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1997/118 Stock structure of Australian populations of
orange roughy analysed using microsatellites.

PRINCIPAL INVESTIGATOR: Professor Ross H Crozier
ADDRESS: School of Tropical Biology

James Cook University
Townsville, QLD 4811
Telephone:  07 4781 5734
Fax: 07 4725 1570
Email: ross.crozier@jcu.edu.au

OBJECTIVES
1. To develop DNA microsatellite genetic markers for orange roughy.
2. To use these markers to delineate stocks of orange roughy from Australian
waters.
3. To use these markers to compare Australian samples with New Zealand samples.
4. To use these markers to compare North Atlantic samples with Australasian
samples.
5. To use these markers to compare Namibian samples with Australasian and North
Atlantic samples.

Non-technical summary:

OUTCOMES ACHIEVED
All the objectives were achieved.  The finding of a weak association of population
genetic structure with geographic separation falls between previous genetic studies
showing no such relationship and morphological conclusions that there is a strong
relationship.  The discussion and analyses of this report, made in the light of
advances in population genetic theory, reconciled these differences.  The results
have implications for management in that, although it would be premature to make
a strong recommendation, they impel caution in regarding orange roughy fisheries
as independent units.  These findings will be of particular interest to managers of
the Tasman Sea Fishery and the South East Fishery.

The potential of microsatellite DNA markers as a tool in revealing stock structure is
investigated in this study of the commercially important orange roughy
Hoplostethus atlanticus. Assessment of stock structure is a requirement for
effective management policy.  However, because the orange roughy is a deepwater
species, direct methods of determining stock structure, through tagging of adult or
juvenile fish, have not been attempted. It is a well-studied organism, of commercial
importance to many countries.  The Australasian fishery is considered well
managed because of the extent of this research and the use of management quota
limits, but the life history characteristics of orange roughy makes it extremely
vulnerable to over fishing. This vulnerability is seen in the rapid decline in catch
figures for all countries involved since their orange roughy fisheries began.

Previous genetic and non-genetic studies have not been able to clearly distinguish
structure within the global distribution of this species. It was hoped that because
microsatellites have revealed population structure in many species not apparent
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from earlier allozyme or mtDNA analysis, that they may help clarify stock
composition within the orange roughy fisheries.

In this study we looked at relatively large samples of orange roughy from six
different locations across their global distribution.  Each sample comprised 100
fish.  One sample came from the North Atlantic, one came from Namibia, seven
came  from southern Australia [three from eastern Tasmania and one each from
southern Australia (western zone), southern Tasmania, western Tasmania, and Lord
Howe Island] and two came from two locations off the west coast of New Zealand.
Six microsatellite markers were used, out of 13 developed in the course of this
work; analyses of these data generally support those from previous genetic studies.

Of the 13 samples investigated, the pattern of significant differences between
paired populations failed to discern any discrete groupings.  Each population (with
one possible exception) is linked to every other through populations with which it
lacks significant genetic differentiation.  However, a weak but significant isolation
by distance effect was detected.

The finding of a lack of discrete population groupings implies that migrants from
several populations might be important in sustaining or re-establishing
Hoplostethus atlanticus stocks.  Management of orange roughy fisheries may need
to take these data into account.

KEYWORDS: orange roughy, stock structure, microsatellite DNA, gene flow, population
structure
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Background
In fisheries management, ideally each population should be harvested separately
(Larkin 1981). Mixed harvesting means differential harvest rates between
populations due to disproportionate productivity of spawning adults, different
average size of returning adults or different time of return and thus it is possible to
cause the extinction of local stocks (Allendorf et al. 1987).

An unresolved question of considerable importance to the effective management of
orange roughy (Hoplostethus atlanticus) concerns the relationship between the
populations across their widely dispersed global range. In Australia the question of
most importance is the relationship of orange roughy within the Commonwealth
managed South East Fishery.  Most significant is the relationship between the St
Helens Hill spawning aggregation off northeast Tasmania and the grounds off
southern Tasmania where there is also some spawning. If these populations are
truly distinct, then they should be managed separately (as at present). However, if
they are simply components of a single panmictic stock, then they could be
managed as a single stock.

Because orange roughy are found across the globe in most cold deep sea waters,
there is considerable interest in international “straddling-stock” management. Four
areas from across the global range of orange roughy have been surveyed in this
study. They are Australia, New Zealand, Namibia and the North Atlantic. Of
considerable importance is the relationship between the orange roughy in Australia
and New Zealand, and their relationship to the straddling stock south of Tasmania,
the South Tasman Rise. Landings of orange roughy from these four areas have
followed similar fates, in the beginning there were large numbers caught and these
have all since been reduced considerably. The current estimated biomass for the
South East Fishery of Australia is between 6000 – 10000 tonnes, this is estimated to
be between 2-20% of the original pre-fished biomass. In New Zealand most
spawning occurs in a few localised aggregations in winter and it appears that fish
migrate hundreds of km to and from these aggregations. The Total Allowable Catch
for New Zealand (1998/99) for all sites was 20,354 tonnes.  In the area used in this
study, the Challenger Plateau, the catch peaked at 12,000tonnes (1988) and then fell
to 2000 tonnes by 1992; this is estimated to be about 20% of the original pre-fishing
biomass. At the South Tasman Rise, which straddles international waters there has
been an agreement between Australia and New Zealand.  In March 2000 the total
allowable catch will be 2400 tonnes, with a 75/25 split (1800 tonnes Australia, 600
tonnes New Zealand). In the other two fisheries examined in this study, 4,000
tonnes per year are caught in the North Atlantic, There are currently three fisheries
for orange roughy in the North East Atlantic. The main fishery conducted by French
trawlers began in 1991 with catches peaking at 3500t, but between 200-100t are
now caught per year. There is also a Faroese fishery which has now extended to
International waters (Hatton Bank and mid-Atlantic ridge) and a small Icelandic
fishery which has now almost ceased.  12,000 tonnes per year are caught off
Namibia.

Orange roughy have life history characteristics that make them highly vulnerable to
over fishing (low fecundity, late onset of maturity and aggregating behaviour).
These characteristics mean that if overfishing of a stock occurs then any rebuilding
of that population will be slow hence re-stocking of the fishery will be slow. Little
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is known about the life history of orange roughy juveniles and it is also very
difficult to measure the size of the stock because they are found in the deep sea and
have such a wide, global, distribution. Their behavioural characteristic of
alternating between dispersed and aggregated groups also makes it difficult to
measure not only the size of the populations, but also the locations of particular
stocks. Aggregations of orange roughy are usually associated with seamounts and
other topographical features

Previous studies of orange roughy in Australian waters include studies of parasites
(Lester et al.1988, Lester and Gorman, 1991), otolith microchemistry (Edmonds et
al. 1991, and on-going studies by R.Thresher and colleagues), morphology (Elliott
et al. 1995) and genetics. The genetic studies have included both allozyme (Elliott
and Ward, 1992) and mitochondrial DNA studies (Ovenden et al. 1989; Smolenski
et al. 1993; Smith et al. 1996).

The non-genetic studies have generally suggested multiple stocks in Australian
waters, while the genetic studies have generally suggested a single Australian stock
(with perhaps a second stock off New South Wales).  However, the differences in
findings between these studies reflect the use of genetic markers which are
effectively neutral with respect to selection, for which minimal gene flow is
sufficient to maintain identity of allele frequencies between populations.  The
morphological studies incorporate the results of environmental differences acting
on the fish as they mature.  Hence, fishes from different sites may have the same
genetic makeup yet show morphological differences depending on the environment.
Alternatively, it might be that the similarity in effectively neutral alleles may not
reflect large differences at occasional loci for which selection has fostered
differentiation (Hedrick 1999).

The relatively new genetic technique of microsatellites  (Estoup et al. 1993, Wright
and Bentzen 1994) has been shown to be considerably more powerful than either
allozyme or mitochondrial DNA analysis for resolving stock structure questions.
These genetic markers are hyper-variable and have high mutation rates. They
therefore have the potential to evolve rapidly and to reveal underlying population
structure in considerable detail. Furthermore, microsatellites generally occur in non-
coding stretches of DNA and therefore are unlikely to be affected by selection: any
observed differences are far more likely to reflect a restriction on gene flow (i.e.
population structuring) than differential selection in different parts of a panmictic
population. Studies of cod (Wright and Bentzen, 1994; Ruzzante et al., 1996),
Whitefish (Coregonus nasus) (Patton et al. 1997) and of Arctic Charr (Salvelinus
alpinus) (Brunner et al 1998) have revealed population structure that was not
apparent from earlier allozyme or mtDNA analyses and the list of fish species being
studied with microsatellites is growing.
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Need

From past studies, the question of the stock structure of Australian orange roughy
was unresolved. Broadly, the previous evidence supports the concept of somewhat
localised stocks although with some inter-stock migration to an unknown degree.

Current management plans are largely based on the premise that southern
Tasmanian fish are distinct from St Helens Hill fish, yet evidence favouring or
opposing this proposition is weak. There is the added need for this information with
the South Tasman Rise (STR) straddling international waters. It is important to
know the effect of fishing at the STR on the other Australian stocks.

We provide here an analysis of the stock structure of Australian orange roughy
based on the examination of DNA microsatellites. DNA microsatellites will enable
a more powerful analysis of genetic stock structure than has hitherto been possible.
The study focuses on the relationships of fish from eastern Australia (New South
Wales, St Helens Hill, southern Tasmania) but also examines samples from the
Tasman Sea (in particular Lord Howe Rise), New Zealand, and, as a presumably
reproductively isolated population, the North Atlantic. We also examine an
intermediate population, between Australia and North Atlantic, in the waters off
Namibia.

Previous work has suggested different scenarios, as discussed in the background
section of this report.  Otoliths, parasites, morphology and genetics have all been
examined with the non-genetic studies suggesting multiple stocks and relatively
sedentary adults. This finding is different to that of the earlier genetic studies,
which revealed, even over considerable distances from the North Atlantic to
Australia and New Zealand, very limited spatial differentiation.

It was clear that, although there are concepts able to reconcile the contrasting
morphological and genetic findings, further genetical data were desirable in order to
see if this apparent conflict is a general phenomenon and to delineate orange roughy
stocks more clearly
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Objectives

1. To develop DNA microsatellite genetic markers for orange roughy.
2. To use these markers to delineate stocks of orange roughy from Australian
waters.
3. To use these markers to compare Australian samples with New Zealand samples.
4. To use these markers to compare North Atlantic samples with Australasian
samples.
5. To use these markers to compare Namibian samples with Australasian and North
Atlantic samples.

These objectives further entailed the aims:
• To investigate population genetic structure of orange roughy across its global

range
• to reconcile previous studies
• to add more information to benefit fisheries management, not only in

Australia but across the entire global orange roughy range.
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Methods

The first year was devoted to the development and testing of DNA microsatellites
for orange roughy. Microsatellites are tandem repeats of 2, 3 or 4 nucleotide base
sequences. Unlike some other markers (e.g. allozymes, mitochondrial DNA), a
considerable development period must be undertaken for any new species for which
DNA microsatellites are sought. It was highly unlikely that microsatellites
developed for non-related species (such as tunas and Atlantic salmon, already
available in the CSIRO Marine Research Laboratory in Hobart) would work in
roughy.  Tuna microsatellites developed by Peter Grewe were tested, but none of
these worked on orange roughy DNA.

Development of specific microsatellites first required an orange roughy genomic
library. This procedure required fragmenting total genomic roughy DNA with one
or two restriction enzymes followed by cloning size-selected fragments into a
plasmid. Colonies of bacteria containing plasmids with DNA inserts were then
probed with a synthetic probe containing the tandem repeat of an appropriate 2, 3 or
4 base sequence. DNA from the positive clones was then sequenced. This sequence
included the microsatellite and flanking sequence, and the flanking sequence is used
to design probes specific to that microsatellite. Once a pair of probes was developed
for a particular microsatellite, it can be used to detect that microsatellite in
individual animals and determine the size (number of repeats) in that fish.
Typically, microsatellites have from eight to 30 alleles per locus in any one
population.

High molecular weight DNA was extracted from six orange roughy fish using
Progenome II  kit  (Progen Industries Ltd). Approximately 5µg of pooled orange
roughy genomic DNA was cut with Sau3A and RSA1. The plasmid pUC19 (New
England Biolabs) was digested with BamH1 andHinc2. The plasmid and 500-800
bp size fractioned orange roughy DNA fragments were GENECLEAN (BIO101
Inc.) purified before a ligation reaction was performed overnight at 16°C.
Electrocompetent E. coli JM109 cells were prepared accordingly to the BioRad
protocol. 5ul of the ligation mix was added to the E. coli cells for
electrotransformation (biorad E.Coli Pulser protocol), and then plated out. This
procedure yielded about 23000 colonies. Colonies were lifted following the H-Bond
Nylon+ membrane (Amersham) protocol. Membrane lifts were pre-hybridised in
0.5%SDS, 6xSSC, 5xDenhardts then hybridised with di- (GT)10 , and Tetra- ,
(GTGA)8 , nucleotide repeat probes in 0.1% SDS, 6xSSC, 5x Denhardts. The
nucleotide repeats were 5 ' end labelled with [γ33P] – ATP using T4 polynucleotide
kinase (New England Biolabs). Before placing the membranes on film they were
washed first at room temperature in 400ml 6X SSC twice for 6 minutes, then at
55°C in 600ml of 6x SSC for 4 minutes in a shaking water bath, then again at room
temperature in 2xSSC for 4 minutes. 24 positive clones were sequenced on the
Perkin Elmer ABI 373 at CSIRO Hobart using m13 forward and reverse universal
primers. The inserts ranged from 400-800 bp in size and not all contained gt or gtga
repeats. Primers were designed for 12 loci from the flanking sequences using Oligo
4.0 (National Biosciences Inc.).
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Approximately 20 microsatellites were developed in the first year, and in the
second and third years, the ones that showed optimal levels of variation were
deployed to analyse all roughy samples.

Sample Collections
Table 1.  Collection localities and characteristics of samples.
Location Date #males/av. size #females/av.size Sex ratio
St Helens 10th July 97 98 / 36.2cm 120 / 39cm 0.45
St Helens 23rd July 97 95 / 35.1cm 52 / 37.2cm 0.65
St Helens 29th July 98 52 / 33.75cm 48/38.2cm 0.52
Western Zone 23rd July 97 27 / 35cm 73 / 35cm 0.27
West Coast 28th July97
Lord Howe Is. 24th July 97 94 / 35.3cm 105 / 37.2cm 0.71
South Tasman Rise Feb 1998 79/44.59cm 21/45.6cm 0.47
NZ NW
Challenger

1996 47/ 33.3cm 48/34.7cm 0.49

NZ SW Challenger 1997 42/31.6cm 53/31.1cm 0.44
Namibia July1998 34/25.26 16/23.8cm 0.68
Namibia July 1998 20/26.6cm 30/29.1cm 0.40
North Atlantic 1991 ? ?
North Atlantic September

98
46/53.26cm 44/52.9cm 0.1

Sex ratio: r = (number of males)/(total number of individuals).  All West Coast
individuals sampled appeared to be juveniles (26.0 cm) not assignable to sex.

The Lord Howe Island samples were obtained from a boat that landed in Tasmania.
Southern Tasmanian ones were obtained via an observer on the boat for CSIRO. All
other Australian samples were collected with the help of Dennis White of White
Fisheries and Dave MacKeown from the Marine and Freshwater Research Institute
Victoria. Namibian samples were obtained through an observer on the boat,
organised by Peter Smith of New Zealand Marine and Freshwater Research
Institute. All samples were stored at -70°C before use.

The samples were taken from St Helens off the east coast of Tasmania (1997-1998),
the west coast of Tasmania (1997), Lord Howe Island (1997), the Western
Management Zone off southern Australia (1997), North West Challenger Plateau
Namibia (1998) and from the North Atlantic (1991). All samples except those from
the North Atlantic, New Zealand and Namibia were collected by the authors and
were stored at either -20°C (ethanol stored tissue) or  -70°C. The 1991 North
Atlantic samples were collected by Elliott et al. (1994). For the genomic library six
fish off Southern Australia were obtained and immediately frozen.

Microsatellite analysis
Of the primers developed six were eventually used for the screening of all of the
orange roughy populations, those primers being Hat3, Hat45, Hat19, Hat41, Hat49
and Hat9a (Table 2, see also Oke et al. 1999).   The level of polymorphism per
locus was tested by typing 32-50 fish.
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DNA was extracted for the North Atlantic samples using a CTAB method (Elliott et
al. 1994). A modified Chelex extraction method was used to extract the DNA for
the rest of the samples for PCR amplification. Modifications were made to the
method described by Fitzsimmons et al. (1997). 800µl of 5% Chelex and 5µl of
14mg/ml Proteinase K (Boehringer) was added to 5mm of crushed muscle tissue
and left overnight at 57°C. The extractions were inverted every few hours before
leaving overnight and once in the morning. The samples were then heated to 100°C
for 5mins before storing at -20°C ready for use. Before using the extractions they
were spun for 2 minutes at 13000rpm.

PCR was carried out without oil in a 25µl reaction volume made up of 11.3-15.3µl
of dH2O, 2.5µl Taq 10x buffer without MgCl2 (Promega), 3µl of 25mM MgCl2, 1µl
of 10mM dNTP mix, 1µl of 5mM unlabelled reverse primer, 1µl of 5mM
fluorescent labelled (Hex, Tet or Fam) forward primer, 0.2µl of Taq polymerase
(5units/µl, Promega) and 1-4µl DNA. The PCR profile in all cases was an initial
denaturing for 3 minutes at 94°C then 10 cycles of 30sec denaturing at 94°C:
30secs annealing at 45°C: 30sec extension at 72°C followed by 35cycles of 30sec
denaturing at 94°C: 30sec annealing at 50°C: 30secs extension at 72°C. Fluorescent
labelling of alleles combined with automated sizing with internal size standards in
each gel lane was used to test for microsatellite variability.

Data presented in Table 2 includes number of alleles, repeat type, expected
heterozygosity (He), calculated according to Nei (1987), observed heterozygosity
(HO) and allele size range.

 Table 2 Microsatellite loci used (Oke et al. 1999).
Loci # of

alleles
Repeat motif Flanking Primer sequences (5′ to 3′) Size

(bp)
He Ho

Hat19 8 (GT)4(TTT)(GT)5 F- GTCAGAACGTCATGGCAGG
R- GCCTGTTGATAGTCTTCCTC

120 –
134

0.16 0.12

Hat3 11 (GT)14 F- GCTTAATGGATAATGAGTGGAC
R- TAGGGATGTTATAGTGGTTCTT

132 –
164

0.56 0.37

Hat9a 14 (GT)12 F-GATCCAGAGAAACTGAAAATCTT
R-ACTACAAATACTCCATTCTGATG

138 –
164

0.86 0.69

Hat41 6 (GT)32 F- CTCGCTTTCTGTTTTATGACC
R- CCGTGAATACGAGTTGGGC

172 –
188

0.20 0.14

Hat45 11 (CA)36 F-GTGACTTTGGGGTTGAGGG
R-GCCTTGTAACTCATTCCGCT

136 –
158

0.58 0.44

Hat4 12 (AC)5 (15bp)
(AC)23 (AT)7

F-GACTGTGAACTCCGACCTC
R-TATGACCATGATTACGCCAAG

185 –
219

0.1 0.08

Basic statistics

PCR fragments separated by two or more base pairs (bp) were scored as alleles.
Allele frequencies were determined by direct counting of homozygous and
heterozygous individuals.
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Testing for allelic and genotypic similarity
Tests for population differentiation examining both allelic and genotypic
distributions were carried out using the program GENEPOP version 3.2 (Raymond
and Rousset, 1995). A Bonferroni correction of P values was used because the
pairwise comparisons involved using the same population in multiple comparisons
(Rice, 1989).

F-statistics
The proportion of total genetic variation that occurs between populations, the
degree of population sub division, was estimated with two methods.

1) Wright’s F-statistics were used as a measure of population differentiation due to
genetic drift and inbreeding in small populations (Wright 1943, 1965). FST

measures genetic differentiation between subpopulations and FIT and FIS measure
the observed level of homozygosity and compare it to that expected for an
individual (I) as against the total (T) or sub (S) populations (Hartl, 1987).  In this
study, T = the total sample over the entire global orange roughy distribution, S = a
single orange roughy location and I = an individual orange roughy within a
population.  FST  values were calculated by the weighted analysis of variance
method based on all alleles, following Weir and Cockerham (1984), using both the
programs GENEPOP 3.2 (Raymond and Rousset 1995) and Genetic Distance
Analysis (GDA) (Lewis and Zaykin 1994-2000).  Allele frequency variance among
populations was estimated and 95% confidence intervals were calculated to
determine the significance of the statistics. These intervals were obtained with
10,000 bootstrap permutations, re-sampling the loci across all populations.

2) A revised statistic , RST (Slatkin 1985), which is analogous to Wrights FST  but
takes into account the high mutation rates of microsatellite loci via using both allele
frequency and also differences in repeat numbers, was used to estimate genetic
differentiation using the program GENEPOP 3.2 (Raymond and Rousset 2000).
This measure of local population subdivision assumes a strict stepwise mutation
model (Kimura and Ohta 1978), namely that when an allele mutates it yields an
allele with either one more or one fewer repeats. If separation time between the
populations is too short then R-statistics are an inappropriate measure, because
random genetic drift may greatly predominate over mutation in determining allele
frequencies.

Mantel test for isolation by distance
A genetic distance matrix was constructed using pairwise FST estimates. Using the
program ISOLDE within Genepop 3.2, isolation by distance was tested for.
ISOLDE uses a permutation procedure to test the null hypothesis of independence
between FST and geographic location. This program uses a rank correlation
coefficient and no approximation tests for the presence of a correlation between
genetic differentiation and geographic separation. The ISOLDE program also tests
the significance of the statistic. 1000 bootstrap permutations are used to estimate
the P value using half matrices calculated from pairwise FST estimates and
geographic distances. Isolation by distance was calculated between three different
groups of populations: between the South East Australian samples, between
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Australia and New Zealand and between all the populations across the entire
distribution.

Estimated number of migrants
The equation Nm = (1-FST)/4FST (Dobzhansky and Wright 1941) assumes a simple
relationship between the variance of allele frequencies between populations and the
number of migrants (Nm). The number of migrants was estimated between each
population pair and also between groupings of populations such as between the
South East Fishery and New Zealand. The significance of the estimated number of
migrants between the population pairs was tested using standard error calculations
of the pairwise Fst values.
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Results

Samples collected
Table 3 (A-F) shows the location and characteristics  of samples treated as
populations throughout the analyses. The abbreviations in the first column are used
for the rest of the document .

Table 3A Samples collected as “populations” and their codes.
LH Lord Howe Rise 24th July 97
NZ1 New Zealand North West Challenger Plateau 1996
NZ2 New Zealand South West Challenger Plateau 1997
SH1 St Helens 10th July 1997
SH2 St Helens 23rd July 1997
SH3 St Helens 29th July 1998
WZ Western Zone Southern Australia 23rd July 1997
WC West Coast Tasmania 28th July 1997
STR South Tasman Rise February 1998

Nam1 Namibia July1998
Nam2 Namibia July 1998
NA91 North Atlantic 1991
NA98 North Atlantic September 1998

Table 3B.Longitude and Latitude for each site surveyed.
Lord Howe Rise, 24th July 97
New Zealand North West Challenger Plateau 1996 40°06′S; 168°10′E
New Zealand South West Challenger Plateau 1997 41°33′S; 169°29′E -
St Helens, 10th July 1997 41°    S; 148°      E
St Helens, 23rd July 1997 41°    S; 148°      E
St Helens, 29th July 1998 41°    S; 148°      E
Western Zone Southern Australia, 23rd July 1997 37°S;138°E - 39°140°E
West Coast Tasmania, 28th July 1997 42° S; 142° E
 South Tasman Rise, February 1998 47°S; 148° -150°E
Namibia, July1998 24 S; 13E
Namibia, July 1998 28 S; 13E
North Atlantic, 1991 54°30′N – 60°00′N
North Atlantic, September 1998 54°30′N – 60°00′N

The number of fish collected at all of the locations in table 1 are recorded in Table
3C. The size and sex of each fish was recorded and each sample was given an
individual number for future reference. Fish used in the microsatellite survey were
then chosen randomly from the original sample collected, the average size and sex
ratios are shown in Table 3C
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Table 3C Size (cm) for males and females for various regions surveyed in this
study, from the total number of individuals collected.

Region Average size (cm)
males

Average size (cm)
females

Global 35.45 36.7
South East Fishery 35.01 37.35
Challenger Plateau NZ 32.45 32.9
Namibia 25.93 26.45
North Atlantic 53.26 52.9

Table 3D Size and sex ratios of individuals randomly selected from the
complete dataset.

Location Date #males #females Sex ratio *
SH1 10th July 1997 49 / 36.0cm 45 / 37.4cm 0.52
SH2 23rd July 1997 57 / 35.0cm 33 / 37.4cm 0.63
SH3 29th July 1998 39 / 34.2cm 31 / 37.9cm 0.56
WZ 23rd July 1997 26 / 28.0cm 68 / 28.0cm 0.28
WC 28th July 1997 ** **
STR 24th July 1997 74 / 44.6cm 21 / 44.6cm 0.78
LH February 1998 45 / 35.3cm 55 / 36.8cm 0.42
NZ1 1996 47/ 33.3cm 48/34.7cm 0.50
NZ2 1997 42/31.6cm 53/31.1cm 0.44
Nam1 July1998 34 / 25.3cm 12 / 23.0cm 0.74
Nam2 July 1998 20 / 27.0cm 30 / 29.0cm 0.40
NA91 ? ? ?
NA September 1998 44 / 53.3cm 44 / 53.4cm 0.5

96 individuals were selected from each population with three exceptions: the two
Namibia populations totalled 96 together, the Western Coast fish were all juvenile
and unassignable to sex, and North Atlantic 1991 specimens were not included.  In
some other cases gonads proved to be missing at the time of sampling.

Table 3E. Average size (cm) for males and females for various regions
surveyed in this study, for the actual individuals used for data analysis.

Region Average size (cm)
males

Average size (cm)
females

Global 34.87 35.7
South East Fishery 33.3 35.2
Challenger Plateau NZ 32.45 32.9
Namibia 26.15 26
North Atlantic 53.3 53.4

The samples from North Atlantic 1991 were DNA samples previously used in the
study conducted by Elliott et al. (1994). Because the volume of DNA left was quite
small not all loci could be tested for this location. Thus only three of the
microsatellite samples were compared with the rest of the populations examined.
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Genotypic and allelic distribution

The observed and expected allele frequencies (allele frequency Table 5) were
calculated for each population typed for the 6 microsatellite loci. All markers have
alleles that vary by one repeat unit (a single di-nucleotide repeat) in size from each
other. For all markers there except Hat 3 are a few alleles that are clearly more
common than others, usually at approximately the mean size range of allele sizes.

Table 4 Mean number of alleles over all loci

Population  Alleles numbers
          LH    7.200000
         NZ1    7.333333
         NZ2    7.333333
         SH1    7.833333
         SH2    8.000000
         SH3    6.666667
         STR    7.666667
          WZ    7.666667
          WC    7.833333
          NA98    7.166667
        nam1    6.66666
        Nam2    5.833333
        NA91    3.750000
        Mean    6.996154

Table 5.  Expected heterozygosity (He) and Observed heterozygosity (Ho) for
each location over all individuals over all loci.

Population He Ho
LH 0.391586 0.366904
NZ1 0.432009 0.329265
NZ2 0.426281 0.340662
SH1 0.376245 0.316597
SH2 0.429602 0.217664
SH3 0.386599 0.221360
STR 0.447946 0.247494
WZ 0.435966 0.305949
WC 0.390683 0.311321
NA98 0.383206 0.232189
Nam1 0.420597 0.321556
Nam2 0.375074 0.343960
NA91 0.372691 0.393011
Mean 0.405268 0.303687
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Table 6.  Allele frequency table with sample sizes.

a / N     LH     NZ1     NZ2 SH1 SH2 SH3    STR     WZ     WC NA98 NAM1 NAM2 NA91 ALL
Hat19 95 95 96 96 96 79 96 92 95 91 45 43 0
1  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.011  0.000  0.000  ?????  0.001
2  0.037  0.000  0.010  0.010  0.010  0.013  0.000  0.000  0.000  0.055  0.000  0.000  ?????  0.012
3  0.847  0.895  0.953  0.938  0.943  0.930  0.938  0.908  0.905  0.868  0.944  0.907  ?????  0.914
4  0.084  0.053  0.031  0.052  0.047  0.057  0.005  0.054  0.063  0.055  0.033  0.081  ?????  0.051
5  0.032  0.042  0.005  0.000  0.000  0.000  0.036  0.027  0.021  0.011  0.022  0.000  ?????  0.017
6  0.000  0.005  0.000  0.000  0.000  0.000  0.016  0.005  0.000  0.000  0.000  0.012  ?????  0.003
7  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.005  0.000  0.000  0.000  0.000  ?????  0.000
8  0.000  0.005  0.000  0.000  0.000  0.000  0.005  0.000  0.011  0.000  0.000  0.000  ?????  0.002
Hat 3 81 93 96 65 78 62 62 67 79 79 33 48 31
1  0.691  0.409  0.411  0.731  0.615  0.653  0.532  0.634  0.633  0.804  0.470  0.729  0.823  0.612
2  0.136  0.011  0.016  0.077  0.071  0.032  0.016  0.022  0.038  0.013  0.015  0.135  0.177  0.051
3  0.086  0.000  0.016  0.008  0.013  0.032  0.040  0.030  0.019  0.000  0.045  0.000  0.000  0.022
4  0.043  0.011  0.010  0.015  0.013  0.032  0.032  0.000  0.000  0.006  0.015  0.010  0.000  0.015
5  0.006  0.027  0.010  0.008  0.019  0.040  0.000  0.015  0.051  0.006  0.015  0.021  0.000  0.018
6  0.031  0.113  0.125  0.031  0.077  0.129  0.089  0.082  0.082  0.019  0.152  0.042  0.000  0.077
7  0.006  0.199  0.146  0.038  0.051  0.032  0.113  0.060  0.082  0.108  0.091  0.031  0.000  0.082
8  0.000  0.022  0.026  0.000  0.019  0.016  0.016  0.015  0.013  0.000  0.000  0.000  0.000  0.011
9  0.000  0.070  0.094  0.054  0.071  0.016  0.097  0.037  0.013  0.032  0.061  0.010  0.000  0.046
10  0.000  0.059  0.036  0.023  0.032  0.016  0.040  0.060  0.013  0.013  0.106  0.010  0.000  0.030
11  0.000  0.081  0.109  0.015  0.019  0.000  0.024  0.045  0.057  0.000  0.030  0.010  0.000  0.035
Hat 9a 94 95 95 88 61 74 77 88 86 96 44 43 30
1  0.053  0.026  0.016  0.040  0.033  0.034  0.045  0.063  0.070  0.031  0.000  0.000  0.033  0.037
2  0.059  0.026  0.058  0.034  0.057  0.068  0.032  0.040  0.087  0.026  0.068  0.058  0.000  0.048
3  0.176  0.226  0.258  0.193  0.279  0.203  0.279  0.199  0.180  0.188  0.193  0.209  0.000  0.208
4  0.112  0.189  0.174  0.153  0.213  0.155  0.169  0.108  0.145  0.240  0.205  0.198  0.000  0.163
5  0.080  0.063  0.053  0.063  0.074  0.088  0.091  0.080  0.105  0.089  0.045  0.047  0.000  0.073
6  0.064  0.111  0.105  0.119  0.131  0.101  0.123  0.188  0.081  0.135  0.102  0.116  0.217  0.118
7  0.117  0.089  0.079  0.074  0.049  0.081  0.078  0.051  0.047  0.068  0.136  0.140  0.067  0.080
8  0.154  0.121  0.132  0.114  0.033  0.155  0.058  0.102  0.145  0.063  0.170  0.163  0.017  0.112
9  0.064  0.084  0.058  0.102  0.098  0.081  0.026  0.108  0.070  0.094  0.011  0.035  0.033  0.072
10  0.048  0.026  0.047  0.080  0.016  0.020  0.052  0.017  0.041  0.031  0.034  0.023  0.450  0.050
11  0.032  0.016  0.011  0.028  0.016  0.014  0.032  0.034  0.023  0.016  0.011  0.000  0.083  0.023
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12  0.021  0.016  0.011  0.000  0.000  0.000  0.013  0.006  0.000  0.000  0.000  0.000  0.050  0.008
13  0.021  0.005  0.000  0.000  0.000  0.000  0.000  0.006  0.006  0.021  0.000  0.000  0.000  0.006
14  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.023  0.012  0.050  0.003
Hat 41 96 96 96 86 66 79 75 75 91 96 46 42 31
1  0.927  0.911  0.969  0.860  0.848  0.959  0.807  0.853  0.923  0.969  0.935  1.000  0.694  0.904
2  0.042  0.063  0.021  0.087  0.106  0.020  0.100  0.120  0.005  0.026  0.054  0.000  0.274  0.061
3  0.021  0.016  0.010  0.000  0.000  0.010  0.020  0.020  0.011  0.000  0.000  0.000  0.032  0.011
4  0.005  0.010  0.000  0.006  0.008  0.000  0.007  0.007  0.027  0.005  0.000  0.000  0.000  0.007
5  0.005  0.000  0.000  0.035  0.030  0.010  0.060  0.000  0.011  0.000  0.011  0.000  0.000  0.013
6  0.000  0.000  0.000  0.012  0.008  0.000  0.007  0.000  0.022  0.000  0.000  0.000  0.000  0.004
Hat45 0 96 95 78 83 63 88 60 81 90 35 49 0
1  ?????  0.042  0.037  0.058  0.072  0.071  0.040  0.083  0.043  0.006  0.029  0.031  ?????  0.046
2  ?????  0.036  0.037  0.006  0.006  0.016  0.017  0.033  0.025  0.067  0.043  0.010  ?????  0.028
3  ?????  0.036  0.068  0.026  0.012  0.063  0.085  0.025  0.056  0.067  0.057  0.082  ?????  0.052
4  ?????  0.615  0.516  0.756  0.669  0.587  0.614  0.633  0.728  0.517  0.600  0.561  ?????  0.618
5  ?????  0.193  0.216  0.103  0.090  0.151  0.131  0.133  0.074  0.161  0.214  0.102  ?????  0.142
6  ?????  0.021  0.037  0.013  0.054  0.000  0.023  0.017  0.031  0.017  0.014  0.143  ?????  0.031
7  ?????  0.021  0.053  0.006  0.024  0.024  0.034  0.050  0.006  0.072  0.029  0.020  ?????  0.032
8  ?????  0.016  0.016  0.006  0.030  0.016  0.023  0.017  0.019  0.044  0.014  0.010  ?????  0.020
9  ?????  0.010  0.005  0.013  0.024  0.000  0.006  0.000  0.000  0.044  0.000  0.041  ?????  0.013
10  ?????  0.010  0.016  0.006  0.006  0.040  0.028  0.000  0.012  0.006  0.000  0.000  ?????  0.012
11  ?????  0.000  0.000  0.006  0.012  0.032  0.000  0.008  0.006  0.000  0.000  0.000  ?????  0.006
 Hat 4 96 96 96 65 92 60 78 76 78 91 43 50 31
1  0.010  0.000  0.010  0.023  0.022  0.000  0.000  0.007  0.000  0.000  0.012  0.000  0.000  0.007
2  0.010  0.000  0.000  0.000  0.000  0.000  0.000  0.007  0.000  0.011  0.000  0.000  0.000  0.003
3  0.005  0.000  0.010  0.015  0.011  0.000  0.000  0.000  0.006  0.011  0.023  0.000  0.000  0.006
4  0.922  0.995  0.953  0.938  0.886  0.975  0.955  0.928  0.955  0.951  0.953  0.940  1.000  0.947
5  0.026  0.005  0.026  0.008  0.005  0.000  0.026  0.000  0.000  0.022  0.000  0.000  0.000  0.011
6  0.010  0.000  0.000  0.000  0.033  0.017  0.000  0.020  0.006  0.000  0.012  0.000  0.000  0.008
7  0.016  0.000  0.000  0.000  0.033  0.000  0.000  0.039  0.000  0.000  0.000  0.000  0.000  0.008
8  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.013  0.005  0.000  0.000  0.000  0.002
9  0.000  0.000  0.000  0.000  0.000  0.008  0.000  0.000  0.019  0.000  0.000  0.000  0.000  0.002
10  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.020  0.000  0.001
11  0.000  0.000  0.000  0.008  0.011  0.000  0.019  0.000  0.000  0.000  0.000  0.040  0.000  0.005
12  0.000  0.000  0.000  0.008  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.001
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Genotypic and allelic differentiation

Pairwise allelic differentiation was tested and the significance of the p values
between each pair of population can be seen in Table 7 below.

Table 7.  Pairwise allelic differentiation tests between the samples of this study.

LH NZ1 NZ2 SH1 SH2 SH3 STR WC WZ Nm1 Nm2 Na98 Na91
Lh *
Nz1 NS *
Nz2 NS Ns *
Sh1 Ns S S *
Sh2 S S S Ns *
Sh3 Ns Ns Ns Ns Ns *
STR Ns Ns Ns S Ns Ns *
Wc Ns S S S S Ns S *
Wz Ns Ns S Ns Ns Ns S Ns *
Nm1 Ns Ns Ns S NS Ns Ns S Ns *
Nm2 S S S S S Ns S S S S *
Na98 Ns S Ns S S Ns Ns S S Ns S *
Na91 Ns S S S S S S S S S S S *
Fisher’s Exact test was used; S = a significant difference in allele frequencies, Ns = no significant
difference.  Comparisons involving NA91 rest only 3-4 loci, compared with 5-6 for all other
comaprisons.  Significance levels were adjusted for multiple comparisons.

Measures of population differentiation

F and Rho statistics
F statistics were employed to measure population subdivision (Weir and
Cockerham 1984). Wright’s F-statistics were used as a measure of population
differentiation due to genetic drift and inbreeding in small populations (Wright
1943; Wright 1965). FST measures genetic differentiation between subpopulations
and F IS and FIT measure the observed level of homozygosity and compare it to that
expected for an individual (I) relative to the total (T) or sub (S) populations (Hartl,
1987). Effects of non-random mating are detectable by these measures of
heterozygosity via FIS; an individual in a subpopulation, FST; a subpopulation as
compared to the expectations based on the total population’s allele frequencies, and
FIT; an individual expected based on the total population.  These values are related
by (1 – FIT) = (1 – FIS)(1 – FST).  The high, positive and significant values for FIS in
nearly all populations (Table 10) indicate that Hardy-Weinberg proportions are not
met within sites, suggesting that further substructuring occurs at the local level.

Table 8 Wright’s F statistics as a measure of genetic differentiation by locus
and averaged overall.
Locus FIT FST FIS

Locus 19 0.235 0.006 0.230
Locus 3 0.377 0.043 0.349
Locus 9a 0.203 0.013 0.193
Locus 41 0.367 0.039 0.342
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Locus 45 0.282 0.013 0.273
Locus 4 0.339 0.008 0.334
Global 0.301 0.020 0.287

Table 9  Confidence intervals (95%) for global F-statistics over all populations.
Bootstrapping over loci, number of replicates = 10000.

FIT FST FIS

Global 0.301 0.020 0.287
Upper CI 0.358160 0.035809 0.335016
Lower CI 0.224281 0.011304 0.214238

RIT RST RIS

Global 0.4486 0.0914 0.3931

Table 10 FIS – measure of inbreeding within each population.
Popn Fis Upper 95%CI Lower 95%CI
LH  0.070 0.301771 -0.034276
NZ1  0.239 0.414511 0.085375
NZ2  0.202 0.22058 0.187515
SH1  0.150 0.275797 0.086429
SH2  0.468 0.648617 0.310228
SH3  0.432 0.488872 0.267230
STR  0.430 0.639070 0.301148
WZ  0.280 0.525512 0.128219
WC  0.198 0.420925 0.059426
NA98  0.389 0.647991 0.276731
Nam1  0.225 0.409039 0.093118
Nam2  0.075 0.22222 -0.065056
NA91 -0.057 0.021739 -.223022

Table 11 FST for differentiation involving various groups of orange roughy
populations.

Fst Upper 95%CI Lower 95%CI
Global  0.0205 0.035874  0.011388
AustNZ  0.0133 0.026611  0.004338
SEF  0.0050 0.008885  0.003187
St Helens  0.0051 0.010414  0.001694
Tasmania  0.0037 0.008689  0.001274

  NZ + SEF   0.0020  0.258724   0.003048
NZ + SH3  0.0086 0.026568 -0.002380
NZ + STR  0.0048 0.016592  0.000254
NZ + Nam1 -0.0007 0.002303 -0.001945

95% confidence intervals obtained through 1000 permutations, bootstrapping over
all pops over all loci.
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Tables 12 F-statistics for each allele per each locus.
Locus Hat19
Allele   FIT  FST FIS

    1  0.000  0.000  0.000
    2  0.798  0.016  0.795
    3  0.267  0.007  0.262
    4  0.111  0.003  0.109
    5  0.042  0.009  0.033
    6  0.332  0.002  0.331
    7  0.000  0.000  0.000
    8 -0.001  0.001 -0.002
Overall  0.235  0.006  0.230

Locus Hat3
Allele   FIT  FST FIS

    1  0.447  0.070  0.406
    2  0.277  0.044  0.243
    3  0.294  0.021  0.279
    4  0.220  0.004  0.217
    5  0.311  0.004  0.309
    6  0.306  0.017  0.294
    7  0.472  0.038  0.451
    8  0.191  0.000  0.191
    9  0.373  0.017  0.362
   10  0.281  0.013  0.272
   11  0.267  0.033  0.242
Overall  0.377  0.043  0.349

Hat9a
Allele   FIT  FST FIS

    1  0.424  0.002  0.423
    2  0.199  0.002  0.197
    3  0.290  0.009  0.284
    4  0.213  0.011  0.205
    5  0.197 -0.001  0.198
    6  0.224  0.005  0.220
    7  0.180  0.002  0.178
    8  0.102  0.013  0.090
    9  0.185  0.005  0.181
   10  0.064  0.116 -0.059
   11  0.117  0.003  0.115
   12 -0.006  0.009 -0.016
   13 -0.005  0.006 -0.010
   14 -0.000  0.028 -0.029
Overall  0.203  0.013  0.193

Locus Hat41
Allele   FIT  FST FIS

    1  0.374  0.046  0.343
    2  0.360  0.047  0.328
    3  0.495 -0.002  0.496
    4  0.149  0.001  0.148
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    5  0.411  0.019  0.399
    6  0.248  0.004  0.245
  Locus 41  0.367  0.039  0.342

Locus  Hat45
Allele   FIT  FST FIS

    1  0.232  0.003  0.230
    2  0.201  0.006  0.197
    3  0.293  0.004  0.291
    4  0.388  0.019  0.376
    5  0.306  0.011  0.298
    6  0.092  0.029  0.065
    7  0.048  0.008  0.040
    8  0.042 -0.001  0.043
    9 -0.012  0.013 -0.025
   10  0.090  0.004  0.086
   11  0.219  0.007  0.214
Overall  0.282  0.013  0.273

Locus  Hat4
Allele   FIT  FST FIS

    1  0.458  0.001  0.458
    2 -0.002  0.001 -0.003
    3  0.329 -0.002  0.331
    4  0.342  0.009  0.336
    5  0.471  0.002  0.470
    6  0.262  0.007  0.257
    7  0.531  0.016  0.523
    8  0.666 -0.002  0.667
    9 -0.001  0.009 -0.010
   10  0.001  0.014 -0.014
   11 -0.004  0.015 -0.018
   12  0.000  0.000  0.000
   Overall  0.339  0.008  0.334
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Table 13. Pairwise distances (kilometres).

LH
NZ1 1540 NZ1
NZ2 1925 385 NZ2
SH1 2310 2310 1925 SH1
SH2 2310 2310 1925 0 SH2
SH3 2310 2310 1925 0 0 SH3
STR 3080 2695 2310 616 616 616 STAS
WZ 3850 3465 3311 1232 1232 1232 770 WZ
WC 3465 3080 2926 1001 1001 1001 616 385 WC
NA 26950 33110 33495 29106 29106 29106 28490 29491 29106 NA
NAM1 13090 19250 19096 16106 16106 16106 15400 16016 16170 13860 NAM1
NAM2 13290 19296 16216 16216 16216 16000 16216 16370 14060 13860 200 NAM2
NA91 26950 33495 29106 29106 29106 28490 29491 29106 29106 0 13860 14060
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Table 14.  Population pairwise FST values.  Bold values do not differ significantly from zero, thus indicating a lack of
significant differentiation.  The other values are significiantly greater than zero.

LH
 NZ1 0.0403 NZ1
 NZ2 0.0405 0.0004 NZ2, 
 SH1 0.0066 0.0320 0.0412 SH1, 
 SH2 0.0174 0.0171 0.0223 0.0027 SH2, 
 SH3 0.0058 0.0158 0.0151 0.0089 0.0066 SH3,
 STR 0.0261 0.0059 0.0099 0.0135 0.0005 0.0086 STR, 
 WZ 0.0129 0.0138 0.0202 0.0038 -0.0006 0.0021 0.0029 WZ, 
 WC 0.0072 0.0176 0.0249 0.0039 0.0072 0.0016 0.0117 0.0051 WC,  
 NA98 0.0180 0.0371 0.0369 0.0206 0.0198 0.0105 0.0258 0.0164 0.0218 NA98, 
 Nam1 0.0256 -0.0022 -0.0020 0.0247 0.0115 0.0023 0.0018 0.0085 0.0126 0.0293 Nam1, 
 Nam2 0.0039 0.0339 0.0308 0.0162 0.0145 0.0044 0.0240 0.0171 0.0132 0.0096 0.0200 Nam2
 NA91 0.1035 0.1523 0.1605 0.0806 0.1035 0.1294 0.1052 0.0916 0.1198 0.1364 0.1469 0.1373
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The use of the F-statistics to derive estimates of migration rates is shown in tables 15 and
16.

Table 15 Upper, lower and point estimates of FSTs and estimated RST ; and estimated
number of migrants per generation (Nm = (1-Fst)/4Fst). U = unlimited exchange of
individuals (FST = 0). Nm = estimated number of migrants, numbers in red are those
pairwise Fst values not significantly different to zero.

Population
pair

Upper Fst Upper
Nm

Point
Fst

Point
Nm

Lower Fst Lower
Nm

Rst
Nm

Rst

SH1SH2 0.004724 U 0.0027    94 -0.002945 53 13 0.019200
SH1SH3 0.021384 U 0.0089    28 -0.001068 11 U -0.002700
SH2SH3 0.018879 1470 0.0066 38 0.000170 13 24 0.010300
LHNZ1 0.080660 219 0.0403     6 0.001143 3 1 0.292200
LHNZ2 0.076765 164 0.0405     6 0.001520 3 1 0.294300
LHSH1 0.012779 160 0.0066    38 0.001562 19 9 0.028400
LHSH2 0.019451 51 0.0174    14 0.004882 13 2 0.110100
LHSH3 0.014920 U 0.0058    43 -0.001530 17 5 0.048300
LHSTR 0.040164 42 0.0261     9 0.005987 6 1 0.175500
LHWC 0.016228 U 0.0072 34 -0.000220 15 3 0.085700
LHWZ 0.018213 101 0.0129 19 0.002465 13 2 0.116200
LHNA 0.030708 U 0.0180    14 -0.001030 8 11 0.021600

LHNAM1 0.051095 U 0.0256     10 -0.000405 5 1 0.257300
LHNAM2 0.007547 258 0.0039    64 0.000969 3 14 0.017600
LHNA91 0.141001 23 0.1035     2 0.010781 2 1 0.301700
NZ1NZ2 0.008392 U 0.0004   684 -0.002590 30 U -0.005800
NZ1SH1 0.076236 430 0.0320     8 0.000581 3 2 0.140100
NZ1SH2 0.037681 86 0.0171    14 0.002885 6 3 0.079000
NZ1SH3 0.048953 U 0.0158    16 -0.003626 5 1 0.150300
NZ1STR 0.014715 577 0.0059 42 0.000433 17 9 0.026800
NZ1WC 0.035311 100 0.0176    14 0.002476 7 3 0.081700
NZ1WZ 0.033833 U 0.0138 18 -0.001010 7 5 0.049300
NZ1NA 0.101302 197 0.0371     7 0.001264 2 1 0.187700

NZ1NAM1 0.002722 U -0.0022 U -0.009811 92 U -0.000500
NZ1NAM2 0.084450 U 0.0339 7 -0.000234 3 1 0.200900
NZ1NA91 0.154156 10 0.1523     1 0.023472 1 0.4 0.382100

NZ2SH1 0.076988 91 0.0412     6 0.002729 3 2 0.146300
NZ2SH2 0.038468 45 0.0223    11 0.005568 6 3 0.081300
NZ2SH3 0.044457 U 0.0151    16 -0.003722 5 1 0.152800
NZ2STR 0.029598 357 0.0099    25 0.000699 8 8 0.030400
NZ2WC 0.043056 74 0.0249 10 0.003346 6 3 0.087100
NZ2WZ 0.037285 30 0.0202      12 0.008243 7 4 0.055700
NZ2NA 0.101235 412 0.0369     7 0.000606 2 1 0.189300

NZ2NAM1 0.000774 U -0.0020 U -0.005384 323 62 0.004000
NZ2NAM2 0.079851 U 0.0308     8 -0.002565 3 1 0.201900
NZ2NA91 0.184899 7 0.1605     1 0.036949 1 0.40 0.383200

SH1STR 0.027133 156 0.0135    18 0.001601 9 5 0.047000
SH1WC 0.011587 U 0.0039    63 -0.001030 21 36 0.006900

Table 15 continued….
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Population pair Upper Fst Upper
Nm

Point
Fst

Point
Nm

Lower Fst Lower
Nm

Rst
Nm

Rst

         SH1WZ 0.008174 1968 0.0038    65 0.000127 30 14 0.017100
SH1NA 0.046904 75 0.0206    12 0.003340 5 49 0.005100

SH1NAM1 0.053002 112 0.0247     10 0.002227 5 3 0.077700
SH1NAM2 0.044485 U 0.0162   15 -0.001210 5 21 0.011800
SH1NA91 0.097758 51 0.0806     3 0.004841 2 1 0.215900
SH2STR 0.006159 U 0.0005   502 -0.003091 40 92 0.002700
SH2WC 0.015500 313 0.0072    35 0.000799 16 U -0.005700
SH2WZ 0.004340 U -0.0006 U -0.005315 57 U 0.000000
SH2NA 0.038536 58 0.0198    12 0.004320 6 8 0.031200

SH2NAM1 0.013307 35 0.0115    22 0.007204 19 9 0.028200
SH2NAM2 0.032858 36 0.0145    17 0.006986 7 6 0.042700
SH2NA91 0.131739 18 0.1035     2 0.013430 2 1 0.318100
SH3STR 0.025612 U 0.0086    29 -0.001005 10 5 0.047900
SH3WC 0.012740 U 0.0021   160 -0.004427 19 50 0.005000
SH3WZ 0.015690 U 0.0016   118 -0.003675 16 13 0.019400
SH3NA 0.026594 98 0.0105    24 0.002535 9 U -0.005200

SH3NAM1 0.017110 U 0.0023   111 -0.007110 14 3 0.090400
SH3NAM2 0.013167 50 0.0044    57 0.005003 19 35 0.007100
SH3NA91 0.154293 32 0.1294     2 0.007639 1 1 0.351400

STRWC 0.022301 33 0.0117    21 0.007639 11 38 0.006600
STRWZ 0.006481 U 0.0029 85 -0.001060 38 U -0.002000
STRNA 0.063038 47 0.0258     10 0.005329 4 3 0.078600

STRNAM1 0.011784 U 0.0018   142 -0.006506 21 U -0.004900
STRNAM2 0.053651 45 0.0240    10 0.005507 4 3 0.089900
STRNA91 0.121077 26 0.1052     2 0.009701 2 1 0.324300

WCWZ 0.015406 U 0.0051    49 -0.002422 16 U -0.004600
WCNA 0.037794 41 0.0218   11 0.006067 6 10 0.025300

WCNAM1 0.020739 100 0.0126    20 0.002501 12 9 0.028400
WCNAM2 0.026035 71 0.0132    19 0.003496 9 7 0.034800
WCNA91 0.140369 15 0.1198     2 0.016182 2 1 0.273900

WZNA 0.031768 33 0.0164    15 0.007638 8 5 0.044000
WZNAM1 0.014529 U 0.0085    29 -0.001626 17 76 0.003300
WZNAM2 0.035490 29 0.0171   14 0.008595 7 4 0.055700
WZNA91 0.108049 22 0.0916     3 0.011028 2 1 0.270900
NANAM1 0.085720 U 0.0293     8 -0.000090 3 2 0.127900
NANAM2 0.017786 90 0.0096    26 0.002759 14 108 0.002300
NANA91 0.161950 37 0.1364     2 0.006643 1 1 0.309500

NAM1NAM2 0.061614 U 0.0200    12 -0.008232 4 2 0.146200
NAM1NA91 0.149315 9 0.1469     2 0.028680 1 0.4 0.384600
NAM2NA91 0.173601 118 0.1373     2 0.002118 1 1 0.289600
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Table 16.  Estimated number of migrants Nm using the three regression lines of
Barton and Slatkin (1986).
Model SEF Austnz Global
n = 10 214 188 114
n = 25 50 45 30
n = 50 27 25 17
Mean(corrected estimate using values from closet
regression line, (Barton and Slatkin 1986) )

18 15 11

Barton and Slatkin present regression lines based on samples of 10, 25 and 50 individuals
per deme.

Isolation by distance
Isolation by distance was tested using ISOLDE within GenePop 3.2.  ISOLDE uses a
permutation procedure to test the null hypothesis of independence between Fst and
geographic location. This program uses a rank correlation coefficient and no
approximation (as compared to Mantel’s Z tests).  The results of these tests for the
significance of an association between FST values and geographic distance are given in
Table 17.

Table17. The P values for each region examined for isolation by distance.

Region P value Isolation by distance?
South East Fishery 0.95790 no
SE Australia and NZ challenger 0.01590 yes
Global 0.00240 yes
Test of isolation by distance using probability that correlation > observed correlation.
Statistic is Spearman Rank correlation coefficient. Significance estimated using 10000
permutations.

Isolation by distance will generate positive correlation between geographic distance and
estimates FST. Figures 1 and 2 on the following two pages show a positive correlation
betwen FST and geographical distance between sites, both considering only the Australian
and New Zealand sites (p = 0.016), and the complete worldwide dataset (p < 0.0001).
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Figure 1.  Pairwise FST values for Australian and New Zealand sites
plotted against the distance between sites.
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Figure 2.  Pairwise FST values plotted against distances between sites for
the complete dataset.

Global Distribution of Orange Roughy - isolation by distance, line fit plot. 
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Discussion

This microsatellite study reveals genetic differentiation not previously seen among
populations of Hoplostethus atlanticus but also confirms much of the homogeneity seen in
the previous genetic studies.

Although significant allele frequency heterogeneity was observed between many of the
population pairs, and all populations were involved with several significant pairwise
differences.  Our estimates of geneflow indicate that relatively frequent migration occurs,
or has historically occurred, among all populations. In an island model of equilibrium
population structure, the frequencies of neutral alleles will not diverge markedly among
populations when gene flow is high enough [variously interpreted as Nm >> 1 (Slatkin
1985) or 4Nm >> 1 (Crow & Kimura (1970)], where N is the effective population size
and m the migration rate.  Our overall and pairwise values of Nm show that migration
between New Zealand and  Australia occurs at a reduced rate compared to within
Australian waters.  All Nm values are well above one, suggesting that geneflow is
sufficient for equality of effectively neutral allele frequencies in the absence of historical
divergence.  However, the significant heterogeneity among populations revealed by most
loci indicates that on an evolutionary time scale, stochastic factors (drift and migration),
have allowed for some degree of population differentiation. One possible hypothesis to
account for this is that historical biogeographical processes may have led to some degree
of divergence among geographically distant populations, particularly between the North
Atlantic, Namibia and those in Australia and New Zealand.  It is worth noting that even
high levels of gene flow may not prevent divergence between populations (Hedrick
2000:291).

 The occurrence of an isolation by distance effect in at least some cases (Table 17)
indicates that the chance of geneflow is higher for closer sites than for populations further
away. A scale effect is discernible in Table 17, in that there is evidence of reduced
migration between SE Australia and New Zealand as against a lack of any restrictions on
movement in the South East Fishery.  However, the high values estimated for Nm (Tables
15 and 16) indicate that there are essentially no independent populations.  This conclusion
also follows from the pairwise FST values (Table 15), which fail to delineate discrete
groups of populations.  The pattern shown by FST can be visualized by linking populations
between which the FST value is not significant (Figure 3).
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Figure 3.  Populations are linked if the FST value between them is not significantly
different from zero (Table 15).  The North Atlantic 1991 sample could be typed for
fewer loci than the rest.
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The findings of widespread homogeneity are not unique for marine fish species, many of
which, though not all, have also been found to show widespread homogeneity of mtDNA
or nuclear marker frequencies.   This result has been seen in the wealth of studies into
recreationally and or commercially important fisheries species [skipjack tuna, Katsuwonus
pelamis; (Graves et al. 1984) Atlantic cod, Gadus morhua, Mork et al. (1995)].

The global Fst value of 0.02 for orange roughy when compared to the average population
differentiation levels found in other studies of marine fishes is towards the lower end of
the scale. The average FST for marine fishes is 0.062, in comparison to freshwater fishes
0.222, and anadromous fishes 0.108 (Ward et al. 1994). Waples (1998) found the median
Fst for marine fish to be 0.02, which is what we have for orange roughy across the global
range.

We can therefore distinguish two contrasting findings emerging consistently from the
various genetical and morphological studies.  The morphological results indicate that the
orange roughy range is broken up into a number of distinct populations discernible by
diagnostically-significant anatomical differences, as in otolith microchemistry (Edmonds
et al., 1991).  The population genetic results indicate high gene flow and minimal genetic
divergence between sites, especially close sites. These apparently contrasting finds are
reconcilable.  Morphological differences between adults can reflect differences in the
environments they matured in; populations identical in genetic makeup may differ
morphologically due to different environments during development.  Allele frequency
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similarity can reflect the migration of relatively small numbers of migrants each
generation, for effectively neutral loci.  Loci which are under selection pressures differing
between regions require large amounts of migration to maintain genetic similarity.  To the
extent loci from different populations experience different selective regimes, gene flow
will be underestimated because the selective divergence increases the FST estimate and
decreases that for Nm.  More important is the question of the life history stage involved in
migration, namely as adults or as larvae.  If migration is as adults, then if this is extensive,
the implication is that the population should be heterogeneous for such characteristics as
otolith chemistry (the maximum proportion of migrants could be estimated from the
samples used to study otolith characteristics using the binomial confidence limits for the
proportion of the unseen class).  Small adults may be undetectable if most of their
development was at the new site.  Migrants arriving as larvae would undergo all adult
growth under the new conditions. Thus individual adult populations could be
morphologically homogeneous but morphologically different from on another.

The population genetic results reflect historical processes over many generations.  It
therefore is also possible that current populations were originally in contact, or arose from
a single source and colonised the current array of habitats only a few generations ago.  But
the presumed stability of the deep sea mitigates against this interpretation.

Low FST values do suggest large amounts of  adult movement of orange roughy, although
this movement may only be associated with swimming to the spawning aggregations at
similar times to other groups. Gene flow is sufficient to prevent significant divergence,
with the proviso that more separated populations affect each other only indirectly, through
intevening populations. This does not necessarily mean that orange roughy are a single
stock. Sufficient geneflow leads to homogeneity, this would be true even if orange roughy
were are actually fragmented geographically (such as around the isolated sea mounts off
Tasmania).Significant otolith microchemisty differences were found amongst Australian
orange roughy populations (Edmonds et al. 1991). The centres of otoliths studied between
different south eastern sites were almost identical, however the margin of the otoliths
were different enough to separate the sites. At St Helens Hill during the spawning season,
otolith margins covered the wide range of variability seen in both eastern and southern
zones during non-spawning periods. This supports the notion that fish from both areas
migrate to St Helens Hill to spawn. The report suggested that fish could come from
similar spawning areas and then be later separated in fish from the Great Australian Bight
and two Tasmanian sites.

There is little information available on orange roughy migration. It is suggested however
that the fish do migrate to join spawning aggregations (Francis and Clark 1998, Elliott and
Ward 1992), and over the many years that orange roughy live (Tracey and Horn 1999,
Fenton et al.1991), there is plenty of time for considerable adult movement.

Overall, FST values are very low (Table 11: global 0.02, Australia New Zealand 0.0133,
South East Fishery 0.005). Most values differ significantly from zero, suggesting
population subdivision. However, differences within the South East Fishery are extremely
small, with no indication of isolation by distance, suggesting it would be difficult to reject
unequivocally the null hypothesis of a single stock in this region. In general, estimated
number of migrants are so high, it is likely that the only significant differences that can be
reliably inferred from these microsatellite results are between populations separated by
large distances.
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South East Fishery
Attention was paid to the possibility of temporal variation between orange roughy
samples, as might arise if different cohorts of fish visited the spawning grounds at
different times.  This will be a difficult hypothesis to test, as roughy live to 150 years plus
so each spawning event probably involves 100+ different cohorts. Nonetheless, three
samples were taken from the St Helens site (east of Tasmania), two a fortnight apart in the
1997 season and one in 1998.  Other sites sampled in the SEF were the WZ and WC
collections.  The overall FST value for the SEF was very low, at 0.005, even though it was
significantly different to zero (P = 0.002).  As mentioned above, even populations
exchanging considerable numbers of migrants can diverge, so that it would be unwise to
suggest that these areas can be regarded as having different stocks.  The very large
numbers of migrants estimated for these sites should also be seen as supporting the close
relationship of these sites.

South East Fishery Australia and Challenger Plateau New Zealand.
Smith et al. (1996), examining differences within New Zealand and between New
Zealand and South East Australia, reported apparent anomalies. They detected genetic
differences between the north and south New Zealand sites, and yet found a lack of
genetic differentiation over much greater distances between Australia and New Zealand.
Smith et al. (1996) suggested that the Cook Strait separating New Zealand's North and
South Islands has not been an effective barrier to gene flow between orange roughy
populations in the Tasman Sea and the south-west Pacific Ocean. Smith et al. (1996)
concluded that there are at least three genetic stocks of orange roughy around New
Zealand, supporting parasite data that indicated that orange roughy are relatively
sedentary with restricted movement between spawning sites.

In this microsatellite study we only examined New Zealand fish from Challenger Plateau,
and thus cannot add anything to questions of differentiation within New Zealand waters.
However, the lack of differentiation Smith et al (1996) found across the Tasman is
supported in this microsatellite study. Gene flow could be mediated by drift of larvae
across the Tasman.

High genetic variation and yet low geographic differentiation may be attributed to the low
fecundity, large effective population size, slow maturation and long lifespan of orange
roughy.  Baker et al. (1995) suggested that the levels of mtDNA variation may be high
because of the broad overlap of generations. This overlap would reduce variation in
female reproductive success, and maintain a high long-term effective population size of
breeding females (see also Nei et al.  1975). Baker et al. (1995) compared orange roughy
to hoki (Macruronus novaezelandiae), whose alternate life-history characteristics (shorter
life span, early maturation and higher fecundity) may explain the genetic differences
found between the two species. Hoki mtDNA revealed lower genetic diversity and no
population differentiation between Australia and New Zealand, and no differences off
New Zealand.

Even though there is very limited heterogeneity in the genetic data, orange roughy may
actually have a more complex genetic structure than simple geographically partially
isolated populations.  It is not possible with orange roughy to test for year class
differences, due to the lack of a precise method of determining age (Smith and Benson
1997; Tracey and Horn 1999).  Smith and Benson (1997) suggest that a low productivity
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environment would mean that not all adult fish would spawn every year and so the
spawning population may not be representative of the whole population. There may be an
underlying structure in orange roughy populations that is not necessarily being detected.
The long lifetime of orange roughy may be a survival adaptation  in a low productivity
environment where the probability of regular recruitment is low.  Growth would be slow ,
and it would be difficult to differentiate  fish from different age groups. After recruitment
there would be a reduction in somatic growth to enable limited energy to be put into
reproduction (Smith and Benson 1997).

Lord Howe Rise
The overall FST values are significantly different to zero for most (9/12) populations
paired with Lord Howe Rise. However, the pattern is not consistent, with a lack of
significant differences to some remote populations even though there are some significant
differences with SEF populations.  Hence, it would be unwise to suggest that this site is
one isolated from the rest of the populations.

South Tasman Rise
There is a high genetic similarity between fish at the South Tasman Rise and orange
roughy from both the rest of the South East Fishery, and orange roughy from Challenger
Plateau. Fst values are very low, between Challenger plateau 0.026-0.03 (between 25-42
estimated migrants per generation), between the St Helens samples FST ranges from
0.0027-0.05 (between 18 individuals to a very large 502 between STR and St Helens(2))

Differentiation between the North Atlantic, Namibia and the South West Pacific
 The two samples collected from Namibia are smaller than the other collections in this
study.  They were collected from two fishing grounds thought to be distinct. The sizes and
sex ratios of each site are quite different and so the samples were kept separate in our
analyses. The FST estimate between the two Namibia samples is not significant and there
are high estimated numbers of migrants.  However, FST values between these sites and
others are also often very low (Table 15), weakening any conclusion that these represent a
stock separate to others in the species range.

The significant FT values between the North Atlantic 1991 sample and all others
(including North Atlantic 1998) is a striking finding and may be anomalous because only
3-4 rather than 5-6 loci were available for these comparisons.  However, the bias expected
from a smaller number of loci is that statistical significance would be less likely to be
achieved so that it is unlikely that the significant differentiation seen is artefactual.

Effects of currents
The high number of migrants across the entire global distribution of orange roughy can be
explained partly through major current systems operating within and between all the
associated oceans.

Within the South East Fishery, two separate current  systems could facilitate movement of
all orange roughy life stages: the south easterly flowing Zeehan current of the Great
Australian Bight and also the southerly flowing Eastern Australian current.

Implications of genetical and morphological findings
 The principal finding of this and other genetic studies of orange roughy is one of
sufficiently high gene flow between widely separated populations to keep all populations
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very similar genetically for loci effectively neutral with respect to selection.  This finding
incorporates the observation of isolation by distance – gene flow need not be direct but via
intervening populations.
 
 If different fishing sites in fact encompass the same population, then overfishing at one
site would deplete stocks at the others.  If more than one population were to be taken at the
same site (as would be possible for example with marine catches of eels or salmon), then
heavy fishing pressure might be withstood by one population but collapse another.  Hence,
it is important to determine the relationship between sites in terms of the populations
represented.
 
 The population genetic data implies that all orange roughy sites are linked by high gene
flow, and hence further implies that they should be managed in a coordinated fashion.
Against these results have to be weighed the various data from morphological studies
indicating characteristic morphologies in each zone and implying that these are areas with
minimal exchange of individuals.
 
 The differences in findings between morphometrics and genetics are reconcilable (see
earlier discussion).  Thus, the number of migrants per generation required for genetic
similarity is relatively small, and pertains to effectively neutral alleles.  Hence, movement
of even adults between populations could be missed without very large samples assayed.
For example, if otoliths from 100 fishes were all found to have the same pattern, according
to binomial confidence limits these results would be consistent with, among other
scenarios, a true proportion of fishes with a different pattern of 3.6%. This  would
represent a level of gene flow probably very considerably in excess of that required to
maintain genetic similarity.
 
 The most reasonable explanation of the contrasting results is that most fish develop at one
site and during their development their characteristics are molded by that site.  Migration
between sites is sufficient to maintain genetic similarity, but may involve small numbers
of mature fish [not detected due to sample size constraints] or small to large numbers of
larvae or post-settlement adults still to undergo development.
 
 An alternative argument to the above suggestion of completely environmental
determination of adult morphology is that local areas select different alleles at a small
number of loci, a possibility also consistent with genetical theory (Hedrick 1999).  For the
purposes of fisheries management, whether it is a direct action of environment on
development, or whether environmental differences lead to genetical differences at a small
number of loci is irrelevant because the same considerations follow.
 
 If gene flow involves a small number of individuals, then the implications are that
overfishing at one site will have a small impact on yields elsewhere, but that recovery of
the site will be very slow given that orange roughy take a long time to mature and even
longer to reach full size.  If gene flow involves large numbers of individuals, as in the case
of larvae, then the collapse of the population at one site may markedly reduce recruitment
at other sites, unless there are strong density-dependent effects operating on survivorship
during development.
 
 It is worthwhile remarking that a lack of genetical differentiation at marker loci between
related populations of marine fishes is becoming a general finding, even for populations
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regarded as different species (e.g., non-concordance between reef species recognised on
colour and molecular data).  In terrestrial systems environmental differences between sites
often leads to clines (a gradual change of a character along a gradient), with steps in the
cline reflecting either an environmental discontinuity or the junction between distinct
populations (Endler 1977).  Marine organisms with pelagic larvae, especially planktonic
ones, will have more extensive and more even dispersal. Rather than clines, this may lead
to populations differentiated for loci differentially selected between sites while neutral loci
remain similar.  It is problematic to call these morphologically distinct populations
different species under any species definition, given their links via migration.  The species
concept most favourable to terming these species is the Evolutionary Species Concept,
originally developed by paleontologists, which regards species as populations showing
independent evolutionary trajectories; but the high levels of migration between such forms
means that they remain evolutionarily linked.
 
 The two sets of findings lead to the conclusion that the bulk of orange roughy do not move
between sites, but that migration does occur.  It is thus likely that fishing practices at one
site will affect others, but probably to a minor extent.  As discussed above, the actual
degree of dependence between sites depends on the age and number of migrants and the
degree of density-dependence in mortality during development.
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 Benefits.

Identify the sector(s) of the industry and/or community that will benefit directly from the
research.  Quantify the difference in terms of prices (eg quality, market penetration, user
satisfaction), costs (eg productivity), non market benefits and/or catch that the adoption of
the research results will make. State how benefits and beneficiaries compare with those
identified in the original application.

Direct benefits and beneficiaries
The principal beneficiary of the proposed research is the SET fishing industry. Better
information on the stock structure of orange roughy will assist the continuing refinement
of management plans for the orange roughy fishery in this region. Stake holders
throughout the EEZ and in international waters off Lord Howe Rise will also benefit from
sounder fisheries management aimed at ecologically sustainable development.
Such management principles would include recognition of the estimated high levels of
migration between populations, but with an isolation by distance effect.  Practices
affecting one population are likely to have impacts on neighboring ones, but also possibly
lesser effects on distant populations through intermediate ones.

Flow of benefits
Australian Fisheries Management Authority

South East Fishery 85%
Tasman Sea Fishery 15%

Commercial Sector 100%
Recreational Sector 0%
Traditional Fishing 0%
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Further Development

Recommend any appropriate activities or other steps that may be taken to further develop,
disseminate, or to exploit commercially the results of the research.

We have shown that there are sufficient migrants between sites to maintain their genetic
similarity, and hence that fishing practices at one site will affect others.  These effects will
probably be small, but further quantification is desirable.  Quantification is desirable for
the following factors affecting the interaction between sites:
• Age of migrants between sites
• Level of density-dependence of mortality patterns during development.

In addition, the findings of this report should be disseminated widely because of their
potential significance to fisheries worldwide.  Appropriate vehicles for this dissemination
would be:
• Transmission of this report to fishing authorities within Australia and in overseas

Orange Rough fishing zones.
• Publication in international journals to contribute to both orange roughy-specific

management and the development of appropriate evolutionary models for highly
mobile marine species.
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Conclusion

Summarise the outcomes of the project, detailing the objectives, whether they were met
and any outcomes.  The conclusion should not be longer than 2 pages.

The original objectives of this study, and findings relevant to these can be summarised:

1. To develop DNA microsatellite genetic markers for orange roughy.
High-quality markers were developed and the findings published (Oke et al.1999 –
attached).

2. To use these markers to delineate stocks of orange roughy from Australian waters.
The markers indicate that there is negligible differentiation between stocks of orange
roughy from Australian waters.

3. To use these markers to compare Australian samples with New Zealand samples.
There is no consistent evidence of genetic differentiation between Australian and New
Zealand samples, but there is a significant isolation by distance effect (significant
regression of FST on geographic distance between sites) considering the Australian and
New Zealand samples together.

4. To use these markers to compare North Atlantic samples with Australasian samples.
While there is no consistent pattern of differentiation across all FST values between North
Atlantic and Australasian samples, there is a significant isolation by distance effect for
orange roughy worldwide.

5. To use these markers to compare Namibian samples with Australasian samples
and North Atlantic samples.
There is weak and inconsistent differentiation according to FST between these groups, but
as noted under 4 above there is overall evidence of isolation by distance.

6. To inform orange roughy management and protection plans.
The findings of this study when seen together with the earlier genetical and morphological
studies indicate that there will be effects of fishing practices at one site on the
sustainability of fishing at other sites; these effects are likely to be generally weak,  but
will be stronger when sites are closer together.  Further work to clarify the strength of
these effects is desirable and factors of particular importance have been suggested to be
the age of migrants and the density-dependence of survival during development.
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studied, analyses and findings resulting from these data, and copyright in the Report.

FRDC, James Cook University, La Trobe University and the CSIRO remain the owners of
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0.1% Triton X-100, 10 mm Tris-HCl, pH 9.0), 75 µm of dCTP,
dGTP, dTTP, 6 µm of dATP, 0.02 µL of 33P-dATP, 0.2 µg/µL
BSA, 1.25/1.5/2 mm MgCl2 (Table 1), 2.5 pmol of each primer,
0.25 U of Taq DNA polymerase (Boehringer Mannheim),
and approximately 10 ng of sample DNA. PCR products
were analysed in 6% polyacrylamide gels and visualized
by autoradiography. Alleles were scored by length in base
pairs.

Only 10 of the 24 microsatellite loci tested in G. striatula
were polymorphic in the 39 individuals tested (Table 1). The
number of alleles per locus was rather small (2–5), with a
mean of 2.5. The number of alleles seemed to be independent
of the length of the repeat array. There seems to be less poly-
morphism in G. striatula than in other insect species, perhaps
due to a recent bottleneck or a small effective population
size (Ne). The observed (HO) and expected heterozygosity
(HE) were calculated taking into account only the 31 indi-
viduals sampled in 1999 (Table 1). HO was lower than HE
for almost all loci, which may reflect population subdivision,
inbreeding, or the presence of null alleles. The microsatellites
identified in this work should permit study of fine-scale
genetic variation and relatedness in G. striatula.

We examined the ability of primers to amplify appropri-
ately sized products in several other species of ant (35 cycles
of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s; 2 mm
MgCl2). No PCR products were obtained in Anomma nigricans
and Eciton burchelli, but amplification was successful in
several other species. The loci for which a clear amplification
was obtained are indicated in Table 1. The polymorphism in
these species was not tested, but the markers could poten-
tially be useful in several genera of ants. This is especially
valuable as all primers that have previously been published
for ant species have been cloned only in distant genera.
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Orange roughy, Hoplostethus atlanticus, supports commer-
cially important fisheries across its circumglobal distribution
(Kaiola et al. 1993). Within these fisheries, population struc-
ture is uncertain, hindering effective management. Genetic
and nongenetic studies have been conducted in Australian
waters. The nongenetic studies [parasites (Lester et al. 1988),
otolith microchemistry (Edmonds et al. 1991) and morphology
(Elliott & Ward 1992)] have generally suggested multiple
stocks, whereas the genetic studies [allozyme (Elliott & Ward
1992) and mitochondrial DNA (Smolenski et al. 1993)] have
generally suggested a single Australian stock. The two types
of studies could be reconciled if sufficient gene flow renders
populations homogenous, with most individuals self-recruiting
to natal areas.

Microsatellites offer higher resolving power for fisheries
population genetic studies than previous molecular markers
(Wright & Bentzen 1994). In some fish [northwest Atlantic
cod (Gadus morhua) (Ruzzante et al. 1996) and Arctic charr
(Salvelinus alpinus) (Brunner et al. 1998)], microsatellites have
revealed population structure not apparent from earlier
allozyme or mitochondrial DNA (mtDNA) analysis. The
10 microsatellite loci characterized here may help to clarify
the currently uncertain situation regarding orange roughy
stock composition.

Locus polymorphism was tested using 87–458 fish (Table 1)
combined from 1 to 9 separate collections from across their
global range. Six populations were taken from Australia
(1997–1998), two from the North Atlantic (1991, 1998) and
one from Namibia (1998). All samples were collected for the
authors except those from the North Atlantic in 1991, kindly
supplied by Elliott et al. (1994), and stored at either –20 °C
(in ethanol) or –70°C.

Genomic DNA was cut with Sau3A and RsaI and size-
selected fragments (500–800 bp) were cloned into BamHI and
Hinc2-digested pUC19 purified with GENECLEAN (BIO101
Inc.). Membrane lifts [Hybond N+(Amersham)] of the resulting
library were prehybridized in 0.5% sodium dodecyl sulphate
(SDS), 6× sodium chloride/citrate (SSC), 5× Denhardt’s
solution and then hybridized with di-(GT)10 or tetra-(GTGA)8
nucleotide repeat probes (5′ end-labelled with [γ33P]-ATP
using T4 polynucleotide kinase) in 0.1% SDS, 6× SSC, 5×
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Denhardt’s solution. The membranes were washed at room
temperature in 400 mL of 6× SSC twice for 6 min, then at 55 °C
in 600 mL of 6× SSC for 4 min, then at room temperature in
2× SSC for 4 min, before autoradiography. Twenty-four clones
were cycle-sequenced and run on a Perkin-Elmer ABI 377. Ten
primer pairs were designed using Oligo 4.0 (National Bio-
sciences Inc.). No clones with the GTGA repeat were found.

For polymerase chain reaction (PCR) amplification, DNA was
extracted by two separate methods, cetyltri methylammonium-
bromide (CTAB) or a modified Chelex extraction method
(Fitzsimmons et al. 1997). For the latter, 800 µL of 5% Chelex
and 5 µL of 14 mg/mL proteinase K were added to 5 mm3 of
crushed muscle tissue and left overnight at 57 °C.

PCR was carried out without oil in a 25-µL reaction made
up of 11.3–15.3 µL of dH2O, 2.5 µL Taq 10× buffer without
MgCl2 (500 mm KCI, 100 mm Tris-HCl (pH 9.0 at 25 °C), 1.0%
Triton X-100) (Promega), 3 µL of 25 mm MgCl2, 1 µL of 10 mm
dNTP mix, 1 µL of 5 µm reverse primer, 1 µL of 5 µm fluor-
escent labelled (Hex, Tet or Fam) forward primer, 0.2 µL of Taq
polymerase (5units/mL, Promega) and 1 µL (CTAB DNA) or
5 µL (Chelex) of DNA. PCR was performed in a Perkin-
Elmer 9700 thermocycler with the profile: initial denaturing
for 3 min at 94 °C then 10 cycles of 30 s denaturing at 94 °C;
30 s annealing at 45 °C: 30 s extension at 72 °C followed by 35
cycles of 30 s denaturing at 94 °C: 30 s annealing at 50 °C: 30 s
extension at 72 °C. The size of amplification products was
determined using TAMRA400 internal size standard and the
Genescan 2.0.1™ (Perkin-Elmer/ABI) software.

The loci were highly polymorphic with between 14 and
24 alleles (Table 1). Observed heterozygosities for the pooled

populations ranged from 0.721 (Hat3) to 0.978 (Hat45).
The populations were analysed separately using genepop
(Raymond & Rousset 1995) and the genotypic and genic
differentiation tests and FST values calculated indicated
population differentiation. These preliminary results suggest
structuring between populations which, if confirmed, will
have significance for stock management.

All primers amplified individuals from three other Hoplo-
stethus species (H. lateus, H. intermedius and H. gigas) and
two other fish from the Trachichthyidae family, Darwins roughy
(Gephyroberyx darwinii) and sandpaper fish (Paratachichthys
sp.) (N = 6 per species). There was an indication of variation
within and amongst the three genera.
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Advancements in evolutionary genetics, as well as the con-
servation of biodiversity, increasingly require direct analyses
of sequence variation in nuclear DNA. Recent studies indic-
ate that nuclear introns have variabilities useful for both
phylogenetics and population genetics (reviewed in Friesen
2000); however, use of introns is currently limited by a paucity
of polymerase chain reaction (PCR) primers that have been
demonstrated to have broad taxonomic utility (although
several primers with less general or uncertain utilities have
been published; reviewed in Friesen 2000). We have designed
30 general PCR primers for nuclear introns for vertebrates.

Genes for which sequences were available for a variety of
vertebrates and for which sizes and locations of introns were
known for at least one species were extracted from GenBank
and aligned by eye. Primers were designed from sequences
of avian DNA to anneal to conserved sites within exons and
to amplify introns 100–500 bp in size (the size optimal for
analysis of single-stranded conformational polymorphisms
[SSCPs]; Hayashi 1991) as well as approximately 50 bp of
flanking exon (so that gene homology can be confirmed by
sequencing; Palumbi & Baker 1994). When possible, primers
were designed to enable amplification and sequencing at
high temperatures if required either to improve specificity or
to overcome strong secondary structure. Sequence variation
in 121 marbled murrelets (Brachyramphus marmoratus) was
analysed, and cross-species reactivity of primers was tested
using the protocols for amplification, analysis of SSCPs and
sequencing described in Friesen et al. (1997).

All but 30 of 1200 loci examined were rejected because:
(i) they lacked introns; (ii) sizes or locations of introns were
not reported for any species; (iii) exon sequences were not
available for any birds; (iv) loci occurred in large multigene
families; (v) loci had pseudogenes; (vi) sequences could not
be aligned unambiguously; and/or (vii) conserved priming
sites could not be identified. Primer sequences, PCR protocols
and results of test amplifications for four loci are reported
in Friesen et al. (1997); primers have now been tested for
five more loci (Fig. 1):

(1) Lactate dehydrogenase (LDH) catalyses the intercon-
version of NADH/pyruvate to NAD+/lactate, and serves as
a lens protein (ε-crystallin) in the vertebrate eye; it is a mem-
ber of a small multigene family. Primers were designed from
sequences that are conserved across species for LDH-B but
that are variable across analogues, so that only one locus
should amplify.

(2) Myelin proteolipid protein (MPP) creates a hydrophilic
layer on the outside of myelin sheaths, thus enabling close
juxtaposition of neighbouring membranes (Schliess & Stoffel
1991).

(3) Ornithine decarboxylase (OD) catalyses the conversion
of ornithine to putrescine, which functions in the control of
cell growth, development and division (Yao et al. 1995).

(4) Ribosomal protein 40 (RP40) functions primarily in ribo-
some formation and regulation of ribosome activity, but also
serves as a precursor for a membrane-associated laminin
receptor. The chicken has one gene; mammals have multiple
copies, most of which are probably pseudogenes (Clausse
et al. 1996).

Tropomyosin (TROP) is a myofibrillar protein involved in
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