and Darwin regions, which are both within the geographic range of the putative
‘western lineage’. This suggested that some force other than the closure of the Torres Strait
has restricted gene flow among barramundi populations.

Conflicting data from different population genetic studies, and conflicting interpretations
of these data, have led to dispute over appropriate management policies for barramundi in
Australia (Cross 2000; Keenan 2000). A particularly contentious issue is the origin of
barramundi broodstock for aquaculture or fishery restocking/stock enhancement
proposals, as it has been suggested that, for the latter use especially, broodstock should
originate from the same evolutionary unit as the original population of fish in that locality
(Doupé and Lymbery 2000; Johnson 2000). The question of the presence or absence of
genetically distinct eastern and western clades of barramundi in Australia is important in
this context. Because Doupé et al. (1999) and Chenoweth et al. (1998a) used the same
mitochondrial control region fragment for their respective studies, an obvious first step in
reconciling their different results is to combine the data from both studies. In this chapter,
I combine the data sets of the previous workers and then analyse the combined data set to
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test the conflicting hypotheses that there is an east-west phylogenetic break (Keenan 1994;
Chenoweth et al. 1998a, b) or a division further to the west (Doupé et al. 1999) in
barramundi populations in Australia.

2.2.

METHODS
The combined data set consisted of 310 individual sequences from 13 populations,
extending from central Queensland in eastern Australia to the Kimberley region of Western
Australia (Figure 2-1). The 40 bp difference in the amplified mtDNA fragments of
Chenoweth et al. (1998a) and Doupé et al. (1999) was resolved by realignment using
CLUSTAL W (Thompson et al. 1994), and truncated to a common length of 219 bp.

MODELTEST 3.0 (Posada and Crandall 1998) was used to determine the appropriate
substitution model for the data, which was Tamura and Nei’s (1993) model of nucleotide
sequence evolution, with a gamma parameter of 0.32. Genetic distances between sequences
were estimated using MEGA v.2.1 (Kumar et al. 2001). Phylogenetic relationships among
sequences were inferred from neighbour joining analyses implemented in MEGA v.2.1, and
were bootstrapped with 1000 replicates. Neighbour joining analysis is based on similarity,
and the need to root the tree is therefore negated. The subsequent clusters of the tree are
similarity groups and not phylogenetic clades. Population subdivision was investigated
using AMOVA (Schneider et al. 2000), an analysis of molecular variance procedure that
partitions the variance in genetic distances among sequences according to a specified
hierarchical structure. A non-parametric permutation approach (Excoffier et al. 1992) was
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used to test the significance of the variance component estimates. Three hierarchical
structures were used:

1. A one-level hierarchy, partitioning genetic variance within and among populations.
2. A two level hierarchy, partitioning genetic variance within populations, among
populations within geographical regions, and among regions. For this structure,
populations were grouped into eastern, western and central geographic regions
according to the criteria of Chenoweth et al. (1998a). The expectation from
Chenoweth et al. (1998a) was that a significant proportion of genetic variance
would be distributed among these regions, because the eastern and western regions
represent the areas in which reciprocal monophyly of mtDNA lineages arose with
the closure of the Torres Strait, while the central region is an area of introgression
following opening of the strait.
3. A two level hierarchy, partitioning genetic variance within populations, among
populations within biogeographical provinces, and among provinces. For this
structure, populations were grouped into the biogeographical provinces of Unmack
(1999; 2001), which are based on the hydrologic system of the Australian continent
originally described by Bauer (1955), and modified using geological evidence,
endemism studies, bathymetry, and drainage-based studies of phylogeny (see Figure
2-1). The expectation from Unmack (1999; 2001) was that a significant proportion
of genetic variance would be distributed among provinces, because these represent
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different river drainage systems with geologically ancient origins and diverse
modern environmental conditions.
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Figure 2-1: Map of Australia, showing geographic region designations. Lines show areas covered
by east, west and central designations of Chenoweth et al. (1998a,b). Province designations follow
the biogeographic areas of Unmack (1999).
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2.3.

RESULTS AND DISCUSSION
I found 85 separate haplotypes among the 310 individual mtDNA sequences from the two
studies. However, some of these haplotypes were shared across river populations. In order
to clarify the biogeographical structure, the sequences were collapsed to haplotypes within
rivers or populations. Figure 2-2 shows the neighbour joining tree obtained using Tamura
and Nei’s method of nucleotide substitution, with two major groups with bootstrap
support of 86% and 65%. Figure 2-2 suggests that there is considerable geographic
structuring to the sequence variation, and this was confirmed by AMOVA, with a two-level
hierarchical analysis showing 84% of the genetic variance distributed among populations (P
< 0.0001) (Table 2-1).

Table 2-1: Analysis of Molecular Variance (AMOVA) for barramundi populations from northern
Australia. All values are significant at P<0.0001 A: One level hierarchical analysis with all
populations treated separately B: Two level hierarchical analysis, grouped according to the
vicariance criteria of Chenoweth (1988a) C: Two level hierarchical analysis, grouped according to
the biogeographical provinces of Unmack (1999)

A: Source of variation
Among populations
Within populations
Total
Fixation Index

d.f.
12
296
308
FST:

Variance components
18.38
3.41
21.79
0.84

Percentage of variation
84.4
15.6

B: Source of variation
Among groups
Among populations within groups
Within populations
Total
Fixation Index

d.f.
2
10
296
308
FST:

Variance components
0.05
18.34
3.41
21.80
0.84

Percentage of variation
0.3
84.1
15.6

C: Source of variation
Among groups
Among populations within groups
Within populations
Total
Fixation Index

d.f.
2
10
296
308
FST:

Variance components
19.12
8.76
3.41
31.29
0.89

Percentage of variation
61.1
28.0
10. 9
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The genetic variation among barramundi populations was not concordant with the
expectation from Chenoweth et al. (1998a), that most genetic variance would be
apportioned among western and eastern regions. While two major groups were apparent in
the phylogenetic analysis, the geographic locations of these populations do not indicate
ancestral eastern and western populations with secondary introgression (Figure 2-2).
Moreover, the inclusion of populations from the Kimberley region of Western Australia
with the easternmost samples in the first major group is not likely to indicate a simple
vicariance event at the Torres Strait. Indeed, secondary introgression would most likely
have been indicated by those samples in the geographic middle falling equally between the
two groups. Instead, the samples from this median region predominantly form their own
group (indicated by the symbol “C” for “central”), leaving the populations at the two
geographic extremes in the second group (indicated by the symbols “E” for “eastern” and
“W” for “western”). Furthermore, when populations were grouped into eastern, western
and central geographic regions for a two-level hierarchical AMOVA, only a small,
statistically non-significant proportion of the genetic variance (0.25%) was found among
groups (Table 2-1). By contrast, when populations were grouped into biogeographical
provinces based on drainage divisions, most of the genetic variance was found among
provinces (61%), with 28% distributed among populations within provinces, and only 11%
within populations.

37

65

86

Figure 2-2: The neighbour joining tree obtained using Tamura and Nei’s (1993)
method of nucleotide substitution, with two major groups with bootstrap support of
86% and 65%. Sequence origins are indicated with letters (E=East, C=Central,
W=West) according to the vicariance criteria of Chenoweth (1988a), and symbols (see
Figure 2-1 legend) according to the biogeographical provinces of Unmack (1999).
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The results do not support previous suggestions that the most recent closure of the Torres
Strait caused an important vicariance event in the evolution of barramundi populations in
Australia. Of far greater importance appears to have been historical divisions among
freshwater drainage systems. The Australian landmass is ancient and stable, with all the
major river basins of the present time established by the Paleocene (Veevers 1991). There
is a very high degree of endemism in the Australian freshwater fish fauna that corresponds
to current drainage divides, and where fish species are shared among divides, this allocation
is usually explained by high drainage connectivity during periods of lowered sea level
(Unmack 1999; 2001; Voris 2000).

It appears, then, that in terms of its genetic structure, the catadromous barramundi is better
regarded as a freshwater, rather than a marine species. Estimates of barramundi dispersal in
Australia and Papua New Guinea suggest that migration of adults and juveniles is generally
restricted to parental catchments and neighbouring rivers (Moore and Reynolds 1982;
Russell and Garrett 1985). Barramundi also have constraints inherent in their life cycle that
may restrict their dispersal through salt water. For example, larvae spend only about two
weeks in estuarine conditions of 20-25 parts per thousand before migrating into fresh
waters (Russell and Garrett 1985), and this rapid development and transition between
almost marine and freshwater conditions presumably limits the potential for wider oceanic
distributions of juvenile fish.

What do these results tell us about the management of barramundi stocks in Australia?
There has been much recent interest in the enhancement of barramundi stocks in northern
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Australia, particularly for the purposes of recreational fishing (Mackinnon and Cooper
1987; Doupé and Bird 1999). This involves the release of hatchery stock into natural
waterways or artificial impoundments, and in both cases significant interaction with natural
barramundi populations is usually inevitable. It has been suggested that broodstock for
fishery enhancement programs should be sourced from the same evolutionarily significant
unit (ESU) as the recipient population (Doupé and Lymbery 2000). There have been many
attempts to outline the appropriate criteria in identifying an ESU (Fraser and Bernatchez
2001), with most incorporating some estimate of shared phylogeny and/or gene flow
(Waples 1991; Moritz 1994; Crandall et al. 2000). Keenan (2000) suggested that high levels
of gene flow among barramundi populations in Australia since the opening of the Torres
Strait meant that all Australian barramundi were part of a single ESU. This implies that
there need be no restriction on the translocation of barramundi throughout Australia, for
the purposes of stock enhancement or aquaculture. My results, however, suggest that
barramundi in different drainage divisions may have been substantially isolated over a long
period of time, and may therefore represent independently evolving and adapted
populations or different ESUs. Whether this is the case, or that current levels of gene flow
no longer reflect the historical isolation indicated by mtDNA, needs to be tested by a more
comprehensive sampling of barramundi populations throughout their Australian range, and
by the application of nuclear as well as mtDNA genetic markers to these samples.
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CHAPTER 3
WHERE HAVE ALL THE BARRAS GONE, LONG TIME PASSING?
BARRAMUNDI IN THE AUSTRALIAN REGION

3.1.

INTRODUCTION
Historical processes, such as gene flow and vicariance among populations, determine
contemporary biogeographic patterns of genetic variation (Hewitt 1996; Soltis et al. 1997;
Avise 2000; Nason et al. 2002). The genetic structure and phylogeography of extant
populations should reflect this history, providing information to infer evolutionary
processes and to test biogeographical scenarios underlying patterns of genetic
differentiation. Models of gene flow and vicariance predict that each process should
generate a distinct genetic signature and phylogeography. If gene flow is restricted among
populations, as occurs in most organisms, then genetic distance often increases as a
function of increasing geographic distance along the path of migration (Wright 1943;
Kimura and Weis 1964; Slatkin 1993). Range expansion from founding populations will
show this pattern of isolation by distance, and in addition to this will show the
“progression rule” (Funk and Wagner 1995), which is a pattern within an intraspecific
phylogeny of recently derived populations serially nested within successively ancestral ones
along the axis of expansion. Vicariance events should disrupt these patterns with
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discontinuities due to the formation of reciprocally monophyletic lineages on opposite
sides of a presumptive barrier to gene flow (Brooks and McLennan 1991; Avise 2000).

The unambiguous interpretation of population genetic and phylogeographic patterns is
required in order to distinguish the effects of dispersal, vicariance, and other processes
such as selection on a species’ genetic structure (Bossart and Prowell 1998). Testing
existing hypotheses concerning dispersal and vicariance, as opposed to generating
hypotheses after the genetic data have been examined, strengthens the interpretations made
(Cruzan and Templeton 2000).

Barramundi, Lates calcarifer, is a centropomid teleost with an Indo-West Pacific distribution,
ranging from the Persian Gulf to southern Japan, along the southern coast of New Guinea,
and the northern coastline of Australia. In Australia, the species ranges from the Ashburton
River in Western Australia, across the northern coastline, and southward along the east
coast to the Mary River (Dunstan 1959).

In Chapter 2, I reanalyzed existing mtDNA sequence data to show that the genetic
structure of barramundi in Australia was more readily explained by freshwater, rather than
marine, patterns of genetic differentiation, in spite of their catadromous lifestyle. Based on
geological evidence, endemism studies, bathymetry, and drainage-based studies of
phylogeny, several biogeographic hypotheses have been proposed for the freshwater fishes
of Australia (Unmack 1999; 2001).
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A strong biogeographic relationship has been reported between the Fly River, New
Guinea (as well as most of southern New Guinea) and the northern-most area of Australia,
with 45% of the freshwater fishes common to both areas (Roberts 1978; Allen 1991). The
Fly River drains to the Coral Sea at present, but it is hypothesized to have at one time
followed a more westerly route, precipitated by upwarping between 40 and 35 thousand
years ago (Torgersen et al. 1988; Voris 2000), draining directly into the Arafura Sea (Blake
and Ollier 1969). The bed of the shallow Arafura Sea between Southern New Guinea and
northern Australia has been regularly exposed during times of lowered sea levels, which
would potentially connect most drainages in Torres Strait west of Cape York Peninsula.
Major faunal exchanges are likely to have last occurred during low sea-levels in the late
Miocene (Haq et al. 1987) when the global climate was warmer and wetter than today
(Partridge et al. 1995), providing more habitat for freshwater fishes in the continental
drainages.

Unmack (1999; 2001) regarded the entire east coast of Australia as one biogeographical unit
in his study of the freshwater fishes of Australia, citing a complete lack of distinctive faunal
breaks, even within regions, as faunal differences between drainages were gradual and
indistinct. No physical barriers were evident, since if distinctive physical barriers existed,
one would have expected to see disjunctions as in Australia and other parts of the world
where barriers have been identified (for example, in the fishes of northern Mexico
(Obregón-Barboza et al. 1994)).
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In the west of the Australian continent, two major vicariance events have been proposed
for the Pilbara and Kimberley regions (Unmack 1999; 2001). One is the separation of the
Fitzroy River from the Ord River by a shallow submerged ridge that exists to the north of
the boundary between the Ord and the Fitzroy Rivers, which could have been an important
drainage divide during low sea-levels, limiting opportunities for dispersal. The second is the
separation of the Pilbara region from the Kimberley region. These areas are separated by
the Great Sandy Desert, an area with no surface runoff and therefore no rivers or
permanent fresh water. Based on radiocarbon dating of stratigraphic sequences in the
desert (Wyrwoll et al. 1986), current environmental conditions in the Great Sandy Desert
are believed to have formed 7000 years ago, and remained unchanged until the present day.

To investigate the phylogeographic and spatial population structures of barramundi, I
assayed mitochondrial control region DNA sequences and mitochondrial cytochrome b
sequences of fish sampled from ten populations across Australia, from one population in
Indonesia (Bali), and one in Papua New Guinea. Using these data I addressed the
following hypotheses:
•

The genetic signature of historical vicariance events, predicted from geology,
bathymetrics, and morphological studies of freshwater species, is evident in the
intraspecific phylogeny of Lates calcarifer from the species’ range within Australia
and between Australia, Indonesia and Papua New Guinea.

•

A strong relationship exists between populations in Papua New Guinea and
populations in the north of Australia.
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•

Genetic structuring is in evidence in the eastern and northern barramundi
populations.

•

Geographic patterns of genetic variation within and between western barramundi
populations are indicative of range expansion from an ancestral population in the
north and/or reproductive isolation between populations.

3.2.

METHODS

3.2.1.

Sample collection

I obtained 284 samples from 10 sites across northern Australia (Figure 3-1), from the
Fitzroy River in Queensland to the Ashburton River in Western Australia, covering the
extent of the known geographic range of barramundi in Australia. Samples were also
obtained from the Middle Fly River in Papua New Guinea, and from Bali in Indonesia.
Some samples were of muscle, but the majority were fin clips, taken from the caudal fin of
live barramundi, which were then released without further harm. Most samples were stored
in 20% DMSO, saturated saline solution, but some were stored in 70% ethanol.

Total genomic DNA was extracted from the samples using the MasterPure Genomic DNA
Purification Kit (Epicentre Technologies). Minor changes, such as increasing the
concentration of Proteinase K and increasing the 65° C incubation time to 12 hours, were
made to the manufacturer’s protocol due to the chitinous nature of the tail fin tissue. The
fin tissue also required fine chopping prior to the start of the protocol to increase the
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surface area exposed to the Proteinase K. Extracted samples were stored in TE buffer (pH
8.0) at -20° C.
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Figure 3-1: Map showing sampling locations in Australia, Papua New Guinea, and Indonesia (Bali).
Symbols correspond to biogeographic provinces. Locations marked with circles belong to the
“eastern” province, but are kept separate by colour in order to show similarity in Figure 3-2.
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3.2.2.

Mitochondrial DNA amplification and sequencing

Mitochondrial DNA was amplified by polymerase chain reaction (PCR) of a 290 bp
fragment of region 1 of the mitochondrial control region, using primers described in
Chenoweth (1998a; 1998b) (BRC1L) and Meyer (1994) (MT16498H), and from a 340 bp
fragment of the mitochondrial cytochrome b region, using conserved primers as described
in Kocher et al. (1989) (L14841 and H15149). PCR was used to amplify the fragments
using a Perkin Elmer 9600 thermocycler. PCR samples (25 µl) contained 10-50 ng of
purified genomic DNA, 1X reaction buffer (67 mM TrisHCL, 16.6 mM [NH4]2SO4, 0.45%
Triton X-100, 0.2 mg/ml Gelatin) (Biotech International Limited), 2.5 mM MgCl2, 5 mM
each dNTP, 12.5 pmoles of each primer, and 1.1 units of Tth+ polymerase (Biotech
International Limited). Amplification for the control region involved 35 cycles of 94°C for
30 seconds, 40°C for 30 seconds, and 72°C for 1 minute, with an initial denaturing step of
94°C for 5 minutes and a final step of 72°C for 5 minutes. Amplification for the
cytochrome b fragment involved 30 cycles of 94°C for 20 seconds, 50°C for 40 seconds,
and 72°C for 40 seconds, with an initial denaturing step of 94°C for 5 minutes and a final
step of 72°C for five minutes. Fragments were purified using the Wizard PCR-clean up kit
(Promega Corporation) and DNA was resuspended in 22 µl sterile deionized water. The
PCR fragments were then sequenced, using the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase, FS (Perkin Elmer), and
the standard manufacturer’s protocols, with the exception that the Dye Terminator amount
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was halved, and the remaining half replaced with Half-Term (Breeze Technology). Primer
MT16498H was used in the control region sequencing reactions, with primer BRC1L used
redundantly on random samples to verify the accuracy of the sequence. Likewise, primer
L14841 was used in the cytochrome b fragment sequencing reactions, with primer H15149
used redundantly. The samples were ethanol-precipitated as per manufacturer’s
instructions, and run on an ABI PRISM 377 sequencer, with a 6% polyacrylamide/urea gel.
The sequencing analysis software provided by ABI PRISM for the 377 sequencer (ABI
PRISM 377XL Collection v.2.6; PE Biosystems 1999) was used to extract the data from the
gel, and sequences were checked for accuracy by hand, using SeqEd v.1.0.3 (Applied
Biosystems, 1992).

3.2.3.

Preliminary sequence analyses

Sequences were aligned using CLUSTAL W (Thompson et al. 1994) and adjusted by eye
for accuracy. MODELTEST 3.0 (Posada and Crandall 1998) was used to determine the
optimal model of nucleotide substitution for the control region sequences. This model was
then used for subsequent comparative analyses.

3.2.4.

Phylogenetic analysis of sequences

Phylogenetic relationships among sequences were examined using the HKY model for
likelihood estimation (Hasegawa et al. 1985) as implemented in the computer program
PHYLIP (Felsenstein 1994), and the Tamura-Nei substitution model with a gamma value
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of 0.56 for distance estimation (Tamura and Nei 1993) as implemented in the computer
software package MEGA (Kumar et al. 2001). Maximum likelihood (Zhaxybayeva and
Gogarten 2002) and neighbour joining (Saitou and Nei 1987) trees were constructed using
these models and programs. Bootstrap support for individual nodes within each neighbour
joining tree was obtained from a consensus tree generated from 1000 bootstrap
resamplings of the original sequence data within MEGA (Kumar et al. 2001).

3.2.5.

Diversity within and among populations

3.2.5.1.

AMOVA

Population subdivision was investigated using AMOVA (Schneider et al. 2000), an analysis
of molecular variance procedure that partitions the variance in genetic distances among
sequences according to a specified hierarchical structure. The hierarchical structure used
was a two level hierarchy, partitioning genetic variance within populations, among
populations within biogeographical provinces and among provinces. For this structure,
populations were grouped into biogeographical provinces, loosely following those of
Unmack (1999; 2001), which are based on the hydrologic system of the Australian
continent originally described by Bauer (1955), but incorporating data from the
phylogenetic trees. The De Grey River and all populations west are included in the ‘Pilbara’
province; the Fitzroy River area is the ‘Fitzroy’ province; the Ord and Mary Rivers are
included in the ‘Ord/Mary’ province; and the samples from the Rutland Plains in
Queensland, all Coral Sea samples, and the Middle Fly River in Papua New Guinea form
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the ‘Eastern’ province (see Figure 3-1). The samples from Indonesia showed extreme
divergence from the other samples and were omitted from the analysis.

3.2.5.2.

Diversity against distance

The distance matrix obtained using Tamura and Nei’s (1993) method of substitution was
also used to produce a linear regression of genetic distance versus geographic coastal
distance in order to test the hypothesis of isolation by distance along the northwest coast.
The significance of this regression was determined via randomization procedures (Mantel
test), as implemented by the freeware program Permute! (available via
http://www.fas.umontreal.ca/BIOL/Casgrain/en/labo/permute/index.html). Under a
process of westward range expansion proceeding via dispersal and isolation from a
northern ancestral population, genetic variation is expected to decline with increasing
latitude. This hypothesis was tested for all western populations by simple linear regression
of diversity statistics against the latitude, longitude, and geographic distances of the
populations separately, using the software package JMP (SAS Institute, Inc., Cary, NC).

3.2.5.3.

Nested clade analysis

A haplotype network was inferred using the method described in Templeton et al. (1992)
and implemented in TCS v.1.13 (Clement et al. 2000). The haplotype network not only
estimates the haplotype tree, but also provides a 95% plausible set for all haplotype linkages
in the tree. Ambiguities (loops and unresolvable branches) in the haplotype network were
resolved following the criteria suggested by Templeton et al. (1992).The network was
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converted manually into a nested series of clades, using the rules defined in Templeton et
al. (1987; 1988; 1993; 1995).

Geographical distance between populations was calculated by coastal distance from site to
site, using a 1:10 000 map, including large bays and estuaries, but excluding fine coastal
detail and following likely routes of barramundi migration. The first test for geographical
association was performed by conducting an exact permutational contingency test for each
clade, and calculating a χ2 statistic from the contingency tables (clades vs. geographical
locations, with the locations treated as categorical variables). A second test for geographical
association, using geographical distances between sites, was then performed. The GEODIS
program (Posada et al. 2000) designed to perform these calculations is available at
http://bioag.byu.edu/zoology/crandall_lab/programs.htm. Two types of distances were
calculated: a) the ‘clade distance’, Dc, which measures how geographically widespread are
the haplotypes within a given clade; and b) the ‘nested clade distance’, Dn, which measures
how far the haplotypes within that clade are from the haplotypes of the evolutionarily
closest sister clades (Templeton et al. 1995; Templeton 1998). Contrasts in distance
measures between tip clades and the clades immediately interior to them in the cladogram
are important in determining geographical structuring of genetic variation (Templeton et al.
1995). The statistical significance of the different distance measures and the old-young
(interior-tip) contrasts were determined by random permutation testing (Mantel 1967;
Manly 1991). This procedure simulates the null hypothesis of a random geographical
distribution for all clades within a nesting category given the marginal clade frequencies and
sample sizes per locality. The two major reasons for failure to reject the null hypothesis are:
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(i) the samples are inadequate to detect geographical structuring even though it exists; and
(ii) the population is panmictic over the sample area. As there is no way to discriminate
between the two alternatives, biological inference is confined to clades in which the null
hypothesis is rejected (Hammer et al. 1998).

If statistically significant patterns were detected, they were interpreted using the inference
key (Templeton 2001), available at
http://inbio.byu.edu/Faculty/kac/crandall_lab/dposada/documents/NCAkey(24Oct01).pdf. This key explains patterns by postulating three major biological
processes that can cause a significant spatial/temporal association of haplotype variation
throughout the hierarchical clade levels; namely restricted gene flow, past fragmentation,
and range expansion.

3.3.

RESULTS

3.3.1.

Phylogenetic relationships among sequences

Due to unresolvable differences in the minor branches, the entire mtDNA dataset was
impossible to run under maximum likelihood conditions. When subsets of the data were
analysed by both maximum likelihood and neighbour joining methods, very similar trees
were produced (data not shown). The neighbour joining method of tree building has been
reported to have very high accuracy, as compared to other widely used methods (UPGMA,
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maximum likelihood, and maximum parsimony), especially if the trees are not especially
unbalanced (Kim et al. 1993).

The neighbour-joining tree from mtDNA sequence data for all the populations studied
(Figure 3-2) shows little evidence of structuring in the eastern populations, although all the
sequences to the east of the Mary River in the Northern Territory are placed in the second
group, with the Kimberley sequences, with the exception of two outliers. The Papua New
Guinea population is split into two minor groups, one of which is grouped with the
sequences from the Coral Sea, and the other is grouped with the sequences from the
Ord/Mary region. The sequences from the western side of the Cape York peninsula are
evenly distributed across the groups, with sequences appearing in groups with the Coral Sea
sequences, the Papua New Guinea sequences, and the Mary and Ord River sequences. The
only clear grouping remains the split between the Pilbara and Fitzroy regions, and between
Indonesia and Australia. Cytochrome b analysis showed one haplotype across the
Australian continent, with one base pair difference from Indonesian samples, and one base
pair difference in a different position from the Papua New Guinean population (Figure 33).
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Figure 3-2: Neighbour-joining tree from mtDNA sequence data for all populations sampled.
Sample origin is shown in the Figure legend (see Fig. 3-1). Bootstrap values shown are after 1000
replicates. Bootstrap values less than 50 are not shown.
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Figure 3-3: Neighbour joining tree from cytochrome b sequence data for all populations sampled.

Phylogenetic analyses were repeated using only the western populations (those to the west
of the Gulf of Carpentaria). MODELTEST 3.0 (Posada and Crandall 1998) indicated that
the Tamura-Nei distance measure, with a gamma value of 0.32, was the most appropriate
substitution model to use for distance estimation in the western populations. The
neighbour-joining and maximum likelihood trees showed similar results, with some minor
branch swapping occurring in the least well-supported groups. The general structure of the
tree was very similar to that found when all the data were analysed. There is a distinct split
between fish from the Pilbara and to the east of the Great Sandy Desert, which is
supported with a 99% bootstrap value on the neighbour joining tree (Figure 3-4). The
Fitzroy River population falls into the second group, with only three individuals sharing the
Pilbara group. The Ord and Mary River populations mostly share the second group with
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the Fitzroy River population, but several haplotypes from both populations can be found
in the first group with the Pilbara populations as well.
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Figure 3-4: Neighbour-joining tree from mtDNA data for populations in the west of Australia.
Sample origin is shown in the figure legend (see Fig. 3-1). Bootstrap values shown are after 1000
replicates. Bootstrap values less than 50 are not shown.
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3.3.2.

Diversity within and among populations

The analysis of molecular variance (Table 3-1) shows a marked genetic structuring of
barramundi populations across northern Australia, with 47% of genetic variation found
among biogeographical provinces. A much smaller (3%), but still statistically significant
proportion of variation was found among populations within provinces.

Table 3-1: Hierarchical AMOVA for all populations sampled, groups defined loosely by Unmack’s
(1999, 2001) biogeographical provinces.

Source of variation
Among provinces
Among populations within
provinces
Within populations
Total

d.f.
4
6
233
243

Sum of
squares
871.3
63.0
1112.1
2046.4

Variance
components
4.5
0.3

Percentage
of variation
47.0
3.1

4.8
9.6

49.8

P values
< 0.0001
< 0.0001
< 0.0001

In the western populations, the AMOVA for the mitochondrial data (Table 3-2) also
indicates strong genetic structuring, based on Unmack’s (1999, 2001) biogeographical
provinces (52% of the variation is among provinces), with the additional splitting of the
Kimberley province into the Fitzroy province (consisting of the Fitzroy River) and the
Ord/Mary province (consisting of the Ord and Mary rivers).
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Table 3-2: Hierarchical AMOVA for western populations, groups defined by Unmack’s (1999,
2001) biogeographical provinces.

Source of variation
Among provinces
Among populations
within provinces
Within populations
Total

d.f.
2
4

Sum of
squares
686.7
38.5

Variance
components
4.7
0.3

Percentage of
variation
52.0
3.2

P values
< 0.0001
< 0.0001

204
210

819.6
1544.8

4.0
9.0

44.8

0.0098

The linear regression of genetic distance by geographic coastal distance (Figure 3-5) gives
only weak support to the hypothesis of isolation by distance between the Kimberley and
Pilbara populations, with the Mantel randomization test giving a probability of 0.08. The
linear regression of genetic diversity on latitude of the sample location shows a trend of
decreasing diversity with increasing latitude (Figure 3-6). There was no significant
relationship between genetic diversity and longitude of the sample population.
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Figure 3-5: Linear regression of genetic distance (Tamura-Nei distance, gamma value= 0.32)
versus coastal distance (kilometres X 100) among western barramundi populations. The
statistical significance of the relationship was tested by a matrix permutation (P= 0.08).
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Figure 3-6: Linear regression of mitochondrial DNA genetic diversity within
western populations (mean genetic distance among sequences within each
population) versus estimated latitude for western populations.

3.3.3.

Nested clade analysis

The nested clade analysis, performed on the total population dataset, confirms the patterns
suggested by the analysis of molecular variance and trees, with the 95% parsimony network
(Figure 3-7) indicating three separate clades: one for Indonesia, one for the Pilbara, with a
few Ord and Mary River sequences, and one for the remainder of the continent and Papua
New Guinea. This third, larger clade contains little distinct geographic structure, apart from
the Fitzroy River, which is the only population in this group to be restricted to one sub
grouping. The Indonesian samples group together, and well outside all Australian
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populations. The most likely point of attachment to the network is the group consisting of
the Ord River and Mary River sequences. Significant geographical associations are present
for the majority of the clades above third order (Table 3-3), and the inference key (Table 34) indicates allopatric fragmentation between Indonesia and Australia (namely the
Ord/Mary region), contiguous range expansion between the Fitzroy and the Pilbara, and
long distance colonization and restricted gene flow with isolation by distance between the
Ord/Mary and the Pilbara populations. When the results are overlaid on a map of the
sample area (Figure 3-8), a clear pattern of general contiguous range expansion and past
fragmentation is apparent for the majority of the continent.
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Table 3-3: Nested contingency (chi squared) analysis of geographical association for the 95%
parsimony network. PNG is Papua New Guinea. FNQ is Far North Queensland.

Clade
2-1
2-2
2-4
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-15
3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
4-1
4-2
4-3
5-1
5-2
Total Cladogram

Population
Fitzroy
Mary / PNG
Mary / FNQ
Coral Sea / PNG
Ord
Coral Sea / PNG
PNG
Mary
PNG
FNQ / Coral Sea
Coral Sea
Pilbara
Ord
Pilbara
Ord
Coral Sea / Ord / PNG
Mary / PNG
PNG / Coral Sea
Coral Sea / Ord
PNG
Mary / FNQ / PNG
Coral Sea / PNG / FNQ
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Permutational chi-square
statistic
20.0
14.25
1.88
2.00
7.00
4.80
10.29
5.16
3.00
2.00
1.30
9.17
0.68
39.31
4.29
11.65
1.54
2.92
12.0
26.0
15.12
6.52
156.04
9.2
34.2
50.02
34.0
387.85

Probability
0.00
0.14
1.00
1.00
0.14
0.59
0.32
0.23
0.32
1.00
1.00
0.04
1.00
0.00
0.01
0.00
0.50
0.60
0.00
0.00
0.02
0.05
0.00
0.01
0.00
0.00
0.00
0.00

Table 3-4: Full results from the inference key of geographical distance analysis.

Clade
3-1
3-2
3-3
3-6
3-7
3-8
3-9
4-1
4-2
4-3
5-1
5-2

Chain of Inference
1-2-11-12-NO
1-2-3-4-NO
1-2-3-5-15-NO
1-2-3-5-15-NO
1-2-11-12-13-YES
1-2-11-12-NO
1-2-11-12-NO
1-2-11-12-13-YES
1-2-11-12-13-YES
1-2-11-12-13-YES
1-2-11-12-13-YES
1-2-3-5-15-NO

Inference
Contiguous Range Expansion
Restricted Gene Flow with Isolation by Distance
Past Fragmentation
Past Fragmentation
Long Distance Colonization
Contiguous Range Expansion
Contiguous Range Expansion
Long Distance Colonization
Past Fragmentation
Long Distance Colonization
Long Distance Colonization
Allopatric Fragmentation. Additionally confirmed as
clades mutationally connected by larger than average
mutational steps.
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Figure 3-7: 95% parsimony network. See Table 3-3 for location descriptions.
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Figure 3-8: Map of Australia, Papua New Guinea, and Bali summarizing the major biological
inferences generated by the use of the biological inference key of geographical distance analysis
below the whole cladogram level. See text for further explanation. Bold lines without arrowheads
indicate fragmentation events, rather than gene flow.
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3.4.

DISCUSSION
In previous studies, the origins of Australian barramundi were presumed to be in the east
of Australia, with an ultimate origin in Indonesia (Chenoweth et al. 1998b). The split
between Indonesia and Australia, indicated by the nested clade analysis (Figure 3-8) and
inferred to be caused by allopatric fragmentation, is also upheld by the divergence within
the cytochrome b phylogenetic tree (Figure 3-3). The 95% parsimony network used in the
nested clade analysis (Figure 3-7) shows that the Indonesian population in Bali is most
closely related to the Ord River population. The Ord River is the most diverse population
of those that were studied, and haplotypes from it appear in all areas of the phylogenetic
tree. This suggests that the Ord River is the ancestral origin of barramundi in Australia.
Under this scenario, one would expect to see the pattern of haplotypes from the area
appearing in populations across Australia, as a result of largely one way gene flow from the
Ord River to the other regions. Rare haplotypes from the Ord would be more related
genetically to haplotypes from these newly colonized regions than they would be to the
haplotypes still within the ancestral system. In contrast to the Ord River, populations from
the east coast show little genetic diversity, and haplotypes from these areas are not found in
any other regions, showing little likelihood of an ancestral population in these rivers.

The data for the entire continent indicate that Unmack’s (1999; 2001) original finding of
very little structuring of fish distributions on the east coast is corroborated for the genetic
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distribution of barramundi. Papua New Guinea has a strong association with the continent
of Australia, on both sides of the Cape York Peninsula. However, the cytochrome b
sequences (Figure 3-3) indicate a deeper divergence between Papua New Guinea and
Australia that is not evident in the control region sequences, and which may reflect an
ancient separation between the two areas. There is no evidence of a past or present
divergence on either side of the Torres Strait, as populations from both sides share both
genetic haplotypes and phylogenetic groupings (Figure 3-2). The nested clade analysis
indicates a past fragmentation event occurring between the Ord/Mary River region and the
east coast, but not across the Torres Strait (Figure 3-8). This fragmentation could be the
divergence hypothesised by Chenoweth et al. (1998), but in a different position due to
differential modern gene flow on either side of the historical barrier.

In the west of the continent, the mitochondrial DNA data provide evidence of an ancestral
population in the north, most likely the Ord River, which provided the genetic diversity for
the populations of barramundi to the southwest. The Ord river shows the highest diversity,
with a decline in diversity with increasing latitude (from north to south) (Figure 3-6), and a
distinct discontinuity between the Ord and Mary River populations and the remainder of
the western areas. This decline indicates a pattern of range expansion from an ancestral
population (the Ord and Mary River area). However, the expected pattern of serially nested
clades from an ancestral population is not evident in the phenograms (Figure 3-2, 3-4).
Evidence from the AMOVA and phylogenetic trees indicates a split between the Ord and
Fitzroy Rivers (Table 3-2, Figure 3-4). A possible bottleneck in this area is also indicated by
the sharp drop in genetic diversity along the gradient of geographic distance, between the
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Ord River and the Fitzroy River (Figure 3-5). Geological and bathymetric data indicate the
most likely cause of this to be the presence of a submerged ridge that would have separated
the two rivers during times of lowered sea levels. A divergence between the Pilbara and the
remainder of the western populations is also apparent from the phylogenetic tree and
AMOVA, and according to both the distance data and the sequence divergence on the
phylogenetic tree, this split is deeper than the Ord/Fitzroy divide. A discontinuity, aligning
with the hypothesis of a vicariance event occurring from the formation of the Great Sandy
Desert, is evident in the formation of two distinct groups, with 94% and 78% bootstrap
support (Figure 3-2). This discontinuity in the expected pattern of isolation by distance is
due to the formation of reciprocally monophyletic lineages on opposite sides of a
presumptive barrier to gene flow (the Great Sandy Desert), as predicted by Brooks and
McLennan (1991) and Avise (2000). This divergence most likely occurred during the time
of the emergence of present day conditions in the Great Sandy Desert. The time of this
emergence, based on radiocarbon dating of stratigraphic sequences in the desert, has been
estimated at 7000 years ago (Wyrwoll et al. 1986). Using the molecular clock, and
previously estimated calibrations for the entire control region in fishes of 1.0 to 3.6% per
million years (Shedlock et al. 1992; Stepien and Faber 1998; Donaldson and Wilson 1999),
or 1.0% per million years for the Centropomidae in Central America (Donaldson and
Wilson 1999), the sequence divergence of the populations agrees with this radiocarbon
estimate. The nested clade analysis does not show evidence of this ancestral fragmentation,
as would be expected. However, due to the manner in which clades are nested for this
analysis, populations such as the Ord/Mary region that share haplotypes closely with many
of the other geographical areas are placed in close proximity to widely different clades. If
70

the Ord/Mary region is removed from the nested clade analysis, the Pilbara is split nearly
as distinctly as is Indonesia from the remainder of the areas.

Further testing in the western areas of Australia may help to elucidate the patterns apparent
in this study. Using a rapidly evolving nuclear marker (such as microsatellites) would clarify
if the divergences apparent in the mitochondrial DNA reflect an ancient and no longer
extant division, or one that is currently being upheld in modern populations.
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CHAPTER 4
THE LIFE AND TRAVELS OF WESTERN BARRAMUNDI
BARRAMUNDI IN THE WEST OF AUSTRALIA

4.1.

INTRODUCTION
In the previous two chapters, I have demonstrated that extensive genetic structuring of
mitochondrial DNA sequence diversity within and among barramundi populations occurs
across northern Australia. Mitochondrial DNA variation was largely concordant with
biogeographical provinces based on freshwater drainage divisions (Unmack 1999; 2001),
indicating the importance of the freshwater phase of the barramundi life cycle in limiting
gene flow among populations. A nested clade analysis using mtDNA data found that
genetic structure in the western half of the barramundi range in Australia was consistent
with long distance colonization, and contiguous range expansion due to isolation by
distance from a northern population. Two significant barriers to dispersal were apparent in
the western-most populations within Australia. The first barrier is a submerged ridge off
the coast of the Kimberley region, lying between the Ord and Fitzroy Rivers. The second is
the Great Sandy Desert, which effectively separates the Pilbara and Kimberley regions of
western Australia with its lack of freshwater runoff and habitat for a freshwater-dependent
fish. These barriers are consistent with the proposed biogeographical provinces of Unmack
(1999; 2001), with the additional splitting of the Kimberley province into a western (Fitzroy
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River) and an eastern province (Ord and Mary Rivers). While this split was noted as a
possibility by Unmack (1999; 2001), the data were insufficient at that time to define clearly
the boundaries of the province.

Mitochondrial DNA data have proven extremely useful in phylogeographic analyses of
fishes and many other organisms (Moritz 1994; Avise and Hamrick 1996; Bernatchez and
Wilson 1998; Avise 2000; Belshaw et al. 2000; Branco et al. 2002). There are, however,
limitations to their usefulness. Mitochondrial DNA is principally inherited through the
maternal line, and may therefore be influenced by sex-biased life history traits.
Mitochondrial DNA structure may also be more reflective of historical, rather than
contemporary evolutionary processes. The relative influence of these historical and
contemporary processes on current genetic structure is important in understanding
evolutionary change and is often a vital consideration in terms of management and
conservation of species. Knowledge of the past and present connectivity between
populations can help conserve populations at risk and the evolutionary potential of species
as a whole (Avise and Hamrick 1996; Sork et al. 1999).

In contrast, microsatellites are short, tandemly repeated units of DNA that have been
shown to be highly polymorphic in plants and animals. Fast mutation rates leading to high
levels of variation and a broad genomic distribution have made microsatellites important
genetic markers for studies of parentage, genetic linkage, and contemporary population
structure in many organisms (Jarne and Lagoda 1996). Mutation rates in microsatellites
have been shown to be an order of magnitude faster than most mitochondrial DNA
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markers, making them important in studies of evolution that has occurred since the
Pleistocene. Recent estimates of divergence times for microsatellites in humans by
Goldstein et al. (1995b) estimated allelic changes on the scale of tens of thousands of years.
This level of divergence makes these markers appropriate for questions of genetic diversity
involving recent environmental changes or human-induced manipulations of fish
populations.

To investigate the contemporary evolutionary processes influencing the genetic structure of
barramundi, I assayed nuclear microsatellite genotypes of individuals sampled from
populations to the west of the Gulf of Carpentaria in Australia. I aimed to test the
following predictions from previous mitochondrial DNA studies (Chapters 2 and 3): (1)
extensive genetic structuring exists among barramundi populations; (2) the predominant
movement of barramundi has been to the southwest from an ancestral population in the
north; (3) a pattern of isolation by distance has arisen from contiguous range expansion
along the northwest coast; and (4) overlying this isolation by distance structure, genetic
discontinuities align with geographic barriers to gene flow between the Ord and Fitzroy
Rivers and in the Great Sandy Desert.
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4.2.

METHODS

4.2.1.

Sample collection

Ninety-one fish were collected from 6 geographic sites across the western half of Australia
(Figure 4-1), from the Mary River in the Northern Territory to the De Grey River in
Western Australia. Nine samples from Rutland Plains in Queensland were used for
comparison. Some samples were of muscle, but the majority were fin clips, taken from the
caudal fin of live barramundi, which were then released without further harm. Most
samples were stored in 20% DMSO, saturated saline solution, but some were stored in
70% ethanol. While the samples that had been stored in the DMSO solution were easier to
extract and amplify, there was no difference in the data gained from DMSO and ethanol
stored samples.

Total genomic DNA was extracted from the samples using the MasterPure Genomic DNA
Purification Kit (Epicentre Technologies). Minor changes, such as increasing the
concentration of Proteinase K added and increasing the 65° C incubation time to 12 hours,
were made to the manufacturer’s protocol due to the ossified nature of the tail fin tissue.
The fin tissue also required fine chopping prior to the start of the protocol to increase the
surface area exposed to the Proteinase K. Extracted samples were stored in TE buffer (pH
8.0) at -20° C.
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Figure 4-1: Locations from which barramundi populations were sampled. Symbols refer to
different biogeographic regions. Port Smith and North Kimberley coast locations are not included
in any biogeographic regions due to the transient nature of the populations.
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4.2.2.

Microsatellite amplification

Samples were genotyped with six microsatellite loci, developed by Jane Hughes and Jing
Ma of the molecular ecology laboratory at Griffith University, Brisbane, for use with
barramundi from Papua New Guinea (unpublished data). Five dinucleotide repeat loci were
polymorphic, but the sixth locus, a compound structure repeat, was almost completely
monomorphic in the Western Australian populations that I examined, and the data from
this locus were not used in this study. All forward primers were labelled by Applied
Biosystems (Foster City, CA, USA) with the fluorescent dyes 6-FAM, HEX, and NED.

The polymerase chain reaction (PCR) was used to amplify the fragments using a Perkin
Elmer 9600 thermocycler. PCR reactions (25 µl total reaction volume) contained 10 ng of
purified genomic DNA, 1X reaction buffer (67 mM TrisHCL, 16.6 mM [NH4]2SO4, 0.45%
Triton X-100, 0.2 mg/ml Gelatin) (Biotech International Limited), 1.5 mM MgCl2, 37.5 µm
each dNTP, 10 µg/mL BSA, 1 µM each fluorescently labelled primer and 1 unit Tth+
polymerase (Biotech International Limited). HEX and NED labelled fragments were
multiplexed, while the 6-FAM labelled fragments were amplified alone. “Touchdown” PCR
conditions were used for amplifications, and included an initial denaturation step of 2 min
at 94°C; followed by 2 cycles of 30s at 94°C, 30s at 60°C, and 30s at 72°C; 11cycles of 15s
at 94°C, 15s of progressively decreasing temperature from 60°C to 50°C, and 15s at 72°C;
and 27 cycles of 15s at 94°C, 15s at 50°C, and 15s at 72°C. Final extension was at 72°C for
2 min. PCR products were electrophoresed in 2% agarose gels and visualized after staining
with ethidium bromide (0.7 µg/ml) against a standard marker (100 bp).
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To genotype individuals, the PCR products for each individual were pooled, using 1 µl of
the 6-FAM labeled fragment, and 4 µl of the HEX/NED multiplex in 15 µl of dH2O. Dye
loading mix consisting of 0.5 µl ROX 400HD dye standard (Applied Biosystems), 0.5 µl
loading dye buffer (25 mM EDTA, 50 mg/µl Blue Dextran (Sigma Australia)), and 3.0 µl
formamide per reaction was mixed and put on ice. 2 µl of pooled PCR product was
combined with 4 µl dye loading mix, denatured for 5 minutes at 94°C in a thermocycler
and stored on ice prior to loading. 1.0 µl of this mix was then run using a 0.2 mm thick 5%
Page Plus polyacrylamide gel on an ABI Prism 377 sequencer (Applied Biosystems). In
order to standardize the gels, the same control sample was run on each gel, and the sizes
from gel to gel were monitored. Allele sizes were determined by comparison against the
ROX 400HD standard (Applied Biosystems).

4.2.3.

Analyses

4.2.3.1.

Genetic variation within populations

Populations were tested for conformation to Hardy-Weinberg (HW) equilibrium by the
Markov chain method (Guo and Thompson 1992), resampling 10 000 iterations per batch
for 200 batches in Genepop v.3.3 (Raymond and Rousset 1995; Hendrie et al. 1998).
Multilocus values of significance for HW tests were obtained following Fisher’s method to
combine probabilities of exact tests (Sokal and Rohlf 1995). Critical significance levels for
multiple testing were corrected to a test error rate of 0.05 following the Bonferroni
procedure (α= 0.05, α/k, where k= the number of tests per locus) (Rice 1989). The extent
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of deviation from HW proportions was quantified by Weir and Cockerham’s (1984)
estimator of Fis at each locus in each population using Arlequin (Schneider et al. 2000).

All loci were tested for genotypic disequilibrium across the entire data set, as well as for
individual populations, using the Markov chain method, resampling 10 000 iterations per
batch for 200 batches.

Under a process of southwestern range expansion proceeding via dispersal and isolation
from a northern ancestral population, genetic variation is expected to decline with
increasing latitude. I tested this hypothesis for all northwestern populations by simple
linear regression of the number of alleles and diversity statistics against latitude of the
populations.

4.2.3.2.

Genetic variation among populations

Various measures of population subdivision and genetic distance were calculated, including
δµ2, Dsw, Gst, Rst and Fst (Wright 1951; Nei 1986; 1987; Slatkin 1995). Different genetic
distance measures perform better under different conditions. Some measures are more
appropriate for hypervariable loci and follow different mutational assumptions (Goldstein
et al. 1995a; Ruzzante 1998; Hedrick 1999). In terms of bias and variance, it has been
shown that δµ2, Dsw, Rst and Fst, may be the best performers for microsatellite loci
(Ruzzante 1998). Within these various distance measures, δµ2 is more appropriate than the
other measures for estimating evolutionary time and divergences between closely related
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populations (Takesaki and Nei 1996). Estimates of δµ2 followed Goldstein et al. (1995a),
using the computer program Microsat. A phenogram was generated using δµ2 measures of
genetic distance and the neighbour joining method implemented in PHYLIP (Felsenstein
1994).

Population subdivision was investigated using AMOVA (Schneider et al. 2000), an analysis
of molecular variance procedure that partitions the variance in genetic distances among
sequences according to a specified hierarchical structure. Two hierarchical structures were
used: a single level hierarchy, partitioning genetic variance within and among all
populations; and a two level hierarchy, partitioning genetic variance within populations,
among populations within biogeographical provinces and among provinces. For this
structure, populations were grouped into the biogeographical provinces of Unmack (1999;
2001), which are based on the hydrologic system of the Australian continent originally
described by Bauer (1955), such that the De Grey River and all populations west are
included in the ‘Pilbara’ province, the Fitzroy River comprises the ‘Fitzroy’ province, the
Ord and Mary Rivers comprise the ‘Ord/Mary’ province and the Queensland samples are
included in the ‘Northern’ province (Figure 4-1).

The isolation by distance model was tested using a Mantel permutation procedure (Mantel
1967) with 1000 bootstrap replicates on pairwise estimates of δµ2 and geographic distance
between populations, using GENEPOP (Raymond and Rousset 1995; Hendrie et al. 1998).
Geographic distance was estimated from coastal distance between sites, including major
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bays and estuaries, but excluding fine coastal detail, following likely routes of barramundi
migration.
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4.3.

RESULTS

4.3.1.

Genetic variation within populations

All five loci were polymorphic and exhibited substantial allelic diversity, with locus B3.01
being the most diverse and locus B5.05 the least diverse (Table 4-1). Allelic frequencies for
each locus in each population are shown in Table 4-2. Genotypic frequencies conformed to
Hardy-Weinberg expectations at all loci in all populations, except locus B2.06 in the Ord
River population, which had a significant deficiency of heterozygotes after a Bonferroni
correction (Table 4-3). Linkage disequilibrium analysis showed no significant linkage
between loci in any population (Table 4-4). Genetic diversity, measured as mean expected
heterozygosity and mean number of alleles per locus, was similar in all populations (Table
4-5). Nevertheless, both measures of within-population diversity were statistically
significant and inversely related to latitude, with latitude explaining 53% of the variation in
mean expected heterozygosity between populations, and 24% of the variation in mean
number of alleles between populations (Figure 4-2).

Table 4-1: Total number of alleles and mean alleles per population for five microsatellite loci.
Standard deviations are shown in parentheses.

Locus
B2.06
B5.04
B4.07
B3.01
B5.05

Total number of
alleles
10
9
8
16
6
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Mean alleles per
population
4.67 (1.37)
4.83 (1.6)
5 (1.67)
6.33 (2.66)
2.83 (0.75)

Table 4-2: Allelic frequencies for five polymorphic microsatellite loci in seven barramundi
populations.

Locus
De Grey
B2.06
162
164
166
168
170
172
174
176
182
B5.04
158
160
162
166
168
170
172
174
176
B4.07
112
114
118
120
122
124
128
130
B3.01
163
165
167
168
169
173
175
177
179
181
183

16.7
3.33
73.3

6.67

Fitzroy

Ord

9.38
15.6
2.38
57.1
19.0

56.3
12.5
6.25

21.4

Population
Port Smith
Kimberley
coast

5.56
5.56
72.2
5.56
11.1

13.3
13.3
3.33
56.7
6.67
3.33
3.33

Queensland

Mary, NT

5.56

20.0

22.2
33.3
22.2
11.1

20.0
50.0

5.56
10.0
33.3
20.0
13.3

23.8
2.38

5.56
3.13
5.56

10.0
3.33

6.25
26.7
6.67

26.7
13.3
36.7

16.7
6.67

2.38
47.6
16.7
7.14

4.76
14.3
7.14
45.4
11.9
16.7

4.76

50.0
31.3
3.13
6.25
9.38
12.5
37.5
15.6
12.5
3.13
9.38

77.8

3.33
43.3
26.7

11.1
13.3

50.0
33.3

16.7

9.38
3.13
3.13

33.3
3.33
16.7
33.3
3.33

16.7
5.56
16.7
33.3
5.56
22.2
11.1

8.33
16.7

33.3
16.7
25.0

11.1
77.8

8.33
16.7
8.33
66.7

5.56
27.8

10.0

11.1

20.0

10.0

6.67
3.33

3.13
10.0

33.3

2.38
9.52
14.3
35.7

5.56
3.13
37.5

11.1
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6.67
26.7

27.8

10.0
30.0

Locus

185
187
189
191
197
B5.05
108
126
130
138
140
142

De Grey

Fitzroy

Ord

53.3
6.67
3.33
3.33

4.76
7.14
4.76
16.7

6.25
28.1
6.25

Population
Port Smith
Kimberley
coast
11.1
13.3
72.2
26.7
10.0
5.56
6.67

Queensland

Mary, NT
10.0

22.2
10.0

33.3
66.7

28.6
19.1
52.4

46.9
46.9
6.25

5.56
50.0
44.4

43.3
3.33
50.0

22.2
77.8

30.0
10.0
60.0

3.33

Table 4-3: Observed (Hobs) and expected (Hexp) heterozygosities and fixation index (Fis) for each
locus in each population. Significant deviations from Hardy-Weinberg equilibrium after a
Bonferroni correction are shown in bold.

Locus
B2.06
B5.04
B4.07
B3.01
B5.05

H. exp
H. obs
Fis
H. exp
H. obs
Fis
H. exp
H. obs
Fis
H. exp
H. obs
Fis
H. exp
H. obs
Fis

De Grey
River
0.492
0.400
+0.102
0.782
0.800
-0.024
0.770
0.867
-0.130
0.618
0.733
-0.194
0.481
0.400
+0.134

Port
Smith
0.562
0.556
-0.159
0.484
0.333
+0.172
0.699
0.889
-0.407
0.477
0.444
+0.072
0.680
0.111
+0.818

Population
Fitzroy Kimberley
River
coast
0.605
0.694
0.667
0.667
-0.105
-0.014
0.717
0.786
0.476
0.733
+0.324
+0.003
0.764
0.763
0.762
0.800
-0.026
-0.050
0.822
0.844
0.905
0.800
-0.103
+0.054
0.623
0.639
0.667
0.467
-0.073
+0.200

84

Ord
River
0.685
0.375
+0.432
0.663
0.625
+0.060
0.810
0.813
-0.003
0.823
0.625
+0.208
0.605
0.438
+0.245

Queensland
0.817
0.778
+0.051
0.850
0.778
+0.059
0.392
0.444
-0.143
0.824
0.778
+0.059
0.366
0.444
-0.231

Mary
River, NT
0.733
0.800
-0.103
0.833
0.833
+0.00
0.561
0.667
-0.212
0.911
1.000
-0.111
0.600
0.800
-.3910

Table 4-4: Pairwise linkage disequilibrium tests in all populations (χ2 values), estimated using
Burrow’s composite disequilibrium coefficient ∆AB and tested using χ2 with 1 degree of freedom
(critical value of 10.83 with Bonferroni correction) (-- indicates missing data due to allelic dropout).

Locus Pairs

De Grey
River

B2.06 & B5.04
B2.06 & B4.07
B2.06 & B3.01
B2.06 & B5.05
B5.04 & B4.07
B5.04 & B3.01
B5.04& B5.05
B4.07& B3.01
B4.07 & B5.05
B3.01 & B5.05

.04
.40
.14
.94
.18
7.79
.50
.04
.18
.74

Port
Smith
1.05
2.03
.05
.00
.00
.02
.27
1.07
.00
.32

Kimberley
coast

Fitzroy
River

Ord
River

0.65
0.18
0.59
0.63
3.01
1.11
0.52
0.08
1.17
0.37

.15
.31
2.14
1.27
2.00
.00
.90
.65
.31
1.72

1.74
.73
1.07
.19
1.94
.29
.24
.12
.20
1.75

Mary
River,
NT
.5
2.08
-.00
.60
1.88
.70
2.22
.83
--

Queensland
4.50
.60
.148
2.53
.30
.22
.12
.22
1.16
.09

Table 4-5: Sample size (n), number of alleles per locus, and total genetic diversity (measured as
unbiased expected heterozygosity). Standard deviations are shown in parentheses.

Populations
De Grey River
Port Smith
Fitzroy River
Kimberley coast
Ord River
Queensland
Mary River, NT

n
15
9
21
15
16
9
6

No. alleles per locus
4.20 (1.30)
3.80 (0.84)
5.60 (2.30)
6.20 (1.48)
6.00 (2.24)
4.60 (1.95)
4.60(1.52)
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Total genetic diversity
0.615 (0.073)
0.518 (0.044)
0.699 (0.040)
0.716 (0.045)
0.697 (0.044)
0.644 (0.108)
0.728 (0.067)

(a)

0.75
R2=0.53
0.7
0.65

HE
0.6
0.55
0.5
10

(b)

6.5

12.5

15

17.5

20

22.5

20

22.5

R2 = 0.245

6
5.5

A

5
4.5
4
3.5
10

12.5

15

17.5

latitude
Figure 4-2: Relationship between latitude and (a) mean expected heterozygosity (HE) and (b)
mean number of alleles per locus (A) over all populations of barramundi.
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4.3.2.

Genetic variation among populations

There was a strong positive relationship between genetic distance among populations,
measured by δµ2, and geographic distance (Figure 4-3), which was statistically significant
(P< 0.0001) using the matrix correlation test. Genetic and geographic distances among all
populations are shown in Table 4-6. A neighbour-joining tree was constructed from the
genetic distance matrix (Figure 4-4), which clustered the Fitzroy, Port Smith, and De Grey
populations in one group, and the Ord, Mary, and Queensland populations in the second
group. The samples from the north Kimberley coast fell outside of these two clusters, as an

Genetic distance (delta mu squared)

intermediary between the two.

20

R2= 0.641

15
10
5
0
-5
0

10

20

30

40

50

60

Coastal distance (km X 100)
Figure 4-3: Linear regression of genetic distance (δµ2 ) between populations versus coastal
distance (kilometres X 100) for all populations. The relationship was significant using a Mantel
test with 1000 permutations (P< 0.0001).

87

Table 4-6: Above diagonal: geographic distances between populations in kilometres. Below
diagonal: population pairwise δµ2 values.

Populations
De Grey
Fitzroy
Ord
Port Smith
Kimberley coast
Queensland
Mary

De Grey

Fitzroy

*****
1.13
4.32
2.82
2.34
14.2
6.51

200
*****
0.73
2.25
0.35
7.75
1.80

Ord
800
1700
*****
4.50
0.21
3.16
-1.30

Port
Smith
300
500
2200
*****
1.183
18.6
9.31

Kimberley
Coast
2000
1200
500
1700
*****
8.54
1.98

Queens
-land
5900
5100
3400
5600
3900
*****
-2.57

Mary,
NT
3400
2600
900
3100
1400
2500
*****

NORTH KIMBERLEY (COASTAL)

ORD RIVER

QUEENSLAND

MARY RIVER(NT)

FITZROY RIVER

DE GREY RIVER

PORT SMITH (COASTAL)

Figure 4-4: Neighbour-joining tree, based on δµ2 distances from microsatellite data among
populations.
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The single level AMOVA demonstrated moderate, but significant genetic structuring, with
7.3% of genetic variance distributed among populations (Table 4-7). The two level
AMOVA indicated that most of the among-population variation was between different
biogeographical provinces, with a smaller but still significant proportion among
populations within provinces (Table 4-8).

Table 4-7: Single level AMOVA, among all populations of barramundi.

Source of variation
Among populations
Within populations
Total

d.f.
6
175
181

Sum of
squares
29.59
287.53
317.13

Variance
components
0.13
1.64
1.77

Percentage of
variation
7.30
92.70

P values
0.00
0.00

Table 4-8: Two level hierarchical AMOVA. At the highest hierarchical level, populations of
barramundi were grouped into three biogeographical provinces, as defined by Unmack (1999;
2001).

Source of variation
Among provinces
Among populations within provinces
Within populations
Total

4.4.

d.f.
2
3
158
163

Sum of
squares
13.92
8.47
265.53
287.93

Variance
components
0.09
0.04
0.68
1.82

Percentage
of variation
5.36
2.27
92.37

P
values
0.02
0.004
0.00

DISCUSSION
The microsatellite loci used in this study were all independent (unlinked), and sufficiently
diverse to make them good markers for population genetic studies. Analysis of genetic
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diversity at microsatellite loci within and among populations of barramundi in the
northwestern part of the species’ range in Australia has confirmed some findings from a
broader study of mtDNA diversity, but has also produced significant anomalies.

The Ord River remains the most diverse population, and the pattern of isolation by
distance and decreasing diversity down the northwest coast in a southwesterly direction,
shown in the regressions of genetic distance versus geographic distance (Figure 4-3) and
diversity statistics versus latitude (Figure 4-2), supports the hypothesis that the Ord River is
an ancestral source population of barramundi. Neither the north Kimberley coast samples
nor the Port Smith samples were collected from an area that could provide long term
habitat for barramundi, thus these fish are most likely in transit between the nearest river
systems. This observation is strengthened by the clade groupings in the phylogenetic tree
(Figure 4-4), which placed the north Kimberly coast outside both clades, and Port Smith
inside the clade with the Fitzroy and De Grey Rivers.

The extensive genetic structuring evident in prior analyses of mitochondrial DNA (see
Chapters 2 and 3), however, is not evident in the microsatellite data (Tables 4-7 and 4-8).
There is evidence of isolation by distance, as indicated by the regression of genetic distance
versus geographic distance (Figure 4-4). This type of gene flow indicates a stepping stone,
rather than an island, model of population structure, suggesting that populations along the
coast are separated only by distance. Significant genetic structuring based on Unmack’s
(2000; 2001) biogeographic regions does exist in the microsatellite data (5% diversity
attributable to variation among provinces, see Table 4-8), it is much less than the
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structuring evident in the mitochondrial control region (52% diversity attributable to
variation among provinces, see Table 3-2). While the mitochondrial data suggested that the
Great Sandy Desert was an ancestral barrier to gene flow, due to its lack of draining rivers
and habitat for the catadromous barramundi, this barrier is not evident in the microsatellite
data. However, only the most northeastern of the Pilbara populations was tested in the
microsatellite analysis, and as this population borders closely on the ancestral barrier, it is
possible that with subsequent testing of the more southwesterly populations, the
divergence would become evident. The expected genetic discontinuity between the Ord
and Fitzroy Rivers is evident only in the phylogenetic tree (Figure 4-3), which places the
Fiztroy River in a grouping with the more southwesterly populations, and away from the
Ord and Mary Rivers.

There are two possible explanations for this discrepancy in the extent of genetic structuring
between microsatellites and mitochondrial DNA. One is that evolutionary processes may
have changed over time and the two types of markers are differently affected by historical
and contemporary processes. For example, if gene flow in recent times has increased, this
might be reflected more by rapidly evolving microsatellite loci, while mtDNA is more
influenced by historically lower rates of gene flow.

Another, not mutually exclusive explanation for the discrepancy in the extent of genetic
structuring between microsatellites and mtDNA is that there are discrepancies in life
histories. For example, in steelhead rainbow trout from the Santa Ynez River (Neilsen
1998), a significant genetic contribution to gene flow by males and limited female gene flow
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led to preservation of population substructure based on mitochondrial analyses. However,
due to the hermaphroditic nature of barramundi, special circumstances are required for
differences in life history between males and females to explain discrepancies in genetic
structure between nuclear and mitochondrial DNA. If male barramundi tend to move
between river systems, and out to the marine environment, returning to the original rivers
from whence they came later in life (when they change to female), the observed pattern of
preservation of population substructure within mitochondria and high nuclear gene flow
would be observed. Likewise, if males have both higher dispersal rates and a greater
mortality of migrants prior to becoming functional females, then the contribution of
mitochondria would be limited, thus preserving ancestral patterns of mtDNA. Further
biological study is, however, required to test these speculative hypotheses.
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CHAPTER 5
LET ME ELA-BARRA-TE
CONCLUSIONS AND GENERAL DISCUSSION

5.1.

SEQUENCE VARIATION IN MITOCHONDRIAL DNA AND
NUCLEAR MICROSATELLITE MARKERS
Population genetic studies use either nuclear or mitochondrial DNA regions to estimate
genetic diversity within and among populations, and make inferences about evolutionary
processes. The variable evolutionary rate of mitochondrial DNA renders it most useful for
molecular analysis, with the regions that evolve more slowly being used for phylogenetic
studies, and the more rapidly evolving regions used for population studies (Brown et al.
1982). The most common nuclear markers for use in population genetic studies are
microsatellites. Microsatellites consist of short tandem repeats, usually 1-5 bp in length,
located approximately every 10 kb in the eukaryotic genome and are rapidly evolving and
often highly polymorphic (Tautz 1989). In this study I have used both mitochondrial and
microsatellite markers to examine genetic diversity in Australian barramundi. The
simultaneous use of both markers provided complementary information, which enabled me
to shed more light on historical and current evolutionary processes acting on the species in
Australia.
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5.2.

THE ORIGIN OF AUSTRALIAN BARRAMUNDI
The genetic data suggest that Australian barramundi originated in Indonesia, and migrated
to the Ord River region of Western Australia. From this area, the species spread east and
west along the northern coastline to its present day distribution. This scenario is supported
by greater genetic diversity within the Ord River region, the spread of haplotypes from the
Ord River to the rest of the species’ range, and the inference from the nested clade analysis
of allopatric fragmentation between the Ord River area and Indonesia (see Chapter 3).

The Ord River region consistently showed the greatest diversity of any area across
Australia, for both mitochondrial and nuclear microsatellite markers. Furthermore, for both
markers there was a cline of decreasing diversity along the northwest coast from the Ord
and Mary Rivers. Haplotypes from the Ord and Mary Rivers can be found within
populations across all of Australia and Papua New Guinea, further strengthening the
argument for an ancestral population within these rivers. Haplotypes from the east coast of
Australia are shared with Papua New Guinea, and with the western side of the Cape York
Peninsula, but not with any other populations in Australia. This makes an ancestral origin
on the east coast of Australia extremely unlikely. An Indonesian origin for Australian
barramundi is indicated by the nested clade analysis of the mitochondrial control region
data. The inference key showed an allopatric fragmentation event occurring between
Indonesia and the Ord River region, and patterns of range expansion radiating out from
that region.
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5.3.

GENETIC STRUCTURE IN BARRAMUNDI POPULATIONS
In this study, I have found significant genetic structuring throughout the Australian region
based on both the mitochondrial DNA and nuclear microsatellite data. The structuring
does not indicate a significant vicariance event occurring on either side of the Torres Strait,
but rather a geographical pattern based on drainage divisions. There is a deep divergence
between the populations in the Pilbara region (southwest of the Great Sandy Desert) and
populations in the remainder of the country. This is the most significant genetic
differentiation apparent, apart from that between Australia and Indonesia. All the
populations studied on the east coast have very little genetic diversity and there is no
genetic differentiation between them. However, these populations are markedly different
from the populations to the west of the Gulf of Carpentaria, both in genetic diversity and
in genetic differentiation.

Although significant genetic structuring is evident from both the mitochondrial and
microsatellite data, the mitochondrial markers indicate a greater level of structuring than do
the microsatellites. The differences in diversity and sequence divergence between
mitochondrial and microsatellite nuclear DNA could be due to differences in the modes of
inheritance and the mutation rates of the two DNA molecules. Microsatellites are
biparentally inherited and, as a result, undergo recombination. Mitochondrial DNA, on the
other hand, does not undergo intermolecular recombination, and resulting phylogenies
represent processes that may have occurred in the distant past. Microsatellites often show

95

more recent separations, as past separations or population differences are masked by
recombination and back mutation of the microsatellite alleles (Di Rienzo et al. 1994).

Analysis of nuclear markers such as microsatellites provides both paternal and maternal
information. Because mtDNA is maternally inherited in most animals, discrepancies have
been found in some phylogenies when both mtDNA and nuclear DNA sequence data have
been examined. This bias is especially noticeable in animals that exhibit sex specific
dispersal patterns, such as turtles (Bowen et al. 1992), humpback whales (Palumbi and
Baker 1994), and birds (Degnan 1993). Such discrepancies have been found to be
attributable to discrepancies in life histories between males and females, for example
significant genetic contribution to gene flow by males and limited female gene flow leading
to preservation of population substructure based on mitochondrial analyses. Because
barramundi are protandrous hermaphrodites, changing to females from males in the later
years of life, such an explanation is more complicated to justify. The observed genetic
pattern could be explained by greater migration of males, coupled with greater selective
mortality of migrants before female breeding status is obtained, or by return of females to
rivers of origin. Little is known about the dispersal history of Australian barramundi, and
more study is required in this area.

5.4.

CAUSES OF GENETIC STRUCTURE
The genetic structure of a species allows inferences about population genetic processes. It
is unusual for populations within a species to show no genetic differentiation among
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geographic localities. This normal geographic structuring can have many causes, including
social structure, mating systems, dispersal capabilities, cohesion of parents and offspring,
habitat fragmentation, and historical events. These processes lead to certain patterns of
gene flow, genetic recombination, natural selection and random drift, which in turn have an
impact on the genetic structure (Avise 1994).

Significant problems can occur when inferring processes from genetic patterns. All
inferences depend on particular models, which have inherent flaws, restrictions and biases.
For example, predictions about the interaction of gene flow with other evolutionary forces
are traditionally made under specific assumptions relating to the island model of population
structure. The island model assumes any population is as likely to share migrants with any
other population, and only a few migrants per generation are therefore adequate to avoid
large scale genetic divergence due to genetic drift (Slatkin 1987). An alternative model of
population structure is the stepping stone model, which assumes that dispersal ability is
constrained by distance such that gene flow is most likely to occur between neighbouring
populations (Slatkin 1985). A stepping-stone model of population structure is expected to
lead to a form of genetic structuring known as isolation by distance, with genetic distance
between populations increasing in a monotonic fashion with the geographic distance
separating them (Hutchinson and Templeton 1999). Keenan (1994) and Chenoweth et al.
(1998b) suggested that barramundi, being catadromous, are likely to follow a stepping
stone model of population structure and therefore exhibit isolation by distance. I found
some support for this hypothesis in Western Australian populations, with a significant
relationship between genetic distance and geographic distance among populations.
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Another problem with inference from genetic data is that it may be difficult to separate
historical events from present processes. Indirect measures of gene flow may reflect the
history of a species, rather than current gene flow, because the method of measurement
depends on population structure that is the result of thousands of generations (Bohonak
1999). For example, when the neighbouring populations are large, only a small fraction of
gene pairs are closely related, and only this fraction gives information about the current
rates of gene flow (Barton and Wilson 1995).

Sequence data and new analytical techniques such as nested clade analysis, that allow
phylogenetic relationships to be included in the analysis, have overcome some of these
inference problems. Information is now available in the form of phylogenetic relationships
(haplotype trees) about the existence of genotypes through evolutionary time as well as
geographical space (Templeton 1998). Haplotype trees allow more power in testing for
genetic/geographical associations and more precision in estimating gene flow parameters.
The nested analyses allow a dynamic, temporal reconstruction of how population structure
and historical events have been interwoven to shape the present day composition of the
population.

The nested clade analysis of barramundi mitochondrial DNA data (see Figure 3-8) shows
several patterns of gene flow across the region. Allopatric fragmentation is inferred to have
occurred between Indonesia and the Australian mainland (to the Ord and Mary River area).
Subsequent patterns of range expansion and long distance colonization are apparent across
the rest of the continent, with restricted gene flow and isolation by distance occurring
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between the Kimberley region and the Pilbara region, and a past fragmentation event
occurring between the western and eastern populations, on the western side of the Gulf of
Carpentaria. The regression analysis testing for evidence of isolation by distance,
comparing all western populations, displays a strong trend for genetic distance to increase
as coastal geographic distance increases (R2= 0.64) (see Figure 4-3). This finding agrees
with the nested clade analysis of the mitochondrial DNA data, which indicates restricted
gene flow with isolation by distance occurring in this area.

5.5.

CONSEQUENCES OF GENETIC STRUCTURE
The data from this study have important implications for fishery management,
conservation of barramundi stocks, and translocation policy for aquaculture and stock
enhancement. The trend in fishery management towards the development of ecologically
sustainable fisheries requires incorporating genetic population information into the
decision making process when defining fish stocks for identification or consideration of
management units. Management units are distinct populations of fish that have different
population sizes, recruitment patterns, and spawning and nursery grounds, and therefore
need to be managed separately for sustainable recreational or commercial fishing. Moritz
(1994) believes that management units could be identified by genetic criteria, defining
management units as “populations with significant divergence of allele frequencies at
nuclear or mitochondrial loci, regardless of the phylogenetic distinctiveness of the alleles”.
Under this definition, I found at least four different management units of barramundi
throughout the Australian range, including the Pilbara region, the Fitzroy River, the
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Ord/Mary River region, and the eastern coast of Australia. The results from this research
indicate that, while there is no evidence of distinct east/west lineages, barramundi
populations in biogeographical regions across Australia may be sufficiently genetically
distinct from each other to warrant treating them as distinct management units, and
managing them appropriately.

Current aquaculture management guidelines in Western Australia make a fundamental
distinction between the translocation of barramundi for commercial aquaculture and for
fishery stock enhancement. Barramundi to be used for aquaculture may be sourced from
any barramundi farm in Australia, recognising that barramundi used in aquaculture will be
genetically different to wild stock regardless of their origin. The guidelines state that where
fishery stock enhancement is concerned, “broodstock with a similar adaptive potential
should be sourced i.e. with a common evolutionary history” (Thorne 2002). Obviously,
there is a need to identify this stock that has a common evolutionary history. Moritz (1994)
defined an “evolutionarily significant unit”, or ESU, as a lineage that “should be
reciprocally monophyletic for mtDNA alleles and show significant divergence of allele
frequencies at nuclear loci”. Crandall et al. (2000) disagreed with the restrictiveness of this
criterion, saying that the conceptual framework of the ESU designation forces just two
categories (ESU or not) from the continuous distribution of genetic diversity, habitat types
and selective pressures across populations. In practice, they claimed, it would be more
useful for conservation management if multiple categories were used to represent these
continua. Furthermore, Crandall et al. (2000) suggested that both genetic and ecological
information should be used, with an emphasis placed on ecological exchangeability instead
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of genetic distinctiveness. The central idea of exchangeability is that individuals can be
moved between populations and can occupy the same ecological niche or selective regime
in each. With respect to genetic data, this ecological exchangeability is indicated by
extensive gene flow between populations. Crandall (2000) also stated that a lack of
evidence for non-exchangeability should not be used to promote homogenization or other
alterations of the gene pool, or to allow contraction or changes in the geographic
distribution of populations. To preserve evolutionary processes, the goal of management
should be to preserve the natural network of genetic connections between populations,
rather than just distinct populations within that network. This ensures that the processes
that maintain adaptive diversity and evolutionary potential are conserved. To preserve
adaptive diversity, the population network that best samples functional diversity within the
species should be given high priority for conservation.

Do any of the barramundi populations in Australia represent different ESUs? The Pilbara
region does display reciprocal monophyly with the rest of Australia, as does Indonesia,
which indicates that it has a differing evolutionary history and potential, little gene flow to
other regions, and may indicate local adaptation. This fits the most stringent criteria for an
“evolutionarily significant unit” and, as such, fish from these populations should not be
mixed with fish from other areas of Australia. Barramundi from the Ord and Mary Rivers
are ancestral to those from the east coast of Australia and Papua New Guinea, and would
therefore be unlikely to be harmed by introduction of stock from these areas.
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Although this study has been concerned only with population genetic data, a holistic
approach is required for the stock assessment and fisheries management of barramundi,
where genetics forms part of a wider suite of tools to be considered when assessing
potential variation of fish populations for stock identification purposes. An understanding
of genetic population structure is, nevertheless, essential for a rational approach to
barramundi management.
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APPENDIX

All original data from this study are available in a digital appendix, which is attached to this
thesis. Note that data from studies done by other researchers but used in this thesis is not
available here.
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