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Background

The Jack mackerel (Trachurus murphyi Nichols, 1920) is a widely distributed species in the South Pacific Ocean and one of
Chile's most critical pelagic resources for commercial activity. Its capture is focused on three main fishing areas: A northern
zone (18°21' - 24°00' SE), the Caldera-Coquimbo zone (24°00'-32 00'S), and the south-central zone (32°00' - 43°30' S).
Furthermore, next to the south-central zone, but outside the Exclusive Economic Zone (EEZ), it is heavily captured by
foreign fleets. In South America, they are also captured by Pert and Ecuador within their respective EEZs. The Jack mackerel
fisheries management in the South Pacific is carried out in the context of the South Pacific Regional Fisheries Management
Organization (OROP-PS/SPRFMO). The OROP-PS/SPRFMO is an intergovernmental organization whose formation began
in 2006 with a consultation process among the coastal States in the region. The Scientific Committee of the OROP-
PS/SPRFMO carries out an annual assessment based on a single stock for the entire South Pacific. The annual assessment is
based on the synthesis recommended by Gerlotto (2012), who compared the different hypotheses proposed for this species to
date. Chile's management of jack mackerel in its EEZ follows the precautionary approach and the principle of compatibility,

also following the management recommendations of the OROP-PS/SPRFMO.

Background on the population genetic structure of 7. murphyi

The knowledge of the population genetics of 7. murphyi in the SPO has been conducted using several methodologies: 1)
allozyme, ii) PCR (nuclear and mitochondrial genes, microsatellite data), and iii) Sanger sequencing. However, molecular
markers based on Next-Generation Sequencing have not yet been explored.

Chronologically, Galleguillos and Torres (1988) identified polymorphic enzyme loci in samples from Chile (Chilog,
Talcahuano, Juan Fernandez, Iquique), Per(i, and one oceanic area (39°24'S; 76°45'W), not detecting significant differences
between them. Later, Arancibia et al. (1996), using 23 enzymatic loci for samples from Chile, also failed to observe
differences. Sepulveda et al. (1996), using PCR-RFLP in ITS2 (Internal Transcribed Spacer) with the Msp/ enzyme and
analyzing samples from Chile (Isla Mocha, Iquique, Juan Fernandez), New Zealand, and Australia, showed no significant
genetic differences among the samples, and patterns of genetic homogeneity were observed in the study area for these genetic
markers. Cardenas et al. (2009) by analyzing mitochondrial DNA sequences (control region 772 bp) and nuclear DNA (four

heterologous microsatellite loci) for samples from Chile (Iquique, San Antonio, and Concepcidén), one off the Chilean coast,
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and New Zealand, indicated low genetic variability for both types of molecular markers, with no significant genetic among
localities.

Subsequently, the FIP 2007-27 project, led by Serra et al. (2010), adopted a multidisciplinary approach, considering a set of
methods: genetics, parasites, morphometry (body and otoliths), otolith chemistry, and natural history patterns. More than
1,020 samples from the geographical distribution of 7. murphyi were analyzed, with samples from Chile (seven localities),
from Peru (three locations) by collaboration whit the Instituto del Mar del Perti; and New Zealand (1 location) by
collaboration with the Ministry of Fisheries of New Zealand (1 location). The genetic analyses were conducted using six
heterologous microsatellite loci (Cardenas et al. 2009) and three species-specific loci (Canales-Aguirre et al. 2010). These
microsatellites showed no differences among the localities analyzed. Then, Serra et al. (2014), through the FIP 2010-2018
project, extended temporal and spatially the previous study of Serra et al. (2010), again using a multidisciplinary approach.
For the genetic analysis, ten microsatellite loci (three heterologous and seven species-specific) were used for 852 individuals
from eight localities of the South Pacific distribution of 7. murphyi (3 localities from Peru, four localities from Chile, and one
locality from New Zealand). In addition, comparisons were made by season (spring-summer). The Fst index for localities and
sampling seasons showed no evidence of genetic structure (low and non-significant Fst). For the temporal analysis, between
samples from the FIP 2007-27 and FIP 2010-18 projects, the Fst index also shown no significant genetic differences. All
these findings corroborate the results of previous studies, concluding that in genetic terms, the Jack mackerel seem to be a
genetic homogeneous population in the SPO. To date several different molecular markers have been used, however, those

based on Next-Generation Sequencing have not yet been explored

Background of population genomic in closely related species

Within the genus Trachurus, only for the species 7. trachurus (Atlantic horse mackerel) have been identified and applied
SNPs markers for population analyses (~700 samples from Africa to Ireland). Using a panel of 63 SNP markers, a previously
undescribed genetic break was identified, discriminating the North Sea and North Africa from nearby populations. (Fuentes-
Pardo et al., 2020). Using a reference genome for this species, the location of these SNPs was mapped, identifying "genomic
islands of divergence" associated with ecological adaptations or reproductive isolation (Seehausen et al., 2014). These
genomic regions would promote genetic diversity and population differentiation through local adaptations in a spatially and
temporally heterogeneous environment, such as that inhabited by 7. trachurus in the Atlantic Ocean. The divergence
identified was confirmed by individual genotyping and Pool-Seq. This panel of SNPs would be used by the Northern Pelagic
Working Group and the Pelagic Advisory Council as part of a genetic monitoring program to evaluate the temporal and

spatial stability of genetic diversity and genetic divergence detected in 7. trachurus (Fuentes-Pardo et al., 2020).
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Current FIPA project N°2021-28

The FIPA 2021-28 project, promoted by the Chilean government, is using mitochondrial sequences, SNPs and generate a
reference genome as part of a future monitoring program for 7. murphyi in the Eastern South Pacific. The information
generated in this project will allow us to propose a set of SNPs to develop a panel of markers that could be applied in a
monitoring program. The goals of FIPA N°2021-28 are aligned with the future connectivity assessment in 7. murphyi, discuss
in OROP-PS/SPRFMO, that proposes to use whole genome sequencing. This working paper shows the project's progress

using mitochondrial DNA sequences and SNP loci.

Materials and methods

Study area and sample collection

Samples from adult specimens (n = 188) of Jack mackerel were collected across the Southern Pacific Ocean as follows
(Figure 1): during 2008, samples were taken from the fishing areas off the Pert, isla Lobos de Afuera and from New Zealand
waters (FIPA N°2007-27). During 2021 we collected new samples from the Southern Pacific Ocean, Chile: Golfo de Arauco
and Caldera (FIPA N°2021-28). In the 2,022, specimens were collected in Chilean waters: Arica, Coquimbo, Corral, Iquique,
Isla Mocha and Golfo de Arauco (FIPA N°2021-28) (Table 1). A small piece of muscle tissue was excised for each specimen
and stored at 4°C in absolute ethanol. Total DNA purification was conducted by the Laboratorio de Genética y Acuicultura of
the University of Concepcion, Chile, and Diversity Arrays Technologies Pty Ltd, Australia (see next section). Currently, the
samples of the Plate 1 have been analyzed for SNPs and D-loop from mitochondrial ADN. The remaining samples are in

process.
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Figure 1. Sampling locations of the Jack mackerel, Trachurus murphyi, in the Southern Pacific Ocean, FIPA N°2021-28.

Plate 1, samples analyzed for SNPs/D-loop, Plate 2, samples under analysis. Details of sampling are provided in Table 1.
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Table 1. The Jack mackerel, Trachurus murphyi, samples included in this study. FIPA N°2021-28.

Country Location Latitude  Longitude Year
Chile Golfo de Arauco -36,63 -73,71 2021
Chile Golfo de Arauco -36,46 -73,65 2021
New Zealand Nueva Zelanda -47,99 -176,98 2008
Pert Lobos de afuera -6,96 -80,69 2008
Chile Caldera -26,98 -70,88 2021
Chile Golfo de Arauco -36,02 -73,15 2021
Chile Golfo de Arauco -36,48 -73,61 2021
Chile Golfo de Arauco -33,61 -73,64 2021
Chile Caldera -26,98 -70,88 2021
Chile Guanaqueros -30,12 -71,45 2022
Chile Arica -18,56 -70,38 2022
Chile Coquimbo -30,1 -71,51 2022
Chile Corral -39,84 -73,43 2022
Chile Iquique -19,88 -70,14 2022
Chile Isla Mocha -38,33 -74,04 2022
Chile Isla Mocha -38,85 -73,75 2022
Chile Golfo de Arauco -38,08 -73,96 2022

DNA purification for mtDNA and SNPs libraries

For mtDNA, the genomic DNA was extracted from muscle tissue samples by proteinase K digestion followed by a standard
phenol-chloroform method followed by precipitation in ethanol was used as described in Grijalva-Chon et al., (1994). DNA
was subsequently resuspended in 100 pl of ultrapure water. The quality and quantity of each sample was measured in an
Eppendorf biophotometer® and the template DNA was diluted to 20 ng for the PCR amplifications. For SNPs libraries, the
isolation of genomic DNA was conducted using proteinase K for digest tissue and NucleoMag B-Beads for DNA binding, all

include in NucleoMag Tissue kit (Macherey-Nagel).

Mitochondrial DNA amplification and sequencing

A fragment of the mitochondrial D-Loop region (approximately 772 bp) was amplified by polymerase chain reaction (PCR),
using of primers JUR1 (5'-CAGAAAAAGGAGACTCTAACTCCTG-3') and JUR2 (5'-TGCTTGCGGGGCTTTCTA-3")
according to Cardenas et al. (2009). The PCR mixture of 25 pl contained 20 ng template DNA, 1.5 mM MgCl2, 0.2 uM of
each primer, 1U Taq polymerase, 0.1 mM of each nucleotide and 1X PCR buffer; all reagents from Invitrogen. Amplifications
were performed in a MJ Research model PTC200 thermal cycler, with PCR profile consisting of an initial preamplification

(95°C for 5 min, annealing at 48°C for 1 min, extension at 72°C for 1 min) followed by 30 cycles of amplification
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(denaturation at 95°C for 0.5 min, annealing at 54°C for 1 min, and extension at 72°C for 1 min) with a final extension at
72°C for 5 min. Negative controls of DNA extraction and negative PCR control were subjected to amplification. DNA
sequencing was performed in Macrogen Korea Laboratories. The acquired sequences were edited and aligned using ClustalW
(Thompson et al. 1994), as implemented in the program BioEdit, version 7.1.9 and SequencherTM v.4 (Gene Codes

Corporation), using the default settings.

Summary statistics and genealogical analysis for mtDNA

For mtDNA data, the standard diversity indices, such as the number of haplotypes (k) and segregating sites (S), mean number
of pairwise differences (r) as well as haplotype and nucleotide diversity (He and =, respectively) were estimated for each
location. These parameters and their standard errors were obtained using the program DNAsp v 5.10.01 (Librado and Rozas
2009). In order to resolve unresolved genealogical relationships resulting from unsampled mutations or haplotypes, we use
the phylogenetic algorithm implemented in the software Haploviewer (Salzburger et al., 2011). We first used Jmodeltest2
software (Darriba et al., 2012) to find the best nucleotide-substitution model for D-Loop, using the Akaike Criterion
information (Akaike, 1974) as a measure of the relative quality of the models tested. Additionally, phylogenetic inferences
were made using a Maximum Likelihood approximation based on the nucleotide-substitution model fitted to our data. The
phylogenetic inferences were run in the program PHYML 3.0 (Guindon et al., 2010). Finally, a graphical representation of

the genealogical relationships of each haplotype was constructed, incorporating the respective frequencies.

Reduced representation SNP genotyping: DArTseq

We used DArTseq™ as approach to reduce the complexity of the genome for Trachurus murphyi. In brief, DArTseq™
represents a combination of a DArT complexity reduction methods and next generation sequencing platforms (Sansaloni et
al, 2011; Kilian et al, 2012; Courtois et al, 2013; Raman et al. 2014; Cruz et al. 2013). Therefore, DArTseq™ represents a
new implementation of sequencing of complexity reduced representations (Altshuler et al, 2000) and more recent
applications of this concept on the next generation sequencing platforms (Baird et al, 2008; Elshire et al, 2011). Based on
testing several enzyme combinations for complexity reduction Diversity Arrays Technology Pty Ltd selected the Pstl-Sphl
method for 7. murphyi. DNA samples were processed in digestion/ligation reactions principally as per Kilian et al (2012) but
replacing a single Pstl-compatible adaptor with two different adaptors corresponding to two different Restriction Enzyme
(RE) overhangs. The Pstl-compatible adapter was designed to include Illumina flowcell attachment sequence, sequencing
primer sequence and “staggered”, varying length barcode region, similar to the sequence reported by Elshire et al, 2011).
Reverse adapter contained flowcell attachment region and Sphl-compatible overhang sequence. Only “mixed fragments”
(PstI-Sphl) were effectively amplified in 30 rounds of PCR. 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. In that way
the assignments of the sequences to specific samples carried in the “barcode split” step were very reliable. Filtering was
performed on the raw sequences using the following parameters: Min Phred pass score 30, Min pass percentage 75, for
Barcode region and Min Phred pass score 10, Min pass percentage 50 for the whole read. Approximately 1,200,000

sequences per sample were obtained and used in marker calling. Finally, identical sequences were collapsed into “fastqcoll
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files”. Testing for Mendelian distribution of alleles in these populations facilitated selection of technical parameters
discriminating well true allelic variants from paralogous sequences, calling quality was assured by high average read depth
per locus (Average across all markers was at 20 reads/locus) and reflected in very high SNP marker reproducibility (99.7%)

based on 23 technical replicates of libraries. A total of, 51,198 SNPs were obtained from DArTseq quality controls.

Filtering and SNPs calling

Following the DArTseq quality controls, we conducted more stringent filters to remove poor quality loci and samples. We
removed loci that 1) does not reach a 99% of reproducibility, ii) have a call rate less than 0.95, iii) have a read depth less than
10 and high than 50, iv) in a read where there is more than one locus per sequence tag only was keeping one (secondaries), v)
shows a minor allele frequency less than 0.01, and we removed individuals that showed a call rate less than 0.95. The filtered
database was used to report nucleotide base frequency, transitions, and transversions. All these filters and reports were

performed in the dartR v1.8.3 package (Gruber et al. 2018).

Summary statistics for DArTseq data

We estimated the observed heterozygosity (Ho), expected heterozygosity (He), and endogamy coefficient (Fis). All these
summary statistics were obtained in the R package hierfstat v0.04-10 (Goudet 2005). We graph heatmaps for the genetic
distances, 1) “Da” by Nei (1987) (equation 7), ii) “Dch” by Cavalli-Sforza & Edwards (Takezaki & Nei 1996, equation 6), iii)
“Dma” by Nei (equation 2) (Nei 1987), and iv) “Fst” by Reynolds (equation 3) (Takezaki & Nei 1996). Genetics distances

were also calculated in hierfstat v0.04-10.

Results

Summary statistics and network analysis for mtDNA

Over the whole data set (a total of 259 D-loop sequences) were identified 22 polymorphic sites leading to the definition of 26
haplotypes (Table 2). Only one highly-frequent haplotype (H1) was sheared among all locations. The genetic diversity was
low with He ranging from 0.000+0.000 for Golfo de Arauco-R to 0.756+0.130 for Golfo de Arauco-P. Similar, the nucleotide
diversity (m), showed low values from 0.00000+0.00000 in Golfo de Arauco-R to 0.00075+0.00019 in San Antonio, Chile.
The genealogical analysis was characterized by a highly dominant central haplotype (H1) and a very short genealogy. Most

haplotype were separated by only one or two mutational steps from H1 showing a strong “star-like” phylogeny pattern.
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Table 2. Molecular genetic diversity of Trachurus murphyi based on a 772 pb region of the mitochondrial region. FIPA
N°2021-28. * Study of Cardenas et al., 2009. N=number of samples, S=polimorphic sites, k=number of haplotypes, He= gene

diversity, m=nucleotide diversity.

Location ID N S k He T

Peru (Lobos de Afuera) PER 12 3 4 0.455+0.170 0.00065+0.00027
Iquique * IQL 30 5 6 0.363£0.111 0.00067+0.00024
Caldera CAL 27 6 5 0.396+0.115 0.00075+0.00030
San Antonio* SAL 30 6 7 0.508+0.108 0.00075+0.00019
Concepcion™ TL 35 4 5 0.218+0.092 0.00043+0.00020
Golfo Arauco - R GAR 3 0 1 0.000+0.000 0.00000+0.00000
Golfo Arauco - P GAP 10 4 5 0.756+0.130 0.00124+0.00031
Golfo Arauco - V GAV 11 1 2 0.182+0.144 0.00024+0.00019
Golfo Arauco - B GAB 11 2 3 0.345+0.172 0.00066+0.00035
New Zealand* NZ 26 2 3 0.151+0.093 0.00020+0.00013
New Zealand NWZ 12 2 3 0.439+0.158 0.00061+0.00024
Océano Pacifico Abierto JREL 52 8 9 0.406+0.085 0.00072+0.00018
Total 259 22 26 0.366=+ 0.039 0.00062+0.00008

Golt de Arauco Rapa i I

Figure 2. Haplotype network constructed base 259 D-loop sequences and 26 haplotypes of Trachurus murphyi. Each cycle
represents a haplotype, the area of the circle is proportional to the frequency of haplotype. Different locations were shown in

different colors. FIPA N° 2021-28.
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Analysis for DArTseq

Sequencing throughput

A total of 119,325,057 reads were obtained after high-throughput sequencing. The minimum number of reads was 829,369
and the maximum number of reads was 1,316,850 (median 1,030,543.5). By locality, Caldera had the highest number of reads
with 51,307,397 (mean 1,068,516), however 21 individuals from this locality were sequenced again as quality control of

DArTseq™. Golfo de Arauco Rapa Nui had the lowest number of reads with 9,801,829 (average 980,183).

Filtering and SNPs calling

The initial quality filters performed by DArTseq™ retained a total of 93 individuals (Plate 1) (removed one) and a total of
51,198 loci. From the stringent filters (Table 3): i) reproducibility identified 5,015 loci with reproducibility values less than or
equal to 0.99, ii) call rate showed a total of 24,136 loci that had a rate less than 0.95, iii) read depth identified 4,999 loci that
presented a depth greater than 10 and less than 50 reads per loci, iv) secondary SNPs identified were 15,821, v) loci with
minor allele frequency below 0.01 identified were 284, finally applying a calling rate per individual greater than 0.95 only

two individuals were identified that did not meet the criteria, these were eliminated.

Table 3. Loci retained after each filtration step in Trachurus murphyi, FIPA N°2021-28.

Filters No. SNPs N
SNPs after DArTseq™ filters 51,198 93
Reproducibility > 0.99 46,183 93
Call rate by SNP > 0.95 22,047 93
Read depth (>10, <50) 17,048 93
Secundary SNPs 12,270 93
Minor Allele Frequency (MAF) > 0.01 9,430 93
Call rate by sample > 0.95 9,430 91

Estimates of nucleotide base frequencies in the filtered database (i.e., 9,430 SNPs) yielded 26.3% Adenine, 24.88% Guanine,
26.08% Thymine, and 22.73% Cytosine. Transition type mutations (ts) were 59.81% and transversion type (tv) 40.19%. With
a ts/tv ratio: 1.4881.

Summary statistics of genetic diversity

Genetic diversity estimates were similar to each other, with slightly differences (Table 4). The observed heterozygosity (Ho)
ranged from 0.161 to 0.169, where the minimum was shown by GAR and the maximum by NWZ (Table 4). The expected
heterozygosity (He) ranged from 0.176 to 0.182, where the minimum was shown by GAR while the maximum by NWZ
(Table 4). The inbreeding coefficient (Fis) ranged from 0.161 to 0.169, where the minimum was shown by NWZ while the
maximum by CAL and PER (Table 4).
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Table 4. Summary statistics of genetic diversity for different localities in Trachurus murphyi, FIPAN°2021-28.

Pop Ho He Fis

CAL 0,162 0,177 0,077
GAB 0,164 0,178 0,059
GAP 0,165 0,178 0,057
GAV 0,164 0,179 0,064
GAR 0,161 0,176 0,062
NWZ 0,169 0,182 0,053
PER 0,163 0,181 0,077

The different pairwise genetic distances calculated show similar estimates. Nei's genetic distance, "Da" ranged from 0.008 to
0.014 (Figure 3A); Cavalli-Sforza & Edwards' chord distance, "Dch" ranged from 0.01 to 0. 017 (Figure 3B); Nei's minimum
distance, "Dm" ranged 0.005 to 0.009 (Figure 3C); and Reynolds' genetic distance, "Fst" ranged 0.034 to 0.066 (Figure 3D).

A)

0.009| 0.008| 0.008

GAB GAP GAV GAR NwZ PER GAB GAP GAV GAR NWwZ PER

C)

Far Nwz
l°-°5 GAR
Io.oo GAV
GAP
GAB
0.038| 0.037| 0.036 0.034| 0.035.CAL
GAB GAP GAV GAR NwZ PER GAB GAP GAV GAR NWZ PER

Figure 3. Pairwise genetic distances. A) Nei's genetic distance, "Da"; B) Cavalli-Sforza & Edwards' chord distance, "Dch"; C)

Nei's minimum distance, "Dm"; and D) Reynolds' genetic distance, "Fst". Trachurus murphyi, FIPA N°2021-28.
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Discussion

Genetic diversity measured from the mtDNA marker was clearly lower, with low haplotype and nucleotide diversity in all
locations surveyed. These low values of genetic diversity, related to low population effective sizes, may reflect important
demographic variation of 7. murphyi.

The DArTseq™ approach was shown to be efficient in the detection of single nucleotide polymorphism in the genome of 7.
murphyi. This indicates that it can be an excellent tool to investigate the genetic diversity and population structure of the
species. The genetic diversity parameters were lower than to those found in migratory fish species (e.g., Katsuwonus pelamis,
He ranged= 0.23-0.25 Anderson et al. 2020; Thunnus albacares He ranged= 0.18-0.28 Anderson et al. 2019). We are aware
that these estimates should be taken with caution because, being preliminary, the number of localities and sample size is low.
We are currently working to increase the number of samples and localities throughout the geographic distribution of 7.
murphyi.

As this report is preliminary, we did not separate the genomic information into putative neutral or adaptive variants, but
analyzed globally. It is known that throughout the genome there are variants that may be under selective pressures and may
show different structuring patterns (e.g., Luikart et al. 2003, Hollenbeck et al. 2019). Methodologies associated with the
identification of putative loci under selection will be incorporated at a later.

To date, we are generating a reference genome with DoveTail Genomic-Cantata Bio (https://dovetailgenomics.com/) to map
the variants identified in this project, as well as to identify other variants (e.g., structural) to elucidate the genetic patterns of
the species. This reference genome will be the basis for the future project being coordinated through OROPs that will use
whole genome sequencing, similar to the work done in Horse mackerel (Fuentes-Pardo et al. 2020). We expected that the
reference genome of 7. murphyi should be available next year.

Finally, we believe that the variants that we will identify in this study could be used to generate a panel of SNPs to generate a
standardized baseline for monitoring the genetic diversity of 7. murphyi similar to implemented for 7. trachurus in Atlantic

Ocean.
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