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Summary 

Restriction enzyme analysis of mtDNA extracted from antennal gland tissue was used to 

assess mtDNA variation within and between five nominal species of commercially important 

rock lobster, genus Jasus. Samples were collected from South Africa (Jasus lalandii, 

sample size=ll), Vema Seamount in the South Atlantic Ocean (J. tristani, 8), Tasmania (J. 

novaehollandiae, 11), and New Zealand (J. edwardsii, 10; J. verreauxi, 9). 

The generally high degree of intraspecific mtDNA nucleotide sequence diversity detected 

(0.33-0.99%) with six five- and six-base enzymes enabled high resolution assessment of 

species boundaries previously defined only by morphological criteria. Sequence diversity 

analysis failed to reveal significant mtDNA diversity between the J. edwardsii and J. 

novaehollandiae samples. Furthermore, phylogenetic reconstruction, using both phenetic 

and parsimony analysis of the restriction site data, did not partition mtDNA haplotypes into 

distinct Australian and New Zealand assemblages. These results suggest that Australian and 

New Zealand red rock lobster represent conspecific populations of J. edwardsii. 

High sequence diversities separating J. edwardsii, J. lalandii and J. tristani (4.41-7.36%) 

indicates long-term reproductive isolation and provides confirmation of their specific status. 

The genome of J. verreauxi is highly distinct from the genomes of the other species 

(nucleotide sequence diversity: 14.92-16.67%), supporting the existence of 'lalandii' and 
'verreauxi' groups within Jasus. 

The topologies of trees generated by phylogenetic analyses grouped J. edwardsii and J. 

lalandii to the exclusion of J. tristani; however, further analysis indicated that the 

relationships of these species was essentially unresolved. Nevertheless, these results, when 

considered with knowledge of the current distributions of these species, do not support 

hypotheses for the evolution of 'lalandii' group Jasus, which suggest a relatively recent 

divergence of J. lalandii and J. tristani. Instead, they give systematic validity to the 

grouping of J.lalandii with J. edwardsii as proposed by the existing taxonomy. 
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A restriction enzyme study of mtDNA variation in J. edwardsii was extended to include 

samples collected from widespread locales across southern Australia and from New Zealand. 

A total of 1 32 adult lobsters from 1 3  locales were analysed to address the possibility of 

population subdivision. Phenetic analysis failed to reveal geographic partitioning of mtDNA 

haplotypes. Despite collection locations being separated by large geographical distances, 

sequence diversity analysis between pairs of samples failed to conclusively detect population 

subdivision. Gene diversity analyses also failed to detect subdivision, even when samples 

were grouped into likely populations based on hydrological and environmental parameters. 

. These results suggest that genetic homogeneity is maintained in this species by widespread _ 

dispersal of a long-lived, planktonic larval stage. 

Anruyses to detect population subdivision were also applied to 25 J. verreauxi collected from 

one Australian and two New Zealand locales. From the raw restriction site data, Australian 

and New Zealand haplotype assemblages were defined by two restriction sites, one confined 

to each country. Genetic differentiation between Australian and New Zealand J. verreau.xi 

was also supported by gene diversity analysis. In contrast to the population study of J. 

edwardsii, these results suggest that larval exchange between adult populations across the 

Tasman Sea may be limited. 
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Chapter 1 

General Introduction 

1 .1 Molecular Systematics 

From the mid-1960s until the present, proteins, chromosomes and nucleic acids (both DNA 

and RNA) have provided a broadly applicable set of heritable markers to examine genetic 

structure of populations or to estimate relationships among taxa. Before the mid-1970s, when 

nucleotide sequencing methods became widely adopted, the evolutionary change of genes 

was studied by examining the amino acid sequences of proteins. This is because all proteins 

are direct products of genes and amino acid sequences are determined by nucleotide 

sequences of DNA. Amino acid sequence determination of proteins from a range of 

organisms clearly revealed that, for a given protein, the number of amino acid substitutions 

between a pair of species increases approximately linearly with time since species divergence 

(Zuckerkandl and Pauling, 1962). This realization gave rise to the concept of a constant rate 

of molecular evolution, i.e. a molecular clock, and its use in obtaining rough estimates of 

time of origin for various groups of organisms and in constructing evolutionary trees. Yet, it 

is far from established that rates of DNA sequence evolution are constant (reviewed by Nei, 

1987b). The outcome of the debate concerning the existence of a molecular clock is very 

important to the field of molecular systematics, since rate constancy is a cornerstone of the 

neutral theory of evolution (Kimura, 1968), is an assumption of some methods for estimating 

phylogeny, and is widely assumed in estimating divergence times (Moritz and Hillis, 1990). 

Nevertheless, when compared with morphological or physiological characters� molecular data 
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show a much more regular pattern of evolutionary change, and it is therefore expected that 

they give a clearer picture of evolutionary relationship of organisms than phenotypic 

characters. 

In this thesis, restriction enzyme analysis of mitochondrial DNA (mtDNA) will be employed 

to study the evolutionary and population genetics of rock lobster forms belonging to the 

genus Jasus. 

1.2 Rook lobsters (Genus Jasus) 

1.2.1 Taxonomy 

The seven species recognized in the genus Jasus have a fragmented circumpolar distribution, 

inhabiting continental or island waters of the Southern Ocean (Fig. 1a) (George and Main, 

1967). Holthuis and Sivertsen (1967) recognized two groups within this genus, probably 

deserving of subgeneric status. The <lalandii' group comprises six species characterized by 

squamiform sculpturation on the abdomen. The 'verreauxi' group, formed by the remaining 

species, J. verreauxi, lacks this character. Jasus verreauxi is primarily found in New South 

Wales and adjacent coasts, Australia, and the north-east coast of the North Island, New 

Zealand (Kensler, 1967a). 

For over 150 years there has been much uncertainty about the status of the various forms 

belonging to the 'lalandii' group. Holthuis and Sivertsen (1967) were the first to study 

material of all forms and identified a separate species for each of six major geographical 

areas. They divided the 'lalandii' group into two subgroups, each of which contains three 

species: the 'lalandii' subgroup with J. lalandii (South Africa), J. edwardsii (New Zealand) 

and J. novaehollandiae (S. and S.E. Australia); and the 'frontalis' subgroup with J. 

frontalis (Juan Fernandez), J. paulensis (St. Paul and New Amsterdam Islands) and J. 

tristani (Tristan da Cunha, Gough Island and Vema Seamount). The two subgroups are 

differentiated primarily on the basis of carapace spine dimensions and sculpturation of the 

abdomen. 

George and Kensler (1970) supported the division of the 'lalandii' group into two 

subgroups after reviewing the existing morphological classillcation with additional characters. 
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Within the 'lalandii '  subgroup, these workers claimed that only a single character, i.e. 

broad, pale bands on the antenna! flagellum of J. novaehollandiae, could reliably separate 

this species from J. edwardsii. Booth et al. (1990), however, found it impossible to 

distinguish New Zealand and Australian samples on the basis of morphology and 

recommended that crayfish populations from both countries be referred to as a single species, 

which by priority is J. edwardsii. Smith et al. (1980) had previously concluded from an 

electrophoretic analysis of 33 enzyme gene loci that these species were probably conspecific; 

the small genetic distance separating New Zealand and Tasmanian samples was due to 

differences only in allele frequencies at the Ldh locus. 

St Paul Is. 

® J. paulensis 
Amsterdam Is. 

Indian Ocean 

J. edwardsii 

.. 

Vema · Gough Is. 
Sea�Tristran da Cunha 

. South Atlantic Ocean 
J. tristani 

South Pacific Ocean 

SOUTH AMERICA 

Figure la Circumpolar distribution of Jasus spp. Stippling: 'lalandii' subgroup n:embers; 
hatching: 'frontalis' subgroup members; filled circles: Jasus verreauxi. 
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1 .2.2 Life History 

All Jasus species brood a large number of eggs which are firmly attached to pleopods 

underneath the tail. The brood size varies between species and within species among size 

classes but is generally between 50 000 and 500 000 eggs (Hickman, 1946; Aiken and 

Waddy, 1980; Pollock and Melville-Smith, 1993). The largest Jasus species, J. verreauxi, 

can carry up to 2 x 1o6 eggs (Kensler, 1967b). 

Following hatching, a naupliosoma larval stage occurs, which lasts from only a few minutes 

· to a few hours before moulting into the first of about ten phyllosoma larval stages (Phillips -

and Sastry, 1980). The duration of the leaflike phyllosoma is long, approaching 2 years in 
\ 

some species (Phillips and McWilliam, 1986). The long life and body-form of the 

phyllosoma are characteristic of larvae adapted to a pelagic existence in the open sea (Phillips 

and Sastry, 1980). 

Mechanisms of larval transport and recruitment are poorly understood. Accumulating 

evidence suggests that phyllosomas develop through most of their stages well offshore and 

are transported over large distances, encountering a number of water masses before recruiting 

back into adult populations (Phillips and McWilliam, 1986). Pollock (1989, 1990) proposes 

that the broad-scale anticyclonic gyre systems in the oceans of the southern hemisphere are 

responsible for dispersal and return of larvae. 

The fmal phyllosoma stage metamorphoses into the puerulus stage, a transitional form shaped 

like a miniature adult which begins as an active swimmer and later settles in shallow (1-20 m) 

inshore reef and lagoon areas (Phillips et al., 1978). After settling, the puerulus moults into 

a pigmented juvenile (Phillips and Sastry, 1980). As the rock lobster matures, through a 

series of moults, it gradually emigrates from the nursery area into deeper water, until it finally 

adopts an adult benthic existence in either sandy or rocky areas or a variety of reef habitats 

(Herrnkind, 1980). 

Rock lobsters are primarily considered carnivores, although they are known to feed 

opportunistically upon dead animal material, and plant material has frequently been found in 

their stomachs. Rock lobsters are generally nocturnal foragers, their diet including various 
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organisms such as poriferans, bivalve and gastropod molluscs, echinoid and asteroid 

echinoderms, crustaceans and fish (Kanciruk, 1980). 

Apart from the relatively small distances covered by juveniles and adults during 

offshore/inshore movements, nomadism and foraging, long distance movements of 

aggregations of individuals, i. e., mass migrations, do not appear to occur in all Jasus 

species (Hermkind, 1980; Winstanley, 1977). Despite the lack of adequate descriptions of 

movement patterns for most Jasus, significant benthic movements have been observed in the 

· two New Zealand species. Tagged juvenile J. verreauxi from New Zealand appear to migrate -

at least 700 km to reach the main breeding area at the northernmost part of the North Island, 
\ 

and distances as large as 2400 km have been proposed for individuals moving southwards 

along the west coasts of the country (Booth, 1986). Movements of approximately 400 km 

and rates of 6.0 km.day-1 have been recorded for migrating juvenile and subadult J. 

edwardsii around the South Island of New Zealand (Street, 1971, 1973). These migrations 

are probably a means of  compensating for the drift of the larvae since most of the long

distance movements observed for both species have been in the opposite direction to the 

prevailing currents. 

1 .3 Genetic Approach to Populations 

1 .3.1 Properties of the Mitochondrial Genome 

Mitochondria are subcellular organelles present in the cytoplasm of all eucaryotes. They are 

the sites of oxidative phosphorylation where energy is generated using enzymes bound to the 

inner side of the mitochondria's double membrane exterior. The mitochondria of animals 

contain a genome which consists of a single, duplex, closed circular DNA molecule. In a 

typical animal cell, mtDNA constitutes approximately 1% of the total DNA; the remaining 

99% resides in the nucleus. The ratio of mtDNA:nucDNA may be dramatically increased in 

certain cell types; for example, a Xenopus oocyte may contain as many as 1Q8 mtDNA 

molecules (Dawid and Blackler, 1972). Most proteins in the mitochondria, including those 

necessary for RNA transcription and subsequent protein synthesis, are encoded by nuclear 

genes and are specifically transported across the mitochondrial membrane. 

The molecular properties of animal mtDNA have been reviewed by Brown (1985). 
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1 rntroduction 

Mitochondrial DNA contains genes for 13 proteins (12 of these are subunits of enzymatic 

complexes that carry out electron transport and A TP synthesis; the function of the remaining 

protein is unknown), two ribosomal RNAs, 22 transfer RNAs, as well as a region, called the 

control region, that, although generally devoid of structural genes, contains sites for the 

initiation of both mtDNA replication and RNA transcription. Although complete mtDNA 

sequences have been determined for only a few taxa, it appears that gene order is conserved 

among vertebrates but differs between vertebrates and invertebrates and among invertebrates. 

Animal mtDNA generally ranges in size from 15700 to 19500 base pairs. Size variation is 

primarily attributable t o  sequence additions and deletions in the control region, which 

probably reflect changes in functionally non-essential sequences. Unlike the nuclear genome, 

sequences contained in animal mtDNA generally occur only once, intergenic sequences are 

either very small or absent, introns do not occur, and sequence rearrangements are rare. The 

entire mitochondrial genome is transcribed as a unit with translation effected by a distinctive 

genetic code, different from the "universal genetic" code. 

Because animal cells contain many mtDNA molecules, it was initially anticipated that a range 

of mtDNA genotypes would coexist within an individual (heteroplasmy), thus complicating 

mtDNA analysis. However, studies show that the somatic and germ cells of an individual 

usually exhibit homoplasmy, that is, a single detectable mtDNA nucleotide sequence. 

Although lack of intra-individual sequence heterogeneity has not been fully explained, its 

absence may be attributable to sorting of mtDNA molecules into homogeneous populations 

by random genetic drift in intermediate germ cells, where mtDNA numbers might be small 

(Chapman et al., 1982; Takahata, 1985). 

The properties of mtDNA which make it valuable to the molecular systematist are its rapid 

sequence evolution, its extensive
. 
sequence polymorphism within and among very closely 

related species, and its strict maternal inheritance. Based on restriction endonuclease cleavage 

map comparisons and thermal stability analysis, the substitution rate in mammalian mtDNA 

was estimated to be 5 to 10 times greater than in single-copy nuclear DNA (Brown et al., 

1979). DNA sequencing shows that base substitutions are predominantly transitions when 

closely related taxa are compared (reviewed by Brown, 1985) and that these changes occur in 

the control region at at rate at least five times greater than in the remainder of the genome 

(Aquadro and Greenberg, 1983). 
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The major biochemical and structural aspects of mtDNA which may explain its rapid rate of 

evolution and the sequence hypervariability frequently observed within species (e.g., A vise, 

1989) are summarized by Brown ( 1983). Elevated mutation rates may be caused by faulty 

mtDNA replication or inefficient repair mechanisms, or a combination of both, attributable to 

an absence of DNA proofreading and repair enzymes within the mitochondria. Furthermore, 

a relatively shorter generation time observed for mtDNA when compared to nucDNA results 

in mtDNA undergoing more rounds of replication in a given time, with a consequent increase 

in the number of errors produced per cell generation. It is postulated that mutations that 

would be deleterious in the nuclear gene system persist in mtDNA, and consequently have a� 

higher probability of fixation, because of factors such as the "masking" effect of organellar 
\ 

redundancy and the relatively higher degree of tolerance inherent in a small, uncomplicated 

genetic system. 

Since zygote cytoplasm in animals derives overwhelmingly from the egg, strict maternal 

inheritance is expected. This is supported by Lansman et al. (1983) who found no paternal 

mtDNA in recurrent backcross progeny between tobacco worms Heliothis virescens and H. 

subflexa, and set an upper limit of paternal leakage at about 1 molecule per 2500 per 

generation. Furthermore, interspecific hybridization and backcrossing experiments with Mus 

spp. suggest that mtDNA inheritance may be at least 99.9% maternal (Gyllensten et al., 

1 985). 

It is primarily because of the observed uniparental transmission and intra-individual sequence 

homogeneity that recombination of mtDNA is not observed. Thus, study of mtDNA heredity 

is far simpler than that of the nuclear genome which experiences recombination and other 

complicating genetic rearrangements such as inversions and transpositions. 

1.3.2 Restriction Enzyme Analysis of mtDNA 

The majority of studies that have assessed the mtDNA variation within and betv;een species 

have employed restriction endonuclease analysis. Restriction endonucleases are bacterial 

enzymes which function to protect bacteria from foreign DNA. Each enzyme recognizes a 

specific oligonucleotide sequence that is four, five, or six base pairs in length and cleaves two 

phosphodiester bonds within or near the sequence, one in each strand of the duplex, 
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11ntrodudion 

wherever it occurs in a particular DNA molecule (Ferris and Berg, 1987). Because mtD N A is 

a closed circular molecule, the number of linear digestion fragments produced is equal to the 

number of restriction sites in the mtDNA. 

Following enzymatic digestion, mtDNA fragments are sorted according to their size by gel 

(agarose or polyacrylamide) electrophoresis. At neutral pH the sugar phosphate backbone of 

DNA is negatively charged and causes the molecule to migrate through an electric field. Rates 

of migration are determined by the dense matrix of the gel, through which smaller fragments 

· move more easily than larger fragments. Fragments of known size are run through the gel to � 

act as an internal standard against which the sizes of mtDNA fragments are estimated by 

interpolation from a calibration curve. 

An end-labelling procedure is routinely used to enable visualization of electrophoresed 

mtDNA fragments by autoradiography. This involves using the polymerase and 3-prime 

exonuclease functions of the large (Klenow) fragment of E. coli polymerase to incorporate 

32p_ or 35S-labelled nucleotides into the ends of fragments produced by enzymatic cleavage 

(Dowling et al., 1990). Alternative methods employed for visualization of purified rntDNA 

include ethidium bromide fluorescence (Dowling et al., 1990) and s ilver staining 

(Tegelstrom, 1986). 

Interpretation of different fragment patterns between individuals assumes that a single base 

substitution results in the gain or loss of a cleavage site. Such a site gain or loss between 

individuals leads to three fragment changes (Fig. 1 b). It is often the case that the relative 

positions of all restriction sites around a genome cannot be determined with single enzyme 

digests alone. For example, the novel restriction site, S4, described in Figure 1 a  is positioned 

2000 bp from S3 but could, from solely the electrophoretic data, be positioned 2000 bp from 

S 1 .  The relative position of sites, commonly referred to as a cleavage map, is routinely 

established in small genomes such as mtDNA using "double" and "partial" digest procedures 

(Dowling et al., 1990). 

1.3.2.1 Detection of Population Subdivision 

The underlying premise when attempting to identify population subdivision is that genetic 
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differences between subpopulations will evolve in the course of time if there is little or no 

gene flow between them. Methods of analysis which test for genetic differentiation between 

nominal subunits need to  consider the generally high degree of mtDNA variation found in 

natural populations (Avise and Lansman 1983; Avise, 1986). To study this variation, 

restriction site presence and absence information from all mtDNA haplotypes may be 

presented in binary code form which serves as a data base for analysis. Alternatively, 

restriction site data may be converted to quantitative estimates of mtDNA nucleotide sequence 

divergence between the mtDNAs under comparison (Section 2.6.2). 

Exampl<: Digestion of two 16000 base pair (bp) mtDNAs (genomes A and B) with enzyme 

v Eco RV, recognition sequence 5'-GAT ATC-3' (vindicates point of cleavage site, S) 
3'-CTA TAG-5' 

A 

m Electrophoresis 

A B 

15000 

10000 
,......_ tJ 
0.. a ............... -a r:;· ..0 

b - g '-' 
5000 ell ...... 

a) .... 
N 0 

...... 4000 ............... d ::s ell 0 ..... 
c ....., 

a 3000 c ........._ -c g 
0.0 < 
� 0 
� 3 

2000 0 
-e ::s .... 

1000 

(iii) Restriction site data 

site presence (1) and absence (0) 

Genome Sl S2 S3 S4 

A 1 1 1 0 
B 1 1 1 1 

7000 bp 

em Interpretation 

s3' 

S2 
v�OOObp 

1,; \lSl 

A 

S2 
v�OOObp 

1,; \lsi 

: )�bp 

s3'-rs4 
2000 bp 

Figure lb Hypothetical example of mtDNA digestion and interpretation of gel fragment 
patterns. (i) Pattern of genome A differs from genome B by three bands. Fragment length 
sum (B,d + B,e) equals length of fragment A, b. (ii) Difference explained by existence of 
novel restriction site (S4) in individual B. (iii) Site data used as characters for further 
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analysis. 

Gene-diversity analyses (Section 2.6.3), which consider either nucleotide substitutions or 

mtDNA haplotypes as alleles, use qualitative restriction site data to yield values that are equal 

to the amount of variation in the whole data set that is due to the division of the population 

into a series of interbreeding subunits. Although these methods may indicate population 

subdivision, they will not reveal where the genetic discontinuity occurs if more than two 

groups are being compared. To identify the most likely points of discontinuity, it is necessary 

to employ the more sensitive nucleotide sequence diversity analysis (Section 2.6.2) which 

enables identification of statistically significant sequence diversity between nominal sub

populations. Using this method to compare the magnitude of average sequence diversities 

within each group may also reveal subdivision, since it is likely that populations which differ 

significantly in their degree of mtDNA sequence variation are either partially or fully 

reproductively isolated. 

Alternatively, a phylogenetic approach can be adopted to assess the interrelationships among 

different mtDNA molecules within a species (Avise et al., 1987; Avise, 1989). Since 

mtDNA does not undergo genetic recombination during the process of maternal transmission 

(Section 1.3.1), unique mtDNAs can be treated as operational taxonomic units (OTUs) in a 

phylogeny reconstruction, which is then interpreted as an estimate of a matriarchal tree. Once 

the phylogeny of mtDNA types within a population has been established, the geographic 

distributions of phylogenetic groupings can be examined and inferences made about the 

genetic interconnectedness of regional groups. The study of the relationship between mtDNA 

genealogy and geography constitutes a discipline that has been termed "intraspecific 

phylogeography" (A vise et al., 1987). The principal approaches to phylogenetic 

reconstruction are briefly described in Section 1.3.2.2. 

1.3.2.2 Phylogenetic Reconstruction of Closely Related Taxa 

Those characteristics of the mitochondrial genome that have been useful in determining 

intraspecific genetic structure, i.e. its rapid rate of evolution and extensive sequence 

heterogeneity, also enable reconstructions of matriarchal phylogeny among closely related 

taxa. However, the range over which mtDNA data are useful for phylogenetic analysis is 

bounded at one extreme by polymorphism and stochastic lineage sorting, and at the other by 

saturation of rapidly evolving sequences (Moritz et al., 1987). 
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Estimations of mtDNA lineage survival through time (Avise et al., 1984) and subsequent 

computer simulation of branching processes (Neigel and A vise, 1986) have demonstrated 

that, for recently diverged species, phylogenetic analysis may be confounded by random 

sorting of ancestral sequence polymorphism in mtDNA lineages. It is theorized that stochastic 

mtDNA lineage extinction within a population occurs at a rapid pace, with the net effect of 

continually truncating the frequency spectrum of times to common ancestry. However, 

despite this "self-pruning" nature of mtDNA gene trees, the evolving branches of recently 

separated populations may pass through three stages of lineage relationships, the ftrst two of , 

which may obscure the speciation event. The ftrst possible stage is that of polyphyly where 
\ 

individuals within a population may be more closely related to individuals in the sister 

population than to individuals in their own population. As time since divergence increases, 

each population generates increasingly more unique mtDNA haplotypes and the populations 

may exhibit a paraphyletic relationship. As lineage extinction continues and ancestral 

similarities are eliminated, two populations will eventually become monophyletic with respect 

to one another. Neigel and A vise (1986) estimate a high probability of monophyly after 4n 

generations (where n is the number of breeding females); however, actual time to 

monophyly is also affected by population size and growth rate, variance in offspring number 

and the geographic mode of speciation. 

At the other extreme, the resolution of phylogenetic analysis may be reduced if species have 

been separated for a long period of time and the degree of mtDNA sequence divergence is 

accordingly large. This assumption is derived from the empirical relationship between 

mtDNA sequence divergence and absolute divergence time (estimated from fossil or protein 

data) established on the basis of comparisons between 26 pairs of mammalian species 

(Brown et al., 1979; Brown 1983). This relationship is represented graphically (Fig. 1c). 

From the initial slope of the curve, which shows mtDNA sequence divergence linearly related 

to time, the evolutionary rate of mtDNA was estimated to be about 2% (0.02 substitutions per 

base pair) per million years. As time increases, sequence divergence begins to plateau and 

within about 10-20 million years highly variable positions in the mtDNA become saturated by 

substitutions. For many taxa, fossil data are scarce or absent and absolute divergence times 
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cannot be established. However, the exact relationship between genetic distance and 

evolutionary time is not required; as long as genetic distance is approximately linear with 

time, robust phylogenetic trees should be obtained (Nei, 1987b). 
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Figure lc Empirical relationship between estimated nucleotide sequence divergence and 
time described for mammalian mtDNA by Brown et al. (1979) and Brown (1983). Oosed 
circles represent comparisons of mtDNA for various pairs of mammalian species whose 
divergence times were estimated from fossil or protein evidence. Initial slope of mtDNA 
curve given by broken line. 

An area where mtDNA analyses are proving to be a powerful tool for inferring evolutionary 

relationships is among lower-l_evel taxa of birds (A vise, 1986). In a restriction fragment study 

of the mtDNA of 22 species of birds representing 5 genera (Kessler and A vise, 1985), 

comparisons between congeners revealed genetic distances which ranged within the expected 

linear region of divergence. These distances were considerably smaller than those found 

between congeners of sunfish and treefrogs, and suggested that, in terms of relative 

magnitudes of mtDNA differentiation, the avian groups are "shifted down" approximately 

one taxonomic level compared to studied non-avian vertebrates. This apparent conservative 

pattern of mtDNA divergence in birds is supported by mtDNA comparisons betv;een genera 

and subfamilies of galliform birds (Glaus et al., 1980). 

The relatively low levels of avian mtDNA sequence divergence were exploited by Kessler and 

A vise (1984), who employed a range of phylogenetic analyses to mtDNA restriction fragment 
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data from 13 species of waterfowl representing two genera. Since the resulting mtDNA 

phylogenies were highly concordant with one another and with traditional phylogenies 

derived from independent sources of morphological and behavioural evidence, this study 

verifies the potential power of mtDNA for systematic studies among recently diverged taxa. 

Phylogenetic reconstruction may involve discrete-character methods where parsimony 

networks (those which invoke the minimal number of evolutionary changes) are generated 

from a matrix consisting of presence/absence information for each restriction site in each 

unique mtDNA (Section 2.6.5. 1). Alternatively, distance matrixes derived from estimates of 

nucleotide sequence divergence between haplotypes can provide the basis for phenetic 

analysis (Section 2.6.5.2). 

1.3.3 Protein Electrophoresis 

The process of protein electrophoresis makes it possible to identify allelic differences (i.e. 

different forms of a gene) occurring at a protein coding locus. Five of the 20 common amino 

acids which make up proteins -lysine, arginine, histidine, aspartic acid and glutamic acid -

are either positively or negatively charged. Thus, different proteins tend to have different net 

electrical charges and will migrate at different rates when electrophoresed through a gel 

(commonly starch, polyacrylamide or cellulose acetate). Most proteins that are studied by 

electrophoresis are enzymes. These are identified subsequent to electrophoresis with 

histochemical staining procedures which use a product of an enzyme's specific activity to 

precisely locate that enzyme in the gel. The localization of an enzyme's activity in a gel is 

generally called the isozyme method. "Isozyme" refers to different distinguishable molecules 

found in the same organism which catalyse the same reaction. "Allozyme" commonly refers 

to the electrophoretic expression of allelic proteins at a particular locus. Stained enzymes 

appear as discrete bands, and it is the banding pattern of an individual which contains 

information on that individuals genotype with respect to the locus (loci) coding for that 

particular enzyme. Genetic variability within a population is commonly expressed as the 

frequency of heterozygotes which can be estimated either directly from counting 

heterozygous individuals over all loci examined or indirectly from allele frequencies. Two 

other estimates of variability are the percentage of loci that are polymorphic and the average 

number of alleles per locus (Utter et al., 1987). 
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1.3.4 Comparison of the Resolution of mtDNA and Protein Analyses 

A number of comparative studies confirm that restriction enzyme analysis of mtDNA is more 

sensitive than protein electrophoresis in the detection of nucleotide substitutions. For 

example, A vise et a/. (1979) used both techniques to study the genetic relationship of 

populations of pocket gophers (Geomys pinet is) .  Despite a small degree of allozymic 

variation found from the analysis of 25 proteins screened from 171 animals, eastern and 

western forms of pocket gophers were identified. In contrast, analysis of the mtDNA of 87 

· animals with only six restriction enzymes revealed 23 distinct mtDNA haplotypes. , 

Subsequent phylogenetic reconstruction not only confirmed the existence of eastern and 
I 

western forms but also yielded an order of magnitude greater information concerning the 

genetic relationships of populations within each form than was obtained by protein 

electrophoresis. 

Homo sapiens have been extensively studied with protein electrophoresis, yet despite the 

identification of hundreds of electromorphs, no fixed allele differences have been found 

between human races (Ferris and Berg, 1987). However, in a restriction enzyme survey of 

mtDNA from 200 humans, Johnson et a/. (1983) found five major ethnic groups 

(Caucasian, Oriental, American Indian, Bantu and Bushmen) to have differences in their 

mtDNA types, all of which are related to each other by a tree in which the closely related 

mtDNA types cluster according to geographic origin. Evidence for geographical or racial 

structuring of human mtDNA types has been found in similar studies (Horai et al., 1986; 

Cann et al. 1984; 1987). 

A major factor in the relative insensitivity of protein electrophoresis is that, although it 

directly reflects differences at the DNA level, it is nevertheless two steps removed. from the 

gene itself and, consequently, does not detect all gene modifications. A proportion of genetic 

information is lost simply because not all base substitutions result in changes of amino acids. 

Furthermore, all amino acid substitutions do not result in protein changes that are 

electrophoretically detectable. It has been estimated that only about 30% of the amino acid 

substitutions are detected under the conditions used to collect electrophoretic data in most 

laboratories (Lewontin, 1974). 
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1 A Genetic Approach to Management of Exploited Populations 

1.4.1 Recognition of Genetically Defined Stocks 

Those who manage a fishery aim to implement harvesting practices that will maximize the 

harvest and conserve the resource. It is well understood by fisheries managers that, to 

achieve this aim, the term "stock" should have a sound genetic base and not simply refer to all 

animals within the range of the fishery. Ideally, the term stock should be synonymous with 

subpopulation or race, i.e. a self-sustaining panmictic breeding unit within the population 

(Shaklee, 1983). Implicit with this definition is the assumption that a stock may be genetically 

distinct from other such units. In reality, political, economic and other considerations often -

result in genetic stocks being subdivided into two or more management units. 

Traditional methods of distinguishing genetic stocks have involved comparative examination 

of morphological characters. Phenotypic variation between stocks may arise in a relatively 

short period of time if they are founded by a small number of individuals or if a different 

selection regime exists within each unit. However, it is generally accepted that genetic 

variation that is diagnostic in identifying stocks is often not reflected at the phenotypic level. 

Furthermore, many morphological characters are highly sensitive to environmental variation 

and may produce an inaccurate picture of population structure (Ferris and Berg, 1987). 

The maximum degree of exploitation that can be tolerated by a stock will depend on its size 

and genetic contact, if any, with other groups of individuals. If a stock is large, interbreeding 

with animals outside the fishery, or receiving larvae from a disjunct area, its resilience to 

exploitation may be relatively high. If it is genetically isolated and its numbers are low, then 

exploitation may rapidly reduce its numbers and collapse the fishery. Drastic reduction in the 

numbers of an isolated stock may create a bottleneck effect, eliminating genetic variability 

from the resource and reducing its ability to recover to previous abundance. The detrimental 

effects of differential harvesting may be more pronounced in isolated groups. For example, 

due to the harvesting regimes of salmon fisheries during this century, a significant decline in 

average size and average size of maturity of caught fish has occurred (Allendorf et al., 
1987). It is clear, then, that the formulation of harvesting practices that will be successful in 

the long-term require thorough knowledge of the genetic and spatial discreteness of stocks, as 

well as an understanding of the impact of particular practices on the genetic structure of a 
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stock. 

1 A.2 Marine Stock Assessment using mtDNA 

The application of mtDNA to stock assessment has been reviewed in detail (A vise, 1985; 

Ferris and Berg, 1987; Ovenden, 1990). Avise (1985) summarized the results of restriction 

enzyme studies of mtDNA of 11 species of marine fish and one crustacean. Of these species, 

only four were found to possess genetically differentiated groups. In the more recent review 

of Ovenden (1990), of 16 studies of marine species (14 vertebrates and six invertebrates) in 

which genetic structure was assessed with mtDNA restriction enzyme analysis, only five� 

unequivocally revealed genetic subdivision. 

It is possible that the apparent absence of mtDNA-defined stocks in the majority of studied 

marine species truly reflects the absence of population subdivision. In contrast to organisms 

which inhabit freshwater and terrestrial realms, marine species occupy environments that are 

relatively free of solid geographical barriers to dispersal. Furthermore, gene flow over vast 

geographical ranges is facilitated in the great dispersal capabilities of many marine species, 

either as pelagic larvae, juveniles or adults (A vise, 1985). 

Alternatively, an apparent absence of subdivision may be due to the degree of differentiation 

being below the level of  detection of the technique employed. Most studies of mtDNA 

variation in marine species have employed either 5- or 6-base restriction enzymes. The use of 

4-base enzymes, which increase the resolution of analysis, may reveal previously undetected 

population subdivision. Ovenden (1990) noted that, in four of the studies reviewed, 

assessments of stock structure are inconclusive, since sample sizes were not large enough to 

yield statistically significant results or insufficient restriction enzymes were used to survey 

genome variation. 

Population genetic structure revealed by restriction enzyme analysis of mtDNA has provided 

insights into zoogeographical factors which influence stock distribution. Saunders et al. 

(1986) used this technique to study the American horseshoe crab, Limulus polyphemll.s, 

collected along the USA coastline from New Hampshire to the panhandle of Florida. 

Fragment patterns revealed a dramatic genetic break between samples collected north and 

south of southern Georgia. Saunders et al. (1986) noted that the area corresponding to this 
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genetic discontinuity is  a long-recognized transition zone between warm-temperate and 

tropical marine faunal assemblages. This zone has subsequently been found to coincide with 

genetic breaks within a number of coastal and marine species from southeastern USA 

(reviewed by A vise, 1992). 

The importance of life history dispersal capabilities on gene flow between regions can also be 

addressed with mtDNA analysis. A vise et a/. (1987) evaluated the population genetic 

structure of four species of marine fishes that lack a pelagic larval stage: the catfishes Arius 

felis and Bagre marinus, and the toadfishes Opsanus tau and 0. beta. In both catfish

species, collected between North Carolina and Louisianna, USA, they found little evidence 
\ 

for geographic structuring of haplotypes. In contrast, both 0. tau, collected between 

Massachusetts and Georgia, and 0. beta, collected from the gulf of Mexico, exhibited 

geographic partitioning of mtDNA phylogenetic groupings. A vise et a/. (1987) concluded 

that populations of toadfish have had lower historical interconnectedness than have the 

catfish, and proposed that this may, in part, be attributable to the higher mobility of adult 

catfish relative to adult toadfish. 

1 .4.3 Protein Analysis of Lobster Species 

Most studies of the genetic structure of lobster populations have employed protein 

electrophoresis methods. However, a common problem with these studies has been a general 

lack of detectable nuclear gene variation and, consequently, poor analytic resolution, which 

has made it difficult to determine degrees of gene flow across the geographic ranges of 

lobster species and the taxonomic status of closely related populations. 

In possibly the most comprehensive analysis of lobster allozymes performed to date, Shaklee 

and Samollow (1984) sampled 1869 spiny lobsters (Panulirus marginatus) from seven 

localities throughout the Hawaiian Islands to test the hypothesis of genetic stock 

homogeneity. Only seven of 46 enzyme-coding loci exhibited detectable allele frequency 

variation. Among these seven loci, genetic variation was limited to two or three alleles per 

loci, with frequencies being highly skewed to one allele per locus. The remaining loci 

showed no allelic variation, or exhibited rare alleles with a frequency less than 1%. Across all 

loci, the average number of heterozygous loci per individual was 0.021. With these data, 
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Shaklee and Samollow (1984) were unable to disprove genetic homogeneity of lobster 

throughout the Hawaiian Archipelago. In a follow-up study seven to nine years later, the 

degree of overall genetic homogeneity, and of individual heterozygosity, had remained 

unchanged (Seeb et al., 1990). 

The small amount of allozymic variation found in the Hawaiian spiny lobster was similar to 

that discovered in the American lobster (Hornarus americanus) by Tracey et al. (1975). In a 

study of 290 lobsters from eight localities on the west coast of the United States, the average 

number of heterozygous loci per individual was 0.038, slightly higher than the Hawaiian 

spiny lobster (0.021). Of the 44 loci surveyed by Tracey et al. (1975) 23 lacked variation 

entirely, and an additional 13 loc;i possessed rare variants in only one or two population 

samples. Almost all the genetic variation was confined to eight loci, and among these only 

five had substantial proportions of heterozygous individuals. Differentiation between 

populations was found only at the malic enzyme locus, a result which supports the 

suggestion from previous migration and morphological studies that H. americanus is 

subdivided into a number of more or less geographically isolated inshore and offshore 

populations. 

Low levels of measurable allozymic variation was the main problem encountered by Smith et 

al. (1980) in their analysis of genetic homogeneity within the New Zealand red rock lobster 

(Jasus edwardsii) and between the red rock lobsters in New Zealand and Australia (J. 

novaehollandiae). Among 185 lobsters from four localities in the two countries, an analysis 

of 33 enzyme-coding loci found that 24 were essentially invariable, as judged by the criteria 

Shaklee and Samollow (1984). The amount of heterozygosity for red rock lobsters measured 

(J. edwardsii, 0.012; J. novaehollandiae, 0.028) was even lower than the equivalent for the 

Hawaiian and American lobsters. The two most variable loci were esterase-1 and lactate 

dehydrogenase. The frequencies of the two alleles at each of these loci were similar across 

all four of the localities sampled, as were the frequencies of the alleles at the less variable loci. 

In a possible exception to the genetic homogeneity generally found in lobster species, the 

allele lactate dehydrogenasel was less frequent in the Australian sample (0.686) compared to 

the mean of the three New Zealand sites (0.981).  The alternate allele, lactate 

dehydrogenase2, was correspondingly more frequent in the Australian sample (0.314) than 

in the New Zealand samples (0.019). However, in a systematic study which confirmed the 
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lack of species distinction between red rock lobsters from New Zealand and Australia, Booth 

et a/. (1990) were unable to find a significant difference between the frequencies of the 

lactate dehydrogenase alleles in lobsters sampled from a further seven localities from New 

Zealand and two from Australia. 

Electrophoretic surveys suggest that decapods in general possess low levels of nuclear 

genetic variation. Relatively low average heterozygosities were a feature of lobster, crab and 

shrimp species investigated by Hedgecock et al. (1976). Although their data were 

preliminary, they noted a trend toward decreasing genetic variation in larger, more mobile 

species. In a protein study of marine decapods representing four families from the Gulf of 

Carpentaria in northern Australia, Redfield et al. (1980) found the seven species analysed to 

have low average levels of heterozygosity compared to other invertebrates. 

1 .5 Background to Commercial Jasus Fisheries 

1 .5.1 Australian Fishery 

The southern rock lobster, J. novaeholland iae, commercial fishery is based primarily along 

the coasts of South Australia, Tasmania and Victoria. Small catches are also taken around 

Esperance in Western Australia and in southern New South Wales. During the period from 

1964-65 to 1989-90 the mean annual total catch of southern rock lobsters by the Australian 

fishery was about 4500 tonnes. Using a comparison between the mean annual State catches 

from 1 980-81 to 1984-85 the percentage of the total catch attributable to each State is as 

follows: South Australia, 49%; Tasmania, 39%; Victoria, 11 %; and Western Australia, <1% 

(Kailola et al., 1993). 

Legal minimum size restrictions for female southern rock lobsters are set at or above the size 

at first maturity. Although females appear to reach sexual maturity at between 3.5 and 4. 5 

years, the size at maturity varies. It is approximately 112-114 mm carapace length (CL, 

=distance between the antenna! platform and the posterior margin of the carapace along the 

dorsal midline) in western South Australia, and 75-80 mm in south-eastern South Australia 

(Lewis, 1981 ). About half of the females are mature at 1 1 5  mm CL at King Island, northern 

Tasmania, and at about 65 mm in southern Tasmania (Kailola et al., 1993). 
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Although each State implements different management controls, entry into the fishery in all 

States, except New South Wales, involves the purchase of an existing entitlement, and most 

States have restrictions on the number of pots which may be used per boat, or the size and 

design of pots and the type of escape gaps. This fishery appears to be fully exploited, as 

catches remain relatively stable while effective fishing effort continues to increase. Current 

management strategies are centred around the need to reduce and stabilize fishing effort and 

protect breeding stock (Kailola et al., 1993) . 

. Jasus verreauxi is targeted between Tweed Heads and Eden in New South Wales, where it is � 

commonly called the eastern rock lobster. Exploitation occurs in both inshore (fishing 

grounds i� depths up to 50 m) and offshore (depths between 51 and 220 m) fisheries which 

operate either seasonally or year-round (Montgomery, 1990). During the period from 

1964-65 to 1989-90 the total annual catch of both inshore and offshore fisheries averaged at 

about 130 tonnes (Kailola et al., 1993). 

The length at which 50% of females carry eggs is 167 mm CL. Since the legal minimum 

length is 104 mm, attained after 3-4 years of growth, a large proportion of females are 

captured before breeding (Montgomery, 1990). 

Eastern rock lobsters are believed to be heavily exploited. It is estimated that unreported 

landings are approximately 70% of the catch in the fishery (Montgomery, 1990). The annual 

catch per unit effort for New South Wales declined over the 19-year period to 1987-88, and 

individuals harvested in the inshore fishery are smaller than those from the offshore fishery 

(Kailola et al., 1993). 

1 .5.2 New Zealand Fishery 

The most abundant and commercially important Jasus species in New Zealand is J. 

edwardsii, commonly called the red rock lobster. Two red rock lobster stocks are 

recognized: the North and South Island (including Stewart Island) stock, and the Chatham 

Islands stock. The former stock contributes approximately 90% of total yearly landings 

(Annala, 1992). 
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Sexual maturity in females is reached at 60-120 mm CL, 3-12 years after settlement, 

depending on locality. For most of the country, size at onset of maturity is less than the 

minimum legal size, so most females can breed at least once before becoming available to the 

fishery. However, along the coast from Banks Peninsula to western Foveaux Strait and 

including Stewart Island, females generally reach legal size before becoming mature (Annala 

et a/., 1980). 

Approximately 3000 tonnes of red rock lobster were landed from both stocks during each of 

the 1990-91 and 1991-92 fishing years. These landings are low when compared to figures 

from the 1980s which range between 3 700 and 5500 tonnes. Furthermore, the effort required 

to take the catch has steadily increased and overall catch per unit effort has declined by almost 

50% since 1979. Although a decrease in recruitment appears to be partly responsible for the 

poor performance of the fishery, the introduction throughout most of the country in June 

1988 of a minimum legal size based on tail width is thought to have also contributed to a 

reduction in landings in recent years (Annala, 1992). 

Jasus verreauxi, which contributes less than 1% of total yearly landings to the rock lobster 

fishery, is treated as a single stock throughout its New Zealand distribution, where it is 

generally known as the packhorse rock lobster (Annala, 1992). 

The abundance of packhorse lobsters vary considerably around New Zealand. The majority 

of landings occur along the north and east coasts of North Island north of Cape Turnagain. 

They are rare along the east coast of South Island and in Foveaux Strait, but are occasionally 

taken along the entire west coast of the country and also through Cook Strait. The most 

important commercial fishery in the country is located within a 25 km radius of Cape Reinga 

in depths of 50-150 m (Booth, 1986). 

Since the 1960s there has been a reduction in the proportion of legal-sized and mature 

specimens taken from the east coast areas south of North Cape. However, a high proportion 

of large packhorse has been available throughout the development of the Cape Reinga fishery 

(Kensler and Skrzynski, 1970; Booth, 1979, 1984a). 

The smallest size at which at least 50% of female packhorse lobsters begin breeding is greater 
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than or equal to 160 mm CL (Booth, 1984a). Since the present minimum legal size is 

equivalent to about 155 mm CL (Annala, 1992), most females are not allowed to breed before 

becoming available to the fishery. 

It is believed that the packhorse lobster stock is not heavily exploited. The low landings 

reported in 1991 (21 tonnes) and for the 1991-92 fishing year (24 tonnes) reflect little fishery 

pressure directed at this resource (Annala, 1992). 

. 1 .6 Aims of the Study 

The planktonic, long-lived larval stage of forms belonging to the genus Jasus appear to be 

widely dispersed in ocean currents and may maintain genetic contact between distant 

populations. The technique of restriction enzyme analysis of mtDNA will be employed to 

identify genetic discontinuities in this genus. Primary objectives of the study are: 

1) to define the distributional limits of biological species by identifying genetic partitioning 

which is indicative of long-term reproductive isolation. The relationships of these species, as 

revealed by methods of phylogenetic reconstruction, will be used to evaluate the existing 

· morphologically-based taxonomy and evolutionary scenarios for Jasus. 

2) to assess the possibility of population subdivision in J. edwardsii and J. verreauxi 

collected from Australia and New Zealand. In particular, to correlate genetic discontinuities 

with features of the species' distributions so as to identify factors which may be responsible 

for creating and maintaining subdivision. 

The identification of the distributional limits of Jasus species and areas of genetic partitioning 

within populations is relevant to the formulation of effective harvesting strategies by 

managers of rock lobster fisheries, and is crucial to understanding patterns of gene flow, 

genetic divergence and modes of speciation in marine species with planktonic larvae. 
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Chapter 2 

Materials and Methods 

2.1 Sample Collection 

All Jasus specimens were collected between April 1989 and June 1990 in commercial lobster 

pots or by divers. For the evolutionary study, forty-nine specimens representing J. 

edwardsii, J. novaehollandiae, J. tristani, J. lalandii and J. verreauxi were collected from 

5 localities in the Southern Ocean (Fig. 2a). For the J. edwardsii population study, an 

additional 1 1 1  specimens were collected from 1 1  localities situated along the southern 

coastlines of Australia and the eastern coastlines of New Zealand (Fig. 2b). For the J. 

verreauxi population study, an additional 1 7  specimens were collected from 2 localities, one 

on the south-east coast of Australia and the other on the north coast of the North Island, New 

Zealand (Fig. 2b ). 

All analyses were performed on mtDNA extracted from 0.5-2.0 g of antennal glands which 

were removed from freshly killed animals and either processed immediately or stored in 

liquid nitrogen until required. 

2.2 Isolation of Mitochondria 

Mitochondrial DNA was extracted from antennal gland using a modified version of the 

method described by Chapman and Powers ( 1984). Tissue was homogenized in 5 volumes 

of TEK buffer (50 mM Tris, 1 0  mM EDTA, 1 .5% KCI, pH 7. 5) with two strokes of a 
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2 Materials and Methods 

glass{feflon homogenizer. The homogenate was transferred to a 15 or 50 ml centrifuge tube 

and underlayered with 5-10 ml of 15% sucrose-TEK solution using a Pasteur pipette. The 

homogenate was then centrifuged at 1000 X g for 10 min at 4°C. The supernatant, containing 

mitochondria, was drawn off the sucrose cushion and transferred to another centrifuge tube; 

the sucrose underlay and centrifugation steps were repeated. The supernatant was drawn off, 

transferred to a 15 or 50 ml centrifuge tube, diluted with 5-20 ml of TEK and centrifuged at 

18 000 X g for 30 min at 4°C to pellet the mitochondria. To purify the mitochondria further, 

the pellet was resuspended in fresh TEK and the high speed spin was repeated. After 

decanting the supernatant, the mitochondrial pellet was gently resuspended in 500 Jl]. of TEK , 

and transferred to a 1. 5 ml microcentrifuge tube. 

2.3 1solation of mtDNA 

The mitochondrial suspension was made to 1% non-idet by adding the appropriate volume of 

a 10% non-idet-TEK solution. To ensure complete lysis of mitochondria, the suspension was 

mixed with a Pasteur pipette and then allowed to stand for 10 min. Centrifugation at 

12 000 X g for 10 min pelleted out mitochondrial membranes and any intact nuclei which 

were retained in the supernatant during the first two low speed spins. Supernatant containing 

mtDNA was drawn off and extracted twice with phenol and then once with 24: 1  

chloroform:isoamyl. Mitochondrial DNA was precipitated by the addition of two volumes of 

ethanol and overnight storage at -20°C. Pelleted mtDNA was gently washed in 1 ml of 70% 

ethanol, vacuum dried and resuspended in 100 J..tl water for each gram of starting tissue. 

2A Enzymatic Digestion and identification of mtDNA Fragments 

Three microlitres of mtDNA solution were added to a 20 J..tl reaction mixture containing 

digestion buffer (as recommended by vendor) and 5-20 units of restriction enzyme. Due to an 

unidentified property of the Jasus mtDNA extract, enzymatic cleavage was absent or 

attenuated unless bovine serum albumin (BSA) or spermidine, or both, were present at final 

concentrations of 100-200 mg.mr1 and 1 mM respectively (Brasher, 1992). Complete 

digestion of the mtDNA with the six 5.33 and 6.0 class restriction enzymes used (Ava I 

[recognition sequence: CPyCGPuG], H ind III [AAGCIT] , Bst YI [PuGATCPy],  Aft IT 

[CITAAG], Ban I [GGPyPuCC] and Eco RV [GATATC] ) required 1.5-3 .0 h incubation 

(Brasher, 1992). The mtDNA restriction fragments were end-labelled with either a:-32P-
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dCTP, a-35S-dCTP or a-35S-dATP using the polymerase and exonuclease activity of the 

Klenow fragment DNA polymerase I (Biotechnology Research Enterprises, South Australia) 

as described by Ovenden et al. (1989). The labelled fragments were separated by 

electrophoresis through 1.4- 1 .8% agarose gels. Gels were heat dried prior to fragment 

visualization by autoradiography. The molecular weight standard used to estimate fragment 

sizes was lambda-phage DNA (New England Biolabs, California) digested with Hind ill. 
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Figure 2a Origin of Jasus samples investigated. Exact locations of collection sites and 
sample sizes are in parentheses: A - J. novaehollandiae, Temma Harbour (41 ° 1 4'S 
144°35'E, n=l l ). B - J. edwardsii, Gisborne (38°37'S 178°00'E, n=lO). C - J. verreau.ti, 
Matakaoa Point (37°33'S 178°26'E, n=9). D - J. lalandii, Hout Bay (34°07'S l 8° 19'E, 
n= 1 1  ). E - J. tristani, Vema Seamont (3 1 °38'S 8° 19'E. n=8). 

25 



Western 
Australia South 

Australia 
New South 

Wales 

AUSTRALIA 

C 111 F D E a,  ,• 
G"\'-1. J 

H 
�

�
Tasmania 

eO 
NEW �eP 

ZEALAND "'\V' L 

d. 
a 

Figure 2b Origin of J. edwardsii ( •) and J. verreauxi ( • )  samples investigated. Exact 
locations of collection sites and sample sizes are in parentheses: A - Esperance (34 6oo·s 
122 °QO'E, n=15). B - Port Lincoln (34°46'S 135°52 'E, n=10). C - Bucks Bay (3 8°53'S 
140°23 'E,  n=8). D - Port Fairy (3 8 °23 'S 142° 1 8 'E, n=1 0). E - King Island (39°52'S 

. 143°49'E, n=1 0). F - Flinders Island (40°00'S 148 ° 1 6'E, n=1 0). G - Temma Harbour 
(sample used in evolutionary study, see Figure 2a). H - Flying Cloud Point (43°3 l 'S 
145 °55 'E ,  n=16). I - S ullivans Point (43°33'S 146°55 'E, n=13). J - Bicheno (4 1 °57'S 
148°19'E, n=6). K - B atemans B ay (35°45 'S 150°20'E, n=4). L - Gisbourne (3 8°37'S 
178°00'E, n=10). M - Moeraki (45°3 l'S 170°54'E, n=9). N - Era Beach (34°1 l 'S 15 1 °04'E, 
n=8). 0 - North Cape (34°26'S 173°07'E, n=8). P - Matakaoa Point (sample used in 
evolutionary study, see Figure 2a). 

2.5 Restriction Site Mapping of mtDNA 

The construction of a cleavage map for a single Jasus mitochondrial genome was approached 

in two ways. Firstly, restriction site poymorphism was used to establish a map for each of 

the six restriction enzymes described in Section 2.4. Differing gel fragment patterns between 

individuals show which fragments are joined when particular restriction sites are lost. When 

the degree of observable polymorphism is high, the relative positions of a large number of 

restriction sites around the genome are revealed in this way. 

Secondly, the double digest technique was employed to map restriction sites that could not be 

fixed using the rationale above, and generate a cleavage map which shows the relative 

positions of restriction sites obtained from all six enzymes. This technique involves digesting 

a single sample of mtDNA with two restriction enzymes. When the NaCl requirewent of the 

two enzymes was the same, both were added simultaneously to the reaction buffer �ontaining 

mtDNA and incubated for 1 .5-3.0 h. If this requirement differed, digestion firs: occurred 

with the 'low-saline ' enzyme and then, after increasing the NaCl concentration ac:;:ordingly, 

the 'high-saline ' enzyme was introduced into the reaction. Each digestion was allowed ro 
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proceed for approximately 1.5 h. Resulting mtDNA fragments were end-labelled, 

electrophoresed, autoradiographed, and their sizes estimated as described in Section 2.4. A 

computer package was employed to assist with the positioning of restriction sites (Ovenden 

et al., 1991). 

2.6 Data Analysis 

2.6.1 Interpretation of mtDNA Fragments 

Restriction site rather than fragment homology data were used to assess intra- and 

interspecific variation, since the latter method is unreliable if there is length variation, or if the 

overall sequence diversity exceeds 10-15% (Upholt, 1977; Kessler and A vise, 1985). The� 

relative gain or loss of restriction sites between samples was determined by the additive loss 

or gain of appropriately 1sized fragments. For each individual, every unique restriction 

pattern, or morph, was denoted a character from a set used to identify the following species: 

A to G for J. novaehollandiae and J. edwardsii, Z to V for J. lalandii, 1 to 4 for J. tristani, 

and 9 to 7 for J. verreau.xi. The first character of each set represents the most frequent 

morph. However, no attempt was made to assign consecutive characters to the most similar 

morphs. Jasus novaehollandiae and J. edwardsii morph designations were assigned to J. 

tristani and J. lalandii in the case of shared restriction profiles. Mitochondrial genomes were 

described by a six character summary representing the haplotype of each individual. Site 

presence or absence was binary coded for computer analysis for each genome analysed. 

2.6.2 Analysis of Nucleotide Sequence Diversity 

Restriction site data were converted to estimates of nucleotide sequence diversity (d) between 

pairs of genomes using the maximum likelihood method of Nei and Tajima (1983). 

Prior to calculating the a value, the value 1t (the probability that sequences X and Y will have 

different nucleotides at a given position on the genome) is calculated from the average number 

of sites present in X and Y {iri = (mx+my)/2 } ,  the number of sites shared by X and Y (mxy) 

and the 'r' value of the enzyme (4, 5.33 or 6). The a value is given by -l.n(l-�) (equation 25 
1\ 1\ 

in Nei and Tajima, 1983). The standard deviation of a (Va) is given by va = 
I\ 

(2-S)(1-S)/(2r2m.S) (equation 11 in Nei and Tajima, 1883) where S = [mxylm]. 

The magnitude of a between populations was estimated using equation 16 of Nei and Jin 
A .1\ 1\ /\ 

(1989), (da = dxy-(dx+dy)/2 where nx and ny are alleles or haplotypes sampled from 
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populations X and Y). The group variance was calculated using equation 3 of Nei and Jin 
� A A 

( 1989), V�rc) = 1/[n(n-1 )]2 [�;ej V(dij)+�;ej Lk;�:l Cov. (dij> dld)] where n is the number of 
DNA sequences sampled and dij is the estimate of the number of nucleotide substitutions 
between sequences i and j, �;t.:j refers to the summation of all pairwise comparisons, 1? is 
given by �;t.:j �j/[n(n-1 )] (equation 2 in Nei and Jin, 1989). Calculation of group variance 
makes it possible to test whether population A is significantly different to population B,  and 
whether the average d of population A is significantly different from that of population B, 

using the null hypotheses that d = 0 and dA :::: dB, respectively. 

2.6.3 Gene Diversity Analysis 

Interpopulational genetic subdivision was assessed using GsT analysis. The G statistic 
(GsT) is equal to the amount of variation in the whole data set that is due to the division of 
the population into a series of interbreeding populations. Equations 17 and 19 of Tak:ahata 
and Palumbi ( 1985) were used to calculate the intrademe (I) and interdeme (J) identity 
probability using restriction site data from each population: I =  1/l.n(n-l)�=lCi (Ci-1) and 
J = 1/l.n.n'Ii=lCi.Ci' ,  where n and n' are the number of niitochondrial genomes sampled 
from each deme, 1 is the number of restriction sites identified within the n genomes from each 
deme, Ci and Ci' are the numbers of genomes cut at restriction site i. The significance of the 
GsT analysis was evaluated by bootstrapping (Ovenden and White, 1990; Palumbi and 
Wilson, 1990). The bootstrap method resamples an original data set by randomly choosing 
data points and, with replacement, creates a series of bootstrap samples which are the same 
size as the original data set 

An estimate of population subdivision also based on nucleotide divergence, NsT (Lynch and 
Crease, 1990), was used as a comparison to G ST analysis. N ST gives the ratio of the 
average genetic distance between genes from different populations relative to that among 
genes in the population at large. NsT = �t/(�w+�b) where �w is the pooled estimate of the 
within-population differentiation and �b is the pooled estimate of the between-population 
differentiation. Extreme N ST estimates of 0 and 1 indicate zero and complete population 
subdivision, respectively. 

The G 'ST jackknife method, which uses haplotype frequencies rather than nucleotide 
divergence, was also employed to assess population subdivision. S ubpopulation 
heterozygosity <Ho) was calculated by 1-Ixi2 where xi is the frequency of the ith haplotype. 
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If the total number of haplotypes sampled per population (n) was less than 50, Ho was 

corrected for small .sample size by 2n.HJ2n-1.  The mean of Ho across subpopulations was 

used to calculate G 'sT· Overall heterozygosity CHt) was 1-Lyi2 where Yi is the mean 

frequency of ith haplotype across all subpopulations (Rand and Harrison, 1989). The 

significance of the G' ST obtained was evaluated against a series of Jackknifed G' ST values 

obtained by omitting one subpopulation in tum (Ovenden and White, 1990). 

2.6A Genotypic Diversity Analysis 

Genetic polymorphism within species was expressed in terms of the number of unique 

haplotypes identified by site differences using the nucleon diversity (h) equation of Nei and-
" 

Tajima (198 1): h = n(l-Lxi2)/(n-1), where Xi is the frequency of the ith mtDNA haplotype in 

a· sample of size n. 

2.65 Phylogenetic Reconstruction 

2.6.5.1 Discrete-character Methods 

The presence and absence of restriction sites were used as binary characters in a maximum 

parsimony analysis (The program MIX in J. Felsenstein's PHYLIP package, version 3.2, 

Department of Genetics, University of Washington, Seattle) . Maximum parsimony methods 

search for minimum-length trees - trees that minimize the amount of evolutionary change 

needed to explain the available data under a prespecified set of constraints upon permissible 

character changes. Wagner parsimony (Kluge and Farris, 1969; Farris, 1970), which permits 

free reversibility (i.e. change of character states in either direction is assumed to be equally 

probable, and character states may transform from one state to another and back again), was 

the specific method employed. As suggested by Felsenstein, the MIX program was run ten 

times with global optimization and a different input order of operational taxonomic units each 

time. 

The PHYLIP majority-rule consensus tree and compatibility programs, CONSENSE and 

CLIQUE respectively, were used to test the strength of the phylogenetic hypothesis obtained 

with MIX. Characters regulating the topologies of alternative trees were identified v.ith 

MacCLADE (version 2. 1 ,  written by Wayne Maddison and David Maddison, Harvard 

University). 
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2 Materials and Methods 

2.6.5.2 Distance Matrix Methods 

The phylogeny for an alphabetic compilation of mtDNA haplotypes was estimated using the 
unweighted pair-group method with arithmetic mean (UPGMA) (Sneath and Sokal, 1973) 
which considers the relationships among genetic distance values that have been computed for 
all pairs of operational taxonomic units (OTUs). The validity of the topology of the UPGMA 
tree was assessed by the relative magnitude of standard errors on appropriate branch points 
(Nei et al., 1985). The underlying assumption of the UPGMA when applied to molecular 
data is that the expected rate of nucleotide substitution is constant. The UPGMA was chosen 
over similar methods since computer simulations have shown that it is often superior in 

· recovering the true species tree (e.g. Nei et al, 1983). 

If the rate of nucleotide substitution varies extensively between lineages, clustering of OTU s 
by the UPGMA is likely to give an incorrect topology. Therefore, to construct a mtDNA 
phylogeny without the assumption of constant rates of evolution between lineages,  the 
method of Fitch and Margoliash ( 1967) was employed (The program FITCH in J. 

Felsenstein's PHYLIP package, version 3.2). The objective of this method is to fmd that tree 
which minimizes the sum of squares and, consequently, the value for average percent 
standard deviation (APSD). APSD = [2Lij { (dij-eij)/dij }2fn(n-1)] 112 X 100 for i<j, where n 
is the number of OTU s used, and dij and eij are the observed distance and patristic distances 
between OTU s i and j, respectively. 
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Chapter 6 

Conclusions and 
General Discussion 

6.1 Taxonomy of Jasus 

In the past, studies of evolution and population dynamics in J as us have been hampered by 

confusion over the taxonomic status of forms belonging to the genus. This confusion is 

largely due to the morphological similarity of forms, particularly those belonging to the 

'lalandii' group, and a mysterious larval stage which appears to have the potential to 

maintain reproductive contact between highly disjunct populations. An understanding of the 

evolutionary processes operating within 1 as us requires that biological species be fmnly 

established. Similarly, the geographic limits of a species must be known before population 

substructure can be accurately assessed. 

Restriction enzyme analysis of mtDNA was proven to be a powerful technique for defining 

species boundaries within Jasus. The high degree of restriction site difference between J. 

lalandii, J. tristani and J. edwardsii confrrms their specific status, and the even greater 

sequence dissimilarity between these species and J. verreauxi provides strong support for 

the recognition of two groups, 'lalandii' and 'verreauxi' , within Jasus. The absence of 

significant genetic differentiation between J. novaehollandiae and J. edwardsii supports 

recent proposals for these forms to be treated as populations of a single species, J. 
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edwardsii. 

The J as us species not included in this study were J. frontalis and J. paulensis. On the basis 

of morphological characters, George and Kensler ( 1970) fully supported the inclusion of 

these species in the 'frontalis' subgroup, although they found that J. paulensis was as 

similar to J. tristani as J. novaehollandiae was to J. edwardsii. Restriction enzyme analysis 

of mtDNA would be ideal system with which to assess the taxonomic status of J. frontalis 

and test a hypothesis of synonymy for J. paulensis and J. tristani. 

A potential limitation of mtDNA for defining species is its strictly maternal inheritance. In 

developing appropriate population genetic theory for mitochondrial genes, Birky et1 al. 

( 1983) noted that, since only migrating females may distribute organelle genes between 

populations while nuclear genes are carried by both sexes, under differential rates of 

migration a population may be subdivided for mitochondrial genes and yet appear panmictic 

for nuclear genes. Although differential movements of adult male and female rock lobster are 

known to occur (Herrnkind, 1980), it would appear to be the phyllosoma larval stage that is 

mainly responsible for maintaining genetic contact between populations. S ince random 

dispersal of larvae would ensure an overall similarity of dispersal for males and females, 

mtDNA should be a reliable indicator of reproductive isolation between rock lobster 

populations. 

6.2 Population Structure of J. edwardsii and J. verreauxi 

A comprehensive population genetic study of J. edwardsii, involving 132 individuals 

collected from 13 widespread locales, failed to reveal population subdivision. This apparent 

genetic homogeneity does not necessarily indicate contemporary genetic contact across the 

sampling range. It is possible that population subdivision exists in J. edwardsii but 

subpopulations may have been separated for too short an evolutionary time for accumulation 

of significant genetic differences. Alternatively, a pattern of genetic differentiation exists that 

is below the resolution of the technique employed. A rigorous analysis of a high degree of 

intraspecific sequence polymorphism makes the latter possibility unlikely. 

Ovenden ( 1990), in a review of the application of mtDNA to marine stock assessment, 

established a relationship which gives the minimum number of restriction enzymes that 
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should be used to adequately survey haplotype frequencies in species with varying amounts 

of mtDNA sequence diversity. Given that the mean intraspecific diversity for J. edwardsii 

was 0.78±0. 1 9% (Section 4.2.3), this relationship recommends that at least six 6-base 

enzymes be used to test for population subdivision. Since three 6-base and three 5.33-base 

enzymes (the latter being more sensitive than the former in surveying sequence variation) 

were used in this study, the resolution of analysis should have been adequate to detect 

existing genetic discontinuities across the range of J. edwardsii. 

In mtDNA studies of marine species, it is generally the case that species which possess , 

planktonic or pelagic larvae fail to exhibit significant population subdivision, e.g. skipjack 

tuna (Katsuwonus pelamis) (Graves et al., 
1
1984), American eel (Anguilla rostrata) (A vise 

et al., 1986), sea urchin (Stronglylocentrotus purpuratus) (Palumbi and Wilson, 1990), 

spiny lobtser (Panulirus argus) (Silberman et al., in press). These studies support the 

intuitive notion that planktonic larval stages decrease population differentiation by increasing 

gene flow. 

When considered with the factors above, i.e. the high resolution of analysis and increased 

dispersal conferred by a planktonic larval stage, the results from the population genetics study 

would seem to indicate an absence of population subdivision in J. edwardsii. 

The population genetics study of J. verreauxi was less comprehensive than that of J. 

edwardsii. Only 25 individuals from three locales were analysed with the suite of six 

restriction enzymes. Nevertheless, two restriction sites could be used to distinguish 

Australian and New Zealand individuals. These preliminary results suggest little contact 

between J. verreauxi from these countries. The factors responsible for this possible 

population differentiation and the implications of this finding to understanding speciation in 

Jasus are discussed in Section 6.4. 

6.3 Application of Results to Fishery Management 

The establishment of species boundaries using mtDNA analysis is relevant to the management 

of Jasus fisheries for the main reason that the geographical sources of potential recruitment 

are also defined. Confusion over the reproductive status of closely related forms has led to 
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speculation of larval exchange between widely disjunct populations. For example, given the 

westward movement of prevailing currents in the Southern Ocean, J as us from southern 

Africa may be contributing larvae to Australian populations. The long-term reproductive 

isolation of J. edwardsii, J. lalandii and J. tristani, as demonstrated herein, eliminates this 

possibility. 

The same confusion has resulted in the creation of false species which, in tum, creates a false 

image of the biology of a resource. The recognition of J. novaehollandiae and J. edwardsii 

as biological species by Australian and New Zealand fisheries has led to independenL 

management of rock lobster in these countries. The use of mtDNA to confirm the proposed 

conspecific status of these forms provides a more accurate pidure of the distribution of the 

resource, thus facilitating the development of more effective management strategies which 

may involve cooperation between Australian and New Zealand fisheries. 

A lack of detectable population subdivision in J. edwardsii .suggests that larvae may move 

along the southern coasts of Australia and across the Tasman Sea, and, consequently, that 

overfishing in an area of the species' distribution would not result in permanent localized 

extinction. Therefore, from a genetic perspective, Australian and New Zealand J. edwardsii 

may be considered as a single stock. However, Morgan ( 1980) suggests that, if the long

lived pelagic larval stage in the Palinuridae is shown to ensure genetic interchange over wide 

areas, then it may be more advantageous to separate lobster stocks on the basis of population 

parameters rather than the identification of genetically separated subunits. J. edwardsii 

exhibits regional differences in some population parameters which may be useful for stock 

discrimination. For example, in Australian J. edwardsii mating and egg hatching tend to 

occur earlier in southern waters, there is a general trend for the growth rate and resulting size 

of rock lobsters to decrease from northern Tasmania to southern Tasmanian waters and from 

the south-east of South Australia towards western Australia, and the size at which females 

reach sexual maturity also varies along the species' distribution (Kailola, 1993). 

Mitochondrial DNA analysis of J. verreauxi populations from Australia and New Zealand 

suggests genetic differentiation of animals from the two countries. Combined with 

observations of strong contranatant migration in New Zealand J. verreauxi, which appears to 
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ensure larval recruitment from local hatching, these data support the recognition of separate 

Australian and New Zealand stocks. 

6A Speciation in Jasus 
Restriction enzyme analysis of Jasus mtDNA in this study has revealed specific status of 

forms separated by a relatively small geographical distance and whose larvae appear to be 

sympatric (J. lalandii and J. tristani) , and has also provided preliminary evidence for 

population subdivision within a species (J. verreauxi). A major challenge to understanding 

evolutionary dynamics within this genus is identifying the factors responsible for promoting 

genetic differentiation and speciation given a long-lived, planktonic larvae capable of wide 

dispersal. 

Burton ( 1983) suggests that gene flow in species which appear to have a high dispersal 

capacity may often actually be very restricted because dispersal is reduced due to abiotic or 

biotic barriers, or because selection may act to prevent new immigrants to a population from 

reproducing at the new site. Abiotic barriers are difficult to envisage in the seemingly 

homogeneous ocean environment, and their apparent absence would explain the lack of 

detectable genetic differentiation found in J. edwardsii. A similar result was found in a 

mtDNA study of 259 rock lobsters, Panulirus argus, from nine locations throughout the 

tropical and subtropical northwest Atlantic Ocean (Silberman et al., in press). The authors 

found no evidence of genetic structure within and among populations and concluded that a 

primary factor contributing to this result may be the extended larval stage in strong oceanic 

currents. 

Although oceanic currents appear to be responsible for facilitating gene flow in the above 

species, there is accumulating evidence that hydrological features may promote genetic 

differentiation in some marine species with planktonic larvae. For example, Bucklin ( 1989) 

found that the genetics of a planktonic calanoid copepod, Metridia pacifica, differed 

significantly between coastal and offshore water flows off the northern California coast. 

Prevailing currents also appear to have genetically separated barnacle larvae, Semibalanus 

balanoides, spawned on the open coast versus an adjoining bay (Gaines and Bertness, 

1992). 
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The importance of current systems in regulating larval dispersal may be reflected in the 

reproductive dynamics of Jasus. Pollock and Goosen (199 1 )  suggest that relatively higher 

rates of larval mortality may be responsible for the greater egg production during the lifetime 

of J. lalandii when compared to J. tristani. They also suggest that this higher mortality is, in 

part, due to larval wastage owing to the presence of a "short circuit" of the South Atlantic 

Current, which diverts surface waters north-eastwards along the Walvis Ridge and prevents 

J. lalandii larvae therein from reaching the west coast of Africa (Fig. 3c ). Pollock ( 1 990) 

proposes that the occurrence of a more shallow Walvis Ridge in the past may have created 

separate circulation cells which facilitated speciation of J. lalandii and J. tristani. Similarly, � 

genetic differentiation between Australian and New Zealand J. verreauxi may reflect incipient 

allopatric speciation driven by a hydrological barrier to larval exchange across the Tasman 

Sea. 

When a population becomes subdivided, genetic differentiation occurs over time due to 

genetic drift or because each subpopulation is subjected to a different array of selective 

forces. If this separation has been long enough to allow allele frequencies to change, then 

local adaptation is to be expected as well (Chakraborty and Leimar, 1987). The long-distance 

migrations of New Zealand J. verreauxi which appear to be absent in Australian animals 

(Kailola et al., 1993) may be a result of genetic differentiation and is reflected by mtDNA 

analysis. 

A major biotic factor which appears to affect larval dispersal and recruitment in Jasus is 

behaviour. The occurrence of concentrations of mid- and late-stage Jasus phyllosomas in the 

general vicinity of adult habitats (Booth and Grimes, 1 991 )  led the authors to speculate that 

perhaps behavioural strategies were being employed by larvae to avoid being carried too far 

from shore. The possible importance of larval vertical migratory behaviour and contranatant 

migration of juveniles and adults in reducing larval dispersal have already been discussed 

(Section 5.3.2) . Alternatively, larvae may be widely dispersed in ocean currents but the 

ability of larvae to recognize and settle at home environments when returned via recirculation 

routes (Pollock, 1990) reduces larval recruitment to distant areas. 

Gene flow by larval dispersal may also be restricted by selection against individuals derived 
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from a foreign source. This has been demonstrated in the mussel, Mytilus edulis, from Long 

Island Sound, USA, where a cline in allele frequency is maintained among populations in the 
face of strong gene flow (Hilbish, 1985). Because larvae which settle close the adult habitat 

will have a greater chance of survival than those that settle elsewhere, given sufficient time 
this type of selection would result in the formation of behavioural strategies which maximize 

larval recruitment to local areas, such as those proposed above for Jasus. These strategies 

would reduce or eliminate gene flow between populations, creating population subdivision 

and driving speciation. 

The importance of selection in driving speciation in Jasus would depend on the degree of 
difference between selective forces operating at each habitat. The insular and continental 
benthic habitats of Jasus are bound to exhibit significant differences in many chemical, 
physical and biological parameters. It is therefore possible that speciation of the 
geographically close J.lalandii and J. tristani has been largely sympatric, resulting from 

genotype-dependent mortality of foreign larvae. At the other extreme, the apparent absence of 

population subdivision in J. edwardsii, despite a vast longitudinal range extending over a 
number of major oceanic currents or water masses, may reflect similar selective regimes 
across the similar coastal habitats of Australia and New Zealand. 
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Appendix 3a Restriction sites generated using the six enzymes listed in Section 2.4. 
A=Ava I, H=Hind Ill, Y=Bst YI, F=Afl II, B=Ban I, E=Eco RI. Numbers represent 
frequency of restriction sites in each sample. 

Enzyme 
site J. novaehollandiae J. edwardsii J. lalandii J.tristani J. verreauxi 

Al 0.9 1 1 0 0 
A2 1 1 0 0 0 
A3 1 1 0 0 0 
A4 1 1 1 1 0 
A5 1 1 1 1 1 
A6 0 0 0.9 0 0 
A7 0 0 0.2 0 0 
A8 0 0 0. 1 0 0 
A9 0 0 0. 1 0 0 
AlO 0 0 0 1 0 
All  0 0 0 0 1 
Al2 0 0 0 0 0.1 
Hl 1 1 1 1 1 
H2 1 1 0 0 0 
H3 1 1 1 1 0 
H4 0.6 0.7 1 0 0 
H5 1 1 0 1 1 
H6 1 1 1 1 0 
H7 1 1 1 1 1 
H8 1 1 1 1 1 
H9 1 1 1 1 1 
HlO 0 0 1 0 0 
Hll  0 0 1 0 0 
H12 0 0 1 0 0 
H13 0 0 0 1 0 
H14 0 0 0 0.9 0 
H15 0 0 0 0 1 
H16 0 0 0 0 1 
H17 0 0 0 0 1 
H18 0 0 0 0 0.3 
Yl 1 0.9 0 0 0 
Y2 0.8 0.7 1 1 1 
Y3 1 1 1 1 1 
Y4 1 1 1 0 0 
Y5 1 1 1 0 0 
Y6 1 1 0 0 0 
Y7 1 . 1 0 0 0 
Y8 0.3 0 0 0 0 
Y9 0.1 0 0 0 0 
YlO 0. 1 0 0 0 0 
Yl l  0 0 1 0 0 
Y12 0 0 0.9 1 0 
Yl3 0 0 0.9 1 0 
Yl4 0 0 0 . 1  0 0 
Yl5 0 0 0 . 1  0 0 
Y16 0 0 0 1 0 
Y17 0 0 0 1 0 
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Appendix 3a (continued) 

Enzyme 
site J. novaehollandiae J. edwardsii J. lalandii J.tristani J. verreauxi 

Y18 0 0 0 0.4 0 
Yl9 0 0 0 0.5 0 
Y20 0 0 0 0 1 
Y21 0 0 0 0 1 
Y22 0 0 0 0 1 
Y23 0 0 0 0 1 
Y24 0 0 0 0 1 
Y25 0 0 0 0 1 
Y26 0 0 0 0 1 
Y27 0 0 0 0 1 
Y28 0 0 0 0 1 
Y29 0 0 0 0 1 
Fl  0.8 1 1 1 0 
F2 1 1 1 1 1 
F3 1 1 1 1 1 
F4 1 1 1 1 1 
F5 0.9 1 1 1 0.9 
F6 0.8 1 0 1 0 
F7 0.2 0 0 0 0 
F8 0 0 0 . 1  0 0 
F9 0 0 0 0.6 0 
FlO 0 0 0 0 0.9 
Fl l 0 0 0 0 1 
F12 0 0 0 0 1 
Bl 1 1 0.7 0 1 
B2 1 1 1 0.9 0 
B3 1 1 1 1 1 
B4 1 1 1 1 0 
B5 1 1 1 1 0 
B6 0 0.2 0 0 0 
B7 0. 1 0.2 0 0 0 
B8 0 0 0.3 0 0 
B9 0 0 1 1 0 
BlO 0 0 0.9 0 0 
Bll  0 0 0. 1 0 0 
B12 0 0 0. 1 0 0 
B13 0 0 0. 1 0 0 
Bl4 0 0 0. 1 0 0 
B15 0 0 0 1 0 
B l6 0 0 0 1 0 
B17 0 0 0 0.8 0 
B18 0 0 0 0.9 0 
B19 0 0 0 1 0 
B20 0 0 0 0 1 
B21 0 0 0 0 1 
B22 0 0 0 0 1 
B23 0 0 0 0 1 
B24 0 0 0 0 0.1 
El 1 1 0.9 1 1 
E2 1 1 0.9 0 0 
E3 1 1 1 1 0 
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Appendix 3a (continued) 

Enzyme 
site J. novaehollandiae J. edwardsii J. lalandii J.tristani J. verreauxi 

E4 1 1 1 1 0 
ES 0.9 1 1 1 1 
E6 1 1 0.9 1 0 
E7 0.1 0 0 0 0 
E8 0.1 0 0 0 0 
E9 0 0 0. 1 0 0 
ElO 0 0 0 1 0 
E l l  0 0 0 1 0 
E12 0 0 0 0.1 0 
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Appendix 4a Jasus edwardsii restriction site presence ( 1 )  and absence (0) information for 
Ava I, Hind III, Bst YI, Aft II, Ban I and Eco RV and morphs identified among 1 32 
individuals. 

Morph Site No.: 

1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15  16 

Ava I 
A 1 1 1 1 1 0 0 
B 1 1 0 1 1 0 0 
c 0 1 1 1 1 0 0 
D 1 0 1 ' 1  1 0 0 
E 1 1 1 1 1 1 0 
F 1 1 1 1 1 0 1 

Hind III 
A 1 1 1 1 1 1 1 1 1 0 0 0 
B 1 1 1 0 1 1 1 1 1 0 0 0 
c 1 1 1 0 1 1 1 1 1 1 0 0 
D 1 1 1 0 1 0 1 1 1 0 0 0 
E 1 1 0 1 1 1 1 1 1 0 0 0 
F 1 1 0 0 1 1 1 1 1 0 0 0 
G 0 1 1 1 1 1 1 1 1 0 0 0 
H 0 1 1 0 1 1 1 1 1 0 0 0 
I 1 1 1 1 1 1 1 1 1 0 1 0 
J 1 1 1 1 1 1 1 0 1 0 0 0 
K 1 1 1 1 1 1 1 1 1 0 0 0 
L 1 0 1 0 1 1 1 1 1 0 0 0 
M 1 0 1 1 1 1 1 1 1 1 0 0 
N 1 1 1 0 1 1 1 1 1 0 0 1 

Bst YI 
A 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
B 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
c 1 0 1 1 1 1 1 0 0 1 0 0 0 0 0 0 
D 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
E 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 
F 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 
G 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
H 1 1 1 1 1 1 1 0 0 0 1 0 0 0 0 0 
I 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 
J 1 1 1 1 1 1 1 0 0 0 0 1 0 0 0 0 
K 1 1 1 1 1 1 1 0 0 0 0 0 1 0 0 0 
L 1 0 1 1 1 1 1 0 0 0 0 0 0 1 0 0 
M 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 0 
N 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 

Aft II 
A 1 1 1 1 1 1 0 0 0 0 0 
B 1 1 1 1 1 0 0 0 0 0 0 
c 0 1 1 1 1 1 0 0 0 0 0 
D 0 1 1 1 1 1 1 0 0 0 0 
E 1 1 1 1 1 1 0 1 0 0 0 
F 1 1 1 1 0 1 1 0 0 0 0 
G 1 1 1 1 0 1 0 0 0 0 0 
H 1 1 1 1 1 0 0 0 1 0 0 
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Appendix 4a (continued) 

Morph Site No.: 

1 2 3 4 5 6 7 8 9 10  1 1  12 13  14 15 16 

I 1 1 1 1 1 1 0 0 0 1 0 
J 1 1 1 1 1 1 0 0 0 0 1 

Ban i 
A 1 1 1 1 1 0 0 0 0 0 0 0 
B 1 1 1 1 1 1 0 0 0 0 0 0 
c 1 1 1 1 1 0 1 1 1 1 0 0 
D 1 1 1 1 1 0 0 0 0 0 1 0 
E 1 1 1 1 1 0 1 1 0 0 0 0 
F 1 1 1 1 1 0 0 1 0 0 0 0 
G 1 1 1 1 1 0 1 1 0 0 0 0 
H 1 1 1 1 1 0 0 0 0 1 0 0 
I 1 1 1 1 1 0 0 0 0 0 0 1 
J 1 1 1 0 1 0 0 0 0 0 0 0 � I -
K 1 1 1 1 0 0 0 0 0 1 0 0 

Eco RV 
A 1 1 1 1 1 1 0 0 0 
B 1 1 1 1 0 1 0 0 0 
c 1 1 1 1 1 1 1 0 0 
D 1 1 1 1 1 1 0 1 0 
E 1 1 1 1 1 1 0 0 1 
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