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Executive Summary

To manage a fishery effectively, it is crucial to understand the spatial stock structure of the target
species, and how fishing mortality is distributed across the stock. This study investigates the
genetic stock structure of Antarctic toothfish (Dissostichus mawsoni) throughout its range in the
Southern Ocean, and implications for the management of toothfish fisheries.

Antarctic toothfish are long-lived, late-maturing and highly adapted to cold Antarctic waters. They
utilise a broad range of habitats throughout their lifespan, from the epipelagic as planktonic larvae
to benthopelagic slope habitats in excess of 2000 m depth (Hanchet et al. 2010).

The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) is
responsible for the management of Antarctic toothfish fisheries within its Convention area in the
Southern Ocean. Exploratory fisheries for Antarctic toothfish have developed in a number of
regions within the CCAMLR convention area. In East Antarctica (CCAMLR Divisions 58.4.1 and
58.4.2), a legal fishery started in 2003. In 2015, Australia joined the fishery in East Antarctica and
maintains a strong interest to continue fishing activities in this area. Only a number of specific
areas (research blocks) are open to fishing in East Antarctica, with a combined catch limit of 567
tonnes in 2018 and an estimated gross value of product (GVP) of around US$10 Million dollars
(CCAMLR XXXV/10).

SC-CAMLR has considered that Antarctic toothfish around East Antarctica may form a single
stock spread across a number of divisions, however genetic studies have shown contradictory
results. Two studies found low genetic diversity across Areas 48, 58 and 88 using both
mitochondrial DNA and nuclear single nucleotide polymorphisms (SNP) markers and were unable
to distinguish location differences (Smith & Gaffney, 2005; Mugue et al. 2014), while Kuhn and
Gaffney (2008) found broad-scale population differences in both mitochondrial and nuclear loci
between these areas.

For this study, Antarctic toothfish samples were collected from CCAMLR Subareas 48.2, 48.4,
48.6, 88.1, 88.2 and 88.3, Divisions 58.4.1, 58.4.2 and 58.5.2, and the SPRFMO area north of
Subarea 88.1. Using approximately equal sample numbers spatially across CCAMLR Areas, DNA
from 761 toothfish samples were extracted and of these 547 were deemed to contain sufficient
quantity and quality to be sequenced by Diversity Arrays to identify variable nucleotide SNPs sites.

The analysis of SNPs indicated that the genetic structuring of Antarctic toothfish across the
Southern Ocean is very weak. The sampled toothfish shared over 99.9% of the observed variation
between sites. While some genetic differences could be attributed to the longitude the samples
were collected from, these differences were not sufficient to assign samples back to their location.

The combination of large-scale egg and larvae dispersal and long-distance fish movement, even at
only low levels, would be sufficient to contribute to the dissolution of the genetic stock structure
and explain the results found in this study. However, the actual level of genetic stock exchange is
difficult to determine.

Based on the findings from this study, we draw a number of conclusions for the management of
Antarctic toothfish stocks in the Southern Ocean:

 CCAMLR manages toothfish fisheries at the levels of Subareas and Divisions. While this
study found only very weak genetic structuring of Antarctic toothfish across the Southern
Ocean, the level of stock linkages between areas remain unknown. We therefore do not
advocate that current fisheries management units in CCAMLR area to be changed based
on this result alone.
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» Given the potential stock linkages between recruits and adult toothfish from different areas,
it is important to apply a management framework, which aims to ensure biomass levels of
each harvested population stay at a level that maintains sufficient recruitment for the
longterm sustainability of the fish stocks, to all toothfish fisheries.

» The inability to define geographic stock boundaries for Antarctic toothfish from genetics
limits the application of genetic stock size estimation through e.g. close-kin mark recapture
for this species. the close-kin method may be suitable for Patagonian toothfish (D.
eleginoides), which are found on seamounts and submersed plateaus in the Southern Ocean,
and for which there is identifiable genetic structure

* lllegal, unregulated and unreported (IUU) fishing has been prevalent in many parts of the
CCAMLR area in the past and may still be ongoing, albeit at a much lower level. Genetic
methods have been identified as potential tools to identify the region of origin of toothfish
product that is being sold to international markets. With little genetic stock discrimination
for Antarctic toothfish, genetic methods are unlikely to achieve this objective.

Keywords

Antarctic Toothfish, Southern Ocean, Fisheries, Genetics, stock connectivity, SNP,
Highthroughput sequencing, Dissostichus mawsoni
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Introduction

The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) is
responsible for the management of the highly valuable toothfish fisheries within its Convention
area in the Southern Ocean. Patagonian toothfish (Dissostichus eleginoides) make up the
majority of the overall toothfish catch, while Antarctic toothfish (D. mawsoni) contribute
approximately 27% to the overall catch in 2017 (CCAMLR 2018). Antarctic toothfish are
longlived, late maturing and highly adapted to cold Antarctic waters (Hanchet et al. 2015).
They are the larger of the two Dissostichus species and utilise a broad range of habitats
throughout their lifespan, from the epipelagic as planktonic larvae to benthopelagic slope
habitats in excess of 2000 m depth as adults (Hanchet et al. 2010).

Understanding population structure of harvested species with respect to harvest rates is an
important element of any resource management strategy, especially where fish stocks and/or
the fisheries are spatially structured (Begg and Waldman 1999). In order to gain this
understanding SC-CAMLR-2017 identified the development of hypotheses about stock
structure as a high priority to facilitate the regional coordination of fisheries and allow delivery
of CCAMLR’s management objectives in a realistic timeframe.

A stock hypothesis for Antarctic toothfish was first developed for the Ross Sea region (Hanchet
et al. 2008). However, questions remain around broader connectivity of toothfish in
surrounding areas of Division 58.4.1, Subarea 88.3 and to the north in the region managed by
the South Pacific Regional Fisheries Management Organisation (SPRFMO). The stock
hypothesis for Area 88 was further developed by Parker et al. (2014; Figure 1) who also
recommended future research to better elucidate the stock affiliation of adjacent portions of the
Bellingshausen Sea and juveniles on the shelf in Subarea 88.2.

For East Antarctica (Area 58) three different stock hypotheses have been developed which
differ in the assumptions around the locations of spawning grounds and connectivity to other
regions. Agnew et al. (2009) proposed two stocks in the region, one to the west centred on
Prydz Bay, the other one stretching to the east towards the Ross Sea (Figure 1). Yates et al.
(2017) refined analyses by Welsford (2011) and analysed catch rates, mean weight, maturity
stage and sex ratios of Antarctic toothfish in East Antarctica. The distribution of mean weight
and maturity indicated the presence of both spawning and nursery grounds on the continental
slope, a conclusions which supported the hypothesis of a spawning migration from the
Antarctic continent to BANZARE Bank by Taki et al. (2011). Okuda et al. (2018) hypothesised
similar distributions of spawning and nursery grounds but expanded the proposed area to
include Subareas 48.6 and 48.2.

In 2018, the CCAMLR Workshop for the Development of a D. mawsoni Population Hypothesis
for Area 48 brought together available information on Antarctic toothfish, resulting in three
potential population hypotheses. These hypotheses included between two and four
subpopulations contributing to Antarctic Toothfish in Area 48 (Soffker et al. 2018; Figure 1).
All three hypotheses assumed different levels of connectivity between adjacent CCAMLR
areas, e.g. between Subarea 48.6 and Division 58.4.2, and between Subareas 48.2 and 88.3.
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Figure 1: Amalgamated stock hypotheses for Antarctic toothfish (Dissostichus mawsoni) in the
Southern Ocean from Agnew et al. (2009; orange arrows), Yates et al. (2017; blue arrows) and
Okuda et al. (2018; purple arrows) for East Antarctica, Parker et al. (2014; green arrows) for
Area 88, and Soffker et al. (2018 — Hypothesis 3; pink arrows) for Area 48. Grey lines indicate
CCAMLR management boundaries. Side panels show each layer of overlapping hypotheses in
East Antarctica. Different shades indicate differing stocks in the same hypothesis.

Genetic studies can be used to evaluate the existence of gene flow between fish populations
across regions and therefore provide insights into stock structure (Ward, 2000). Conflicting
results have been reported by investigators in previous population genetic studies of Antarctic
toothfish. However, these studies have focussed on a small number of genetic markers and they
produced somewhat conflicting results depending on which laboratory method was used to
collect genetic data. The first genetic study of Antarctic toothfish examined random amplified
polymorphic DNA (RAPD) markers and found significant differentiation between McMurdo
Sound (Subarea 88.1) and Antarctic Peninsula (Subarea 48.1) populations (Parker et al. 2002).
Smith and Gaffney (2005) investigated mitochondrial DNA (mtDNA) sequences and seven
nuclear intronic SNP markers and found no population differentiation among samples taken
from three CCAMLR areas: 48.1, 88.1 and 58.4.2. Kuhn and Gaffney (2008) expanded on the
work of Smith and Gaffney (2005) by examining four mitochondrial regions and 13 nuclear
markers in samples from the same three areas and one additional area in the Southern Ocean
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(Subarea 88.2). Unlike Smith and Gaffney (2005) the results showed genetically distinct
populations between all four areas. Mugue et al. (2014) collected samples from seven
CCAMLR management units, and compared five of the most polymorphic nuclear genes
previously analysed by Kuhn and Gaffney (2008) finding no genetic differences between
locations. In addition, Mugue et al. (2014) also highlighted discrepancies in allelic frequencies
for several marker loci compared to Kuhn & Gaffney (2008).

Here, we use nuclear SNP markers obtained from high throughput sequencing to investigate
the stock structure of Antarctic toothfish in the Southern Ocean around Antarctica. This
population genomic analysis takes advantage of major technological advances to generate
molecular data from thousands of markers in the toothfish genome. This genetic data combined
with comprehensive circumpolar sampling provides a much more detailed view of toothfish
population genetic structure compared to previous work. Based on our results, we discuss the
possibility of using close-kin mark recapture techniques to estimate the population size of
Antarctic toothfish in the waters off East Antarctica. Primarily, 1) can individuals in East
Antarctic waters be identified as a separate genetic stock and 2) if samples can be identified as
a single genetic stock, can markers be identified which may be used to identify parent offspring
pairs, or, half sibling pairs. Finally, we try to resolve conflicting results obtained by Kuhn and
Gaffney (2008) and Mugue et al. (2014) by analysing the markers they examined in a sub-set
of our samples (Appendix 1).

Methods

Sample collection

Tissue samples (either muscle or fin clip) from 4,212 Antarctic toothfish were collected during
commercial fishing operations in research blocks or small-scale research units (SSRU) from
nine CCAMLR management areas and two areas adjacent to the CCAMLR boundary within
the SPRFMO waters (Figure 2). Samples were collected by either crew, researchers or scientific
observers on board of fishing vessels, stored in at least 70% ethanol and sent to the Australian
Antarctic Division for processing.

Samples were collected from Subareas 48.2, 48.4, 48.6, 88.1, 88.2 and 88.3, Divisions 58.4.1,
58.4.2 and 58.5.2, as well as the SPRFMO area north of Subarea 88.1 (Figure 2, Table 1). While
samples from Division 58.4.3b were not available, samples were collected from Division
58.5.2, the northern most extent of Antarctic toothfish within Area 58, and were considered to
be a suitable proxy for Division 58.4.3b immediately to the south.

Where large amounts of samples were available within Subareas or Divisions, samples were
randomly selected within either research blocks or SSRU (presence dependent) with the aim to
provide the greatest spatial coverage possible and to maintain an equal distribution of samples.

10
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Figure 2: Locations of Antarctic toothfish (Dissostichus mawsoni) tissue samples collected (red)
across areas where Antarctic toothfish have been caught (grey hexagons, amalgamated data from
Robinson & Reid (2016) and Duhamel et al (2014)).

Table 1: Numbers of available Antarctic toothfish tissue samples and amount that passed quality
control and used in subsequent analysis.

Area Available samples  Analysed samples
48.2 134 46
48.4 239 45
48.6 40 13
58.4.1 2232 196
58.4.2 1033 45
58.5.2 117 42
88.1 329 104
88.2 43 23
88.3 30 30
SPRFMO 15 3
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Total 4212 547

DNA Extraction

DNA was extracted from muscle or fin clip samples using a Promega ‘Maxwell RSC 48’
automated nucleic acid purification platform with the Whole Blood kit. Briefly, 30 - 100 mg
of tissue was incubated in 400 ul Tissue Lysis Buffer and 30 pl proteinase K for three hours at
56 degrees. Following digestion, 15 pl RNase (4 mg/ml) was added and incubated at room
temperature for 5 minutes. Extracts were eluted in 70 ul of elution buffer and stored at -20 °C
(See appendix 2 for step-by-step guide).

DNA was quantified using a Qubit 2.0 fluorometer broad range assay kit (Invitrogen) and
quality scored based on an assessment of recovered DNA fragment size using gel
electrophoresis. Samples with >20 ng/ul and containing high molecular weight bands (>5 Kb)
were deemed to be sufficient for sequencing.

Sequencing

To characterise genetic markers from throughout the toothfish genome, sequencing was
conducted by Diversity Arrays (https://www.diversityarrays.com/) using the DArTseq™
methodology. DArTseq™ represents a combination of a complexity reduction methods (i.e.
selects a small subset of the genome) and next generation DNA sequencing (Sansaloni et al.
2011; Kilian et al. 2012; Cruz et al. 2013; Courtois et al. 2013; Raman et al. 2014). Similar to
DArT methods based on array hybridisations, the technology is optimized for each organism
and application by selecting the most appropriate complexity reduction method (both the size
of the representation and the fraction of a genome selected for assays). Based on testing several
restriction enzyme combinations for complexity reduction, the Pstl-Sphl combination was
selected for D. mawsoni. DNA samples were processed in digestion/ligation reactions
following Kilian et al. (2012) but with two different adaptors corresponding to the two different
restriction enzyme overhangs. The Pstl-compatible adapter was designed to include an lllumina
flowcell attachment sequence, a sequencing primer sequence and a “staggered”, varying length
barcode region, similar to the sequence reported by Elshire et al. (2011). The reverse adapter
contained a flowcell attachment region and a Sphl-compatible overhang sequence.

Only “mixed fragments” (Pstl-Sphl) were effectively amplified in 30 rounds of PCR using the
following reaction conditions: (1) 94° C for 1 min, (2) 30 cycles of: 94° C for 20 sec, 58° C for
30 sec, 72° C for 45 sec, and (3) 72° C for 7 min.

After PCR equimolar amounts of amplification products from each sample of the 96-well
microtiter plate were bulked and applied to c-Bot (lllumina) bridge PCR, followed by
sequencing on Illumina Hiseq2500. The sequencing (single read) was run for 77 cycles.

Sequences generated from each lane were processed using proprietary DArT analytical
pipelines. In the primary pipeline the fastq files were first processed to filter away poor quality
sequences, applying more stringent selection criteria to the barcode region compared to the rest
of the sequence. This resulted in reliable assignments of the sequences to specific samples
carried in the “barcode split” step. Approximately 2,500,000 sequences per barcode/sample
were identified and used in marker calling. Finally, identical sequences were collapsed into
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“fastqcoll files”. The fastqcoll files were “groomed” using DArT pipelines proprietary
algorithm, which corrects low quality base from singleton tag into a correct base using
collapsed tags with multiple members as a template.

The groomed fastqcoll files were used in the secondary pipeline for DArT PL’s proprietary
SNP and SilicoDArT (presence/absence of restriction fragments in representation) calling
algorithms (DArTsoft14). For SNP calling, tags from all libraries included in theDArTsoft14
analysis are clustered using DArT PL’s C++ algorithm at the threshold distance of 3, followed
by parsing of the clusters into separate SNP loci using a range of technical parameters,
especially the balance of read counts for the allelic pairs. Additional selection criteria were
added to the algorithm based on analysis of approximately 1,000 controlled cross populations.
Testing for Mendelian distribution of alleles in these populations facilitated the selection of
technical parameters discriminating true allelic variants from paralogous sequences.

In addition, multiple samples were processed from DNA to allelic calls as technical replicates
and scoring consistency was used as the main selection criteria for high quality/low error rate
markers. Calling quality was assured by high average read depth per locus, with an average of
over 30 reads/locus across all markers. The average number of sequences per sample in this
analysis was 2.4 million and the average number of unique sequences per sample was 248,000.

Both DArT’s SNP and SilicoDArT (presence/absence of restriction fragments in
representation) genotype datasets are available. However, we used our own algorithm to make
the genotype calling more transparent and to remove genotype calls based on very small
number of sequence reads. Calling of SNPs was conducted on raw count data provided by
Diversity Arrays using the following calling rules:

1. Total counts less than 6 and greater than 500 were called as NA.

2. Markers where over 5/6 of counts were reference allele, were called homozygous (0)
3. Markers where over 5/6 of counts were alternate allele, were called homozygous (2)
4. All remaining markers were called heterozygous (1)

Filtering of loci and samples was conducted using the dartR package (Gruber and Georges
2018) in R v3.5.1 (R Core Team 2018). Repeatability of loci was calculated from technical
replicates using the count of replicates where each pair of replicates agreed or disagreed at a
loci where both can be called for that loci. Monomorphic loci and those with <80% repeatability
were removed, as well as loci and individuals with >15% NAs. Finally, secondary loci were
removed as well as loci with a low minor allele frequency (less than 0.005).

count>6 | 556 refference | No | > 5/6 alternate| No
count < 500 >
allele allele

Yes Yes

Total count
data

count >500
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Figure 3: Single nucleotide polymorphisms (SNP) calling rules used for Antarctic toothfish
(Dissostichus mawsoni) counts obtained from Diversity Arrays.

Analysis

To explore regional genetic variability between locations, individual samples were allocated to
prospective geographic sample populations by single linkage agglomerative clustering based
on great circle distance. Two samples were allocated to the same sample population if separated
by no more than 1,200 km, resulting in eight geographic sample populations with no less than
10 samples in each population. A single isolated sample that was not naturally allocated to any
cluster was removed from the analysis.

Principal coordinate analysis (PCoA) was used to create a low dimensional representation of
the genetic data implemented using the dartR package in R (Gruber and Georges 2018; R Core
Team 2018).

To test for differentiation amongst the geographic sample populations, an analysis of molecular
variance (AMOVA,; Excoffier et al. 1992) based on Nei’s Distance (Nei 1972) was performed
with the R packages pegas (Paradis 2010) and StAMPP (Pembleton et al. 2013), using 10,000
permutations to assess significance.

Wright’s fixation index (Fst; Weir and Cockerham 1984) was calculated with StAMPP as a
measure of genetic distance between geographic sample populations. Pairwise comparisons of
geographic sample populations were conducted by testing for Fst greater than zero by bootstrap
resampling with 10,000 replicates and subsequently adjusting to control the false discovery rate
(Benjamini and Hochberg 1995).

Isolation by distance was tested based on two measures of geographic distance. Genetic
distances (Fst) were compared to (1) distance along Rhumb lines (i.e. lines of constant bearing),
and (2) pairwise differences in longitudinal angle ignoring latitude, using Mantel permutation
tests (Mantel 1967) with 10,000 replicates to assess significance. Rhumb line distance was
chosen over great circle distance since some sample locations were close to Antarctic and the
resulting great circles crossed the continent.

As an alternative to predicting the geographic sample populations, boosted regression trees
were fitted to determine the degree to which longitude of a given sample could be predicted
from SNPs. The data were randomly split into test and training sets stratified by geographic
cluster, with approximately 60% of observations retained in the training set. Boosted regression
trees were fitted with the R package gbm (Greenwell et al. 2019) with learning rate (shrinkage)
of 0.001 to minimize the risk of overfitting. The optimal number of trees for prediction was
determined by 10-fold cross validation, and the predictive power of the models was assessed
against the test set.

The unsupervised clustering algorithms StockR (Foster 2018) and snapclust (Beugin et al.
2018) were used to search for latent population structure. Both methods were initialized from
several random configurations corresponding to 1-8 sample populations, as well as the initial
configuration defined by the geographic clustering. The optimal clustering for both StockR and
snapclust were selected using the lowest BIC from the models, with those models within 2 BIC
units considered plausible.
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Results

Extraction

DNA from 761 Antarctic toothfish samples were extracted, and of these 547 were deemed to
contain sufficient quantity and quality to be sequenced by Diversity Arrays (Figure 2). Overall
quantity of DNA was much higher in extractions from fin clips than from muscle tissue, with
the exception of a batch of 30 muscle samples that were frozen first and put into ethanol only
later (Figure 4).
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Figure 4: Quantity and quality of DNA from Antarctic toothfish (Dissostichus mawsoni) tissue
sample extractions. Red line indicates DNA quantity of 20 ng/ul. Good DNA considered to be
samples with high molecular weight bands >5 Kb in gel electrophoresis.

Sequencing

Sequencing of the 547 samples by Diversity Arrays resulted in identification of 57,697 variable
nucleotide SNP sites. After a rigorous data filtering process, 535 individuals and 10,303 reliable
SNPs remained to be used in subsequent analysis. Filtering reductions on marker and individual
counts are shown in Appendix 3.
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Analysis

Geographic clustering by the distance of sample locations resulted in seven geographic sample
populations, with one population further split into two to allow testing between slope and
seamount Antarctic toothfish in the Ross Sea after discussion with collaborators (Figure 5). No
discernible structure was revealed by the principal coordinate analysis (PCoA), and the
respective geographic sample populations showed substantial overlap, with principal
coordinates 1 and 2 both representing 0.3% of the total variation in the data (Figure 6).
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-8000

Figure 5: Geographic sample populations of Antarctic Toothfish (Dissostichus mawsoni) which

were tested for genetic stock differences. Sample populations are numbered eastward from the
prime meridian.
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Figure 6: Principle Coordinate Analysis (PCoA) of Antarctic toothfish (Dissostichus mawsoni)
from the eight geographic sample populations (pop 1-8).

An analysis of molecular variance (AMOVA) showed no evidence (p = 0.145) of genetic
differentiation amongst these eight geographic sample populations, with the population
differentiation statistic @ = 0.0003 showing that the differentiation observed amongst the
populations is only a small fraction of the total genetic variability.

Wright’s fixation index Fsr (Table 2) for genetic distance between the eight geographic areas
suggested that there was limited differentiation amongst the sample populations. Benjamini and
Hochberg (1995) adjusted pairwise comparisons of geographic sample populations based on
Fst showed no evidence of population differences (all p values >0.3).

Table 2: Wright’s fixation index Fsr amongst geographic sample populations.

Cluster 1 2 3 4 5 6 7
2 -2.15 x 10*
3 249 x10% -9.97 x 10°
4 2.56 x 10* -2.39x 104 -5.12 x10°
5 323x10% 233x10* 1.38x10* -1.32x10*
6 144 x10% 5.02x10% 525x10*% 259x10% -3.49x10°
7 5.65x10*% 3.38x10% 278x10% 238x10* 3.76x10* 6.57 x10*
8 8.59 x 104 -8.72x10% 5.09x10° -1.95x10° 1.34x10% 154x10% 1.30x10*
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A Mantel test showed moderate evidence (p = 0.018) of correlation in genetic distance (Fst)
between geographic sample populations and the absolute difference of longitudes between
geographic sample population centroids, with correlation R = 0.33 (Figure 7). A Mantel test of
genetic distances and the Rhumb line distances between geographic sample population
centroids showed only weak evidence (p = 0.054) with a correlation of R = 0.28. These results
indicate that whilst genetic differences are small, they do appear to increase with increasing
longitudinal distance.

The boosted regression tree model fitted to predict longitude of sample collection from sample
SNPs had no predictive power in the test set. With a learning rate of 0.001, the 10-fold cross
validation suggested optimal predictive accuracy was attained from approximately 1400 trees.
Although the model had some predictive capacity in the training set with a correlation between
predicted and observed longitude of 0.73, the model showed little predictive power on the test
set with essentially no correlation between observed and predicted longitude (R = -0.007) and
a mean squared error of prediction of 10078 degrees squared.

For both the stockR and snapclust clustering algorithms, the inferred clusters bore no obvious
resemblance to the geographic structure of the samples when initialized from a random
configuration, and both preferred models selected by the BIC consisted of the lowest number
of clusters (Table 3; Figure 8). Only when the algorithms were initialized from a configuration
corresponding to a geographic cluster, the inferred clusters coincided exactly with the initial
sample populations. However, these solutions were not favoured by the BIC suggesting the
algorithms were converging to local maxima in the likelihood. The sample distributions relative
to clusters are shown in Appendix 4.
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Figure 7: Angular (longitude®) and genetic distance (Fst) pairwise comparisons of Antarctic
toothfish (Dissostichus mawsoni) geographic sample population centroids (R = 0.33).
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Table 3: Bayesian Information Criterion (BIC) for the stockR and Snapclust algorithms starting
from random and geographic initial configurations for 1 to 8 clusters. Note Snapclust does not
allow one cluster.

stockR Snapclust

# Clusters | Random Geographic | Random = Geographic
4,333,943 4,333,943 - -

4,385,230 4,387,673 | 4,417,860 4,418,964
4,436,552 4,440,941 | 4,471,568 4,473,264
4,487,754 4,493,733 | 4,525,218 4,528,275

4,539,295 4,546,670 4,578,959 4,583,351
4,590,612 4,600,645 4,632,904 4,638,081
4,641,644 4,653,541 4,686,733 4,692,810
4,693,442 4,706,855 4,740,753 4,747,409
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Figure 8: Bayesian Information Criterion (BIC) for the stockR (red) and Snapclust (black)
algorithms assigning samples of Antarctic toothfish, starting from random (solid) and geographic
(dashed) initial configurations for 1 to 8 clusters. Note Snapclust does not allow one cluster.

Discussion

Whilst many of the biological and ecological aspects of the population dynamics for Antarctic
toothfish have been studied, stock structure and linkages at different life stages are still poorly
understood. Like its congener Patagonian toothfish, Antarctic toothfish are winter spawners
with pelagic eggs (Hanchet et al. 2015; Yates et al. 2017; Ghigliotti et al. 2018). With the
majority of the species residing at higher latitudes which is under sea ice during the spawning
season, the reproduction strategy and early life history stages of Antarctic toothfish are difficult
to study (Ghigliotti et al. 2018).

19



The results from this study indicate that the genetic structuring of Antarctic toothfish is very
weak. The sampled toothfish shared over 99.9% of the observed variation between sites, i.e.
less than 0.1% of the genetic variation was attributable to the sampling sites. Implementation
of AMOVA was unable to detect differences between the geographical sample populations
based on Nei’s Distance. By only looking at differences between our defined sampling sites it
IS not possible to discount the scenario that distinct breeding population exist, but fish are mixed
as adults where we sampled them (e.g. like mixed stocks of salmon present in the North
Pacific). To investigate this possibility, we carried out unsupervised clustering analyses using
PCoA, stockR and Snapclust; these failed to reveal underlying structuring to the data, indicating
no genetically distinct breeding populations of Antarctic toothfish were sampled as part of this
study. Semi-supervised clustering using geographic sample populations as initialisers regained
these populations after clustering. The Bayesian Information Criterion indicated unsupervised
models performed better than semi-supervised, and both clustering methods preferred models
with fewer populations. Mantel tests of isolation by distance showed some evidence of a
correlation between genetic distances and longitudinal angle of geographic sample populations.
In contrast, including latitude using Rhumb line distances showed less evidence of difference
than using longitude on its own.

Large-scale egg and larvae dispersal with long-distance fish movement are the most likely
processes that contribute to the dissolution of the genetic stock structure. Large-scale egg and
larvae dispersal is likely for Antarctic toothfish due to a combination of their long time periods
as egg and larvae before fish larvae settle on or near the benthos, some of the species spawning
grounds residing in more northern locations of the species distribution (Yates et al. 2017,
Okuda et al. 2018). Dunn et al. (2012) modelled the likely distribution of eggs and larvae on
Antarctic toothfish over a two-year period assuming 15 spawning locations. Their simulations
indicated that fish which spawn in the Ross Sea and Weddell Sea gyres would mostly remain
in that approximate location with only some distribution into other areas when the fish larvae
were caught in the Antarctic Circumpolar Current or the Antarctic Slope Fronts. In contrast,
fish which spawned further north in areas such as BANZARE Bank or the northern seamounts
in the South—East Atlantic sector were carried much further distances around the continent,
often with movements of between 60° - 90° longitude after 2 years (Figures 9 & 10).

In addition to expected large movements from eggs and larvae, long-distance movements of
adult toothfish have also been reported in mark-recapture tagging studies. Whilst most
Antarctic toothfish are recaptured within 200 km of their initial tagging location, 14 of 2000
recaptures reported between 2006 — 2016 travelled further distances, with a moving maximum
of over 4000 km (greater-circle distance) between release and recapture locations (CCAMLR
Secretariat 2017).
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Figure 9: Major Southern Ocean circulation features (from Post et al. 2014), showing the Polar
and Sub-Antarctic Fronts of the Antarctic Circumpolar Current, sub-polar gyres and the
Antarctic Slope Front (ASF). Background colours show bathymetry.

Time: 2.00 years gE Depth: 150 m

3.06

180°

Figure 10: Simulated larval locations of Antarctic toothfish after 2.0 years around Antarctica at
a depth of 150 m using the HadGEM model (depth contours at 1000 & 3000 m) from Dunn et al.
(2012). Coloured boxes indicate the starting locations of same coloured dots.
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Population genetic studies provide a robust measure of differentiation when populations have
a very low amount of connectivity. However, when the number of migrants between sampled
areas reaches a threshold, the diversifying effect of isolation is erased and the level of genetic
stock exchange is difficult to determine. As such, even only low levels of large-scale egg and
larvae dispersal and long-distance fish movement would be sufficient to explain the results
found in this study. As Ward (2000) stated:

“Gene flow rates of 1%, 5%, 20% and 50% will give genetic homogeneity among
samples and thus cannot be distinguished, yet each of these cases should have different
consequences for stock assessment models. Findings of sample homogeneity are thus of little
assistance to fishery managers.”

Based on the findings from this study we can draw a number of conclusions relevant to the
management of Antarctic toothfish stocks in the Southern Ocean:

Firstly, CCAMLR manages toothfish fisheries at the levels of Subareas and Divisions. While
this study found only very weak genetic structuring of Antarctic toothfish across the Southern
Ocean, the level of stock linkages between areas remain unknown. We therefore do not
advocate, based on the results of this study alone, that current fisheries management units in
CCAMLR area need to be changed. Given the level of Antarctic toothfish stock exchange
cannot be determined from genetic studies alone, information from studies of fish movement
and larval dispersal such as the one by Dunn et al. (2012) or Mori et al. (2016) for Patagonian
toothfish will need to be combined to further develop stock hypotheses to inform fisheries
managers about likely fish stock boundaries. We recommend egg and larval dispersal
modelling be updated to account for new information (see Hanchet et al. 2015; Ghigliotti et al.
2018) which may give greater insight into the potential movements of pre-settlement Antarctic
toothfish between areas.

Secondly, Antarctic toothfish are a focus of targeted fisheries throughout almost their entire
species range. For the management of these fisheries within the CCAMLR area, CCAMLR
applies decision rules to set catch limits at Subarea or Division level. These rules are based on
the objectives of the CAMLR Convention, and aim to ensure that the biomass levels of each
harvested population stay above a target level to maintain sufficient recruitment for the
longterm sustainability of the fish stocks (CCAMLR 1980). Whilst only a small proportion of
the Antarctic toothfish distribution is outside the CAMLR Convention Area, and is not
commercially targeted, applying such a management framework to these areas should fisheries
develop, as it is done within the CCAMLR area, is important given the potential stock linkages
of recruits and adult toothfish from different areas.

Thirdly, the inability to define geographic stock boundaries for Antarctic toothfish from
genetics limits the ability to perform genetic stock size estimation through e.g. close-kin mark
recapture (Bravington et al. 2016). There are a number of reasons for this, mainly (1) the
juveniles found in a given location may not be related, (2) they could have originated from
different areas, and (3) they may not be related to any of the adults settled in that area. This
means that in order to use such techniques, the genetic stock, in this case Antarctic toothfish
from its entire geographical distribution, would need to be sampled. This would be both
expensive and operationally difficult. If however, a large scale international project was
deemed to be feasible, the SNP markers we have identified could be used in targeted genotyping
assays to provide informative and accurate genotypes required for identifying related toothfish
(parent offspring pairs or half-sibling pairs). The close-kin method may however, be more
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productively applied to Patagonian toothfish, which are found on seamounts and submersed
plateaus in the Southern Ocean, and for which there are identified genetic differences between
locations (Welsford et al. 2011; Toomey et al. 2016).

Lastly, illegal, unregulated and unreported (IUU) fishing has been prevalent in many parts of
the CCAMLR area in the past and may still be ongoing, albeit at a much lower level. Genetic
methods have been identified as potential tools to identify the region of origin of toothfish
product that is being sold to international markets (Toomey et al. 2016). With little genetic
stock discrimination for Antarctic toothfish, genetic methods are unlikely to achieve this
objective.
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Implications

Our study shows we cannot identify distinct breeding stocks of Antarctic toothfish based on the
largest set of Antarctic toothfish genetic population markers. This implies that there are no
strong barriers to gene flow between regions in the Southern Ocean, however we cannot rule
out that the regions may have some demographic independence. The lack of genetic geographic
structuring means that:

* Information from studies of e.g. fish movement and larval dispersal will be needed to
inform stock hypotheses and evaluate whether the current management boundaries for
Antarctic toothfish fisheries in East Antarctica are appropriate.

* The ability to perform genetic stock size estimation in East Antarctica through e.g.
close-kin mark recapture will be limited.

» Genetics methods will offer limited assistance to identify the region of origin of IUU
Antarctic toothfish product that is being sold to international markets. For this purpose,
investing more money in genetic methods for this species should not be a priority, other
techniques such as otolith microchemistry and stable isotopes will need to be explored.

Recommendations

Using the methods and analysis tools developed and applied in this study, geographic stock
boundaries could be explored for closely related Patagonian toothfish which are found on
seamounts and submersed plateaus in the Southern Ocean. Previous work has identified some
genetic differences between locations. If isolated genetic stocks are identified, and genetic
markers that show parent offspring pairs or half-siblings can be identified, the close-kin mark
recapture methodology could be applied to estimate stock biomass.

Further development

During the preparation of this report, the entire sequenced genome for Antarctic toothfish was
published (Wang et al. 2019). Further development could include blasting the SNPs obtained
in this project to the genome. This may allow (1) the assessment of genome coverage obtained
in this project, (2) examination of potential areas of the genome not covered in this project and
(3) examination of the genes that showed the greatest differentiation and that may be involved
in local adaptation.

Whilst spatial coverage was extensive, this project did not contain samples from three key areas
of Antarctic toothfish distribution (Weddell Sea, Amundsen Sea and BANZARE Bank).
Sampling of these areas would allow confirmation of mixing between these and outside
locations. However, given the results of the analysed samples, the outcome of including these
other areas is unlikely to change substantially.
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Extension and Adoption

In order to extend the dissemination of this research, this project will be written and published
in a peer review journal. In addition, results will be presented to industry and the Australian
Fisheries Management Authority at the Sub-Antarctic Research Advisory Group (SARAG).

As CCAMLR decides on harvest strategies for the majority of Antarctic toothfish stocks, it is
a critical forum to inform of this research and its outcomes. Progress on this project has been
presented to the CCAMLR Working Group for Fish Stock Assessment (WG-FSA) in 2018 and
the Workshop for the Development of a D. mawsoni Population Hypothesis for Area 48
(WGDmPH) in 2018, which successfully gained support from international research and
government organisations that assisted in the collection of samples.

The final report will be submitted to WG-FSA in 2019 and inform the meeting on the results
of this study and its implications for the management of Antarctic toothfish in East Antarctica
and the potential to apply close-kin mark recapture methodology to estimate stock size.
Extension of the data created in this project may include exploration of the presence of
sexdetermined markers.

Project coverage and material

This project has been covered by the Australian Antarctic magazine issue 34: Deepening
understanding of the Antarctic toothfish gene pool
(http://www.antarctica.gov.au/magazine/2016-2020/issue-34-june-
2018/science/deepeningunderstanding-of-the-antarctic-toothfish-gene-pool )

The project was presented to the CCAMLR Workshop for the Development of a D. mawsoni
Population Hypothesis for Area 48 (Appendix 5; https://www.ccamlr.org/en/ws-dmph-18/08 )
an update was also provided to the 2018 CCAMLR Working Group on Fish Stock Assessments
(Appendix 6; https://www.ccamlr.org/en/wg-fsa-18/64).
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Appendix 1: Clarification of results from
previous population genetic studies of
Antarctic toothfish

Background

Conflicting results have been reported in previous population genetic studies of Antarctic
toothfish (Dissostichus mawsoni). These studies have focussed on a small number of genetic
markers and have some overlapping sites within the CCAMLR convention area.

Initial work by Kuhn and Gaffney (2008) collected 192 samples from nine sites in four
CCAMLR areas and Divisions (Subareas 48.1, 88.1 and 88.2, and Division 58.4.2). Ten nuclear
SNPs were analysed, with results indicating differentiation of the Ross Sea population from
other areas.
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In contrast, Mugue et al. (2014) collected 336 samples from nine sites from seven CCAMLR
Subareas and Divisions (Subareas 48.5, 48.6, 88.1, 88.2 and 88.3, and Divisions 58.4.1 and
58.4.2). They compared five of the most polymorphic nuclear genes previously analysed by
Kuhn and Gaffney (2008) and found no genetic differences between locations. Mugue et al.
(2014) also highlighted discrepancies in allelic frequencies for several marker loci when
compared to those reported by Kuhn and Gaffney (2008). Each study used several laboratory
methods to collect genetic data from different markers.

Here we aim to clarify results obtained in these previous studies by directly sequencing the five
nuclear genes (one contains 3 SNPs) that were analysed by Mugue et al. (2014) from a small
subset of the Antarctic toothfish samples included in our study.

Materials and Methods

A subset of five samples from each of five CCAMLR management areas (n=25) were chosen
for this analysis.

10pl PCR reactions contained 1ul DNA (50 ng/ul), 0.3 uM of each primer (See Table Al.1)
and 5ul of Ampli Tagq 360 Master Mix (Thermo Fisher). Thermal cycling conditions were 95
°C for 10 min; followed by 35 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 45 s; then
a final extension at 72 °C for 7 min. PCR products were purified with EXoSAPIT™ Express
(Thermo Fisher) and sequenced in both directions using BigDye Terminator v.3.1 (Applied
Biosystems, Inc.) on an ABI 3130 sequencer.

Table Al.1: PCR primers used in this study.

Locus: GenBank Primer Sequence Reference Methods used to call

SNP Accession SNP in previous

Position Number studies®

CaM:203  EF088418.1 F- This study Kuhn?: dCAPS
ACACAGACAGCGAGGAGGAG Mugue?: Sequencing
R - CGGCATGGGATTACATTTG

CK7:136  EF088419.1 F- This study Kuhn?: FP-TDI
GTTCAGTCTCAGAGTTTACAAGC Mugue®: RFLP

R - CCTTGAGTTTTGGCAGGAA

MLL:95 EF088421.1 F - AGGAGGACATGCTGAGTGCT  This study Kuhn? RFLP

R - TGCAGGAGACACACATCACA Mugue®: RFLP
TPI:127 EF088417.1 F - GCATYGGGGAGAAGCTRGAT  Quattro et Kuhn?: FP-TDI (Only
TPI:135 R - AGAACCACYTTRCTCCAGTC  al. (2001) TP1:127)
TPI:170 Mugue®: Sequencing

RPS7:374  AY517753.1 F - CCGTGCATGTGTTCAGAAAG  This study Kuhn2: FP-TDI
R - TGAGTTGGTATCGTGGTGGA Mugue®: Sequencing

! Derived Cleaved Amplified Polymorphic Sequence (dCAPS), Template directed Dye Terminator Incorporation assay (FP-

TDI) and Restriction Fragment Length Polymorphism (RFLP)
2 Kuhn and Gaffney (2008)

3 Mugue et al. (2014)
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Results and Discussion

The results generally support the findings of Mugue et al. (2014) in terms of overall frequency
of the different genetic markers (Figure Al.1; Table Al1.2). The use of alternative methods to
assay genotype in the toothfish samples may have affected results from different studies (Table
Al.2).

The SNP at TPI:127, previously genotyped by Kuhn and Gaffney (2008) using Template
directed Dye Terminator Incorporation assay (FP-TDI), was absent from our sequence data set.
This confirms the result obtained by Mugue et al. (2014) which used direct sequencing. As
already highlighted by Kuhn and Gaffney (2008) as a potential problem, this absent sequence
is likely due to template contamination during the FP-TDI assays.

In the small number of samples analysed here, our results indicated that there was no clearly
distinct genetic grouping in these markers representing the Ross Sea (Figure A.1), which is
congruent with the results of Mugue et al. (2014). However, larger samples sizes would be
required to detect subtle genetic structuring.

The discrepancies between allele frequencies for several loci in these different studies
highlights the need for an accurate, standardised genotyping method. Direct sequencing is a
generally reliable approach, but we would recommend TagMan® SNP Genotyping Assays
(Life Technologies) to be developed for high-throughput genotyping in future studies using
either these SNPs or those identified in our larger DArTseq™ study.
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Table Al1.2: Data from nuclear SNP markers examined by Mugue et al. (2014), Kuhn and Gaffney (2008) and in the current study. Shown are allele
frequencies for each of the nine sites in Mugue et al. (2014) and overall allele frequency for each of the studies. The SNPs detected by direct sequencing
are shown in black, those assayed with alternative methods (see Table A1) are shown in orange.

Loci Allele Mugue et al. 2014 Overall Minor Allele Frequency
Mugue etal. Kuhn & Gaffney Current
1 2 3 4 5 6 7 8 9 2008 study
2014
RPS7:374 Sample number 25 12 25 9 28 26 44 46 45
G 0.64 0.583 0.7 0.667 0.75 0.692 0.75 0.685 0.7
T 0.36 0.417 0.3 10 025 0.308 0.25 0.315 0.3 0.315 0.32
TPI:127 Sample number 18 17 22 333 18 21 24 21 20
A 0 0 0 0 0 0 0 0 0 0 0
G 1 1 1 1
TPI1:135 Sample number 18 17 22 10 18 21 24 21 20
G 0.861 0.941 0.977 0.95 0.833 0.952 0.917 0.952 0.9
T 0.139 0.059 0.023 0.05 0.167 0.048 0.083 0.048 0.1 0.080 NA 0.1
TPI:170 Sample number 18 17 22 10 18 21 24 21 20
G 0.861 0.941 0.886 0.95 0.833 0.952 0.9 1 0.932
T 0.139 0.059 0.114  0.05 0.167 0.048 0.1 0 0.068 0.083 NA 0.1
MLL:95 Sample number 32 25 35 16 37 38 39 46 48
A 0.375 0.36 0.343 0.313 0.405 0.316 0.487 0.37 0.354 0.26
G 0.625 0.64 0.657 9 0.595 0.684 0.513 0.63 0.646
CK7:136 Sample number 9 8 22 .688 33 38 46 48 46
C 0.389 0.188 0.045 0 0.091 0.158 0.12 0.167 0.163 0.44
G 0.611 0.813 0.955 1 0.909 0.842 0.88 0.833 0.837
CaM:203 Sample number 11 16 13 16 13 14 15 16 13
C 0.955 0.875 0.846 0.813 0.885 0.929 0.767 0.875 0.846

A 0.045 0.125 0.154 0.188 0.115 0.071 0.233 0.125 0.154 0.134 0.06
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Figure Al.1: Graphical representation of the SNP genotypes found in 25 Antarctic toothfish
(Dissostichus mawsoni) from 5 sites included in the current study. The markers in common with
previous studies are marked with black dots. SNP TP1:127 identified by Kuhn and Gaffney (2008)
was invariant (confirming the findings by Mugue et al. (2014) and is not included in the figure.
Several additional less common SNPs were identified in these genes and those found in multiple
fish are shown here.
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Figure Al1.2: Multivariate ordination from a Principal Component Analysis (PCA) of genotype
data in Figure A.1. Points represent individual fish and colours different CCAMLR statistical
areas. One fish from 58.4.2 was excluded due to missing data.
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Appendix 2: DNA isolation from Antarctic
Toothfish Samples using the Maxwell®

RSC

Materials

Material

Comments

Maxwell® RSC Whole Blood DNA Kit, (Cat.# AS1520)

Tail Lysis Buffer (TLA), (Cat.# A509B)

Proteinase K (PK) Solution, (Cat.# MC5005)

RNase A Solution, 4mg/mL (Cat.# A7973)

Pre-Start steps - Wear gloves at all times

# Step

Comments

1 | Ethanol clean hood

Jar of ethanol and kimtecs in the hood

2 | Doors on the fume hood and UV clean (button on panel)

NO SAMPLES IN HOOD - UV will
kill samples

3 | Wipe the Maxwell tray with ethanol and put into robot

Ethanol only, not bleach

4 | Sterilize robot

Maxwell app on surface: select Sanitize

Methods

# Step

Comments

1 | Heat block to 56 degrees.

2 | Add 400uL Tissue Lysis Buffer (blue pipette) and 30uL.
Proteinase K (PK) Solution (yellow pipette) to each
sample

3 | Weigh out 50 - 100 mg of tissue

4 | Cut with a razor blade into small pieces and place in
labelled Eppendorf tube

Cut on small squares of foil.

Wipe, ethanol and flame razor and
tweezers between samples

5 Incubate at 56°C for 3 hours

After 2 hours 45 minutes start next
steps.
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6 | Prepare kits for robot — get front board from the robot Make sure to use WHOLE BLOOD
and in fume hood, with clean gloves: kit
1: with lids on place kit in board with black well at back,
they should click.
2: plungers go in well closest to front
3: Micro-tubes with 70 uL elution buffer in the front
holes (close lids)
7 | Make sure tissue is fully homogenised
8 | Add 15uL RNase A Solution (4mg/mL) to the sample Allow samples to cool before adding
and incubate at room temp for 5 minutes
9 | Spin down for 30 seconds
10 | Add all Iysate directly to well #1 of the Maxwell® Avoid picking up the solid in tube
cartridge pipetting ~10 times to mix thoroughly Should be 455pL
11 | Load onto Maxwell Board needs to be flat and should click
into place
12 | Pull lids off kits Pull away from you; open tube lids
13 | Start; WHOLE BLOOD kit
14 | Come back once complete Close lids and remove samples
Dispose of waste liquid in cartridges

Check of extracted DNA quantity

Materials

Material

Comments

Qubit dsDNA BR assay kit

BR = Broad range

Qubit dsDNA BR standard #1 & #2

Should be in fridge.

Methods
# Step Comments
1 | Calculate amount of solution needed. Use card in the kit and at end of sheet

Buffer = (Sample n + 3) x 199 puL.
Reagent = (Samplen + 3) x 1 uL
Mix whole lot in tube

+3 comes from 2 standards + 1 extra
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2 | For standard #1 & #2 in the first two tubes: Use special clear micro Eppendorfs
190 pL buffer solution + 10 pL of standard (1 in each
respectively) For Samples:

198 uL buffer solution + 2 pL of sample DNA

3 | Mix 2-3 seconds

4 | Turn on invitrogen reader Looks like a black oval disk

5 | Set standards Select read dsSDNA BR > Read
standards

Place tube in reader (Tab at back) and
press read.

6 | Read samples DNA guantity Scroll to sample amount. Change units
to ng/ pL

7 | Keep record of quantities.

Calculation for sample buffer:
Sample N  Standard +1  Buffer (199) Reagent (1)  Total (pL)

1 3 796 4 800
5 3 1592 8 1600
10 3 2587 13 2600
13 3 3184 16 3200
18 3 4179 21 4200
19 3 4378 22 4400
24 3 5373 27 5400
42 3 8955 45 9000
45 3 9552 48 9600
48 3 10149 51 10200
55 3 11542 58 11600
90 3 18507 93 18600
96 3 20298 102 20400
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Appendix 3: Marker and individual filtering

steps

Table A3.1: Individual filtering steps, number of loci, number of individual counts, % missing data

and the dartR function applied.

Filtering step Loci Ind Missing dartR function

data %
Initial calling 57,697 547 21.71
Remove isolated sample 57,697 546 21.71
Remove monomorphs 57,684 546 21.71 gl.filter.monomorphs()
Reproducibility >80% 57,491 546 2151 loc.subset()
Loci call rate >95% 25,875 546 1.32 gl filter.callrate(method="loc")
Individual call rate >85% 21,265 535 0.85 gl filter.callrate(method="ind")
Remove secondary loci 14,395 535 0.77 gl.filter.secondaries(method="best")
Filter minor alleles at 0.005* 10,427 535 0.82 gl.filter.maf()
Loci call rate >95% 10,412 535 0.82 gl filter.callrate(method="loc")
Reproducibility >95% 10,303 535 0.81 loc.subset()

Appendix 4: Snapclust cluster assighment of

samples

Maps for Antarctic toothfish unsupervised snapclust clustering allocation (left) and
semisupervised clustering (right) for 2 — 8 clusters. Semi-supervised clustering corresponded
to initial starting populations in all model runs.
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