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The red cusk-eel (Genypterus chilensis, Guichenot, 1848) is an iconic species in Chilean
gastronomy, with a cultural significance that extends beyond its economic value, worthy
of conservation. Despite the decline in fishery productivity across most of the distribution
range for this species, little effort has been devoted to assessing stock management.
In the present study, seven heterologous microsatellite loci (cmrGb3.8.1, cmrGb5.2B,
cmrGb4.2A, cmrGb4.2B, cmrGb5.9, cmrGb4.11, and cmrGb2.6.1) were genotyped
in a total of 153 individuals from four locations in central and southern Chile (30.5—
37.6°S), comprising ~1,000 km of coastline. Five microsatellite loci were consistently
amplified with a low frequency of null alleles (<2.5%). These markers showed high
average heterozygosity (Ho = 0.886 and He = 0.884) and PIC (0.869). Significant genetic
differentiation among locations (global Fs7 = 0.043, global D st = 0.252) suggested the
presence of at least two genetic groups along the Chilean coast, with moderate levels of
admixture between the two central populations (0.168 < Qmean < 0.822). The southern
population showed no admixture with the central populations (Qmean = 0.985), less
allelic richness and a small effective population size, indicating that urgent management
measures must be developed for this fishery. The present study provides baseline
information to assist fishery and aquaculture management and contribute to the
recovery of declining populations.

Keywords: autosomal markers, Bayesian analysis, Fsr, heterozygosity, red cusk-eel

INTRODUCTION

Genypterus chilensis is an eel-like marine fish in the Ophidiidae family, endemic to the southeastern
Pacific coast with a latitudinal distribution from Paita, Peru (5°05’S) to Chonos Archipelago, Chile
(47°75'S) (Boré and Martinez, 1981). There is high demand for this fish in the local Chilean market,
as it is an iconic species in Chilean gastronomy due to its nutritional value and taste. The red cusk-
eel inhabits the rocky bottoms of the continental shelf at a depth of 20-150 m, shelters in caves
and displays gregarious behavior (Chocair et al., 1969). G. chilensis reaches a maximum length of
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100-250 cm and body weight of 5-15 kg and is sexually
dimorphic in size, with females larger than males (Colorado Chile
S.A., 2016). This iteroparous, partial spawner has a pelagic larval
life span of 30-45 days, similar to other benthic marine organisms
(Chong and Gonzalez, 2009; Marshall and Morgan, 2011; Toledo
et al,, 2017). The pelagic larvae are expected to be distributed
by ocean currents over wide geographic areas, contributing to
panmixia (Cowen et al,, 2007; Rojas-Hernandez et al., 2016).
Thus, this fish is thought to have limited genetic structure due to
the lack of oceanographic barriers, which promotes connectivity.

Natural red cusk-eel populations have been under
considerable fishing pressure in recent years. Overfishing,
loss of habitat and climate change have likely led to a decline
in population size and captures, with reported landings under
1,000 tons per year since 1998 (FAO, 2016/2018) (Figure 1).
Furthermore, studies have shown that this species prefers to
migrate to shallower waters for spawning (Toledo et al., 2017)
and fishing activity largely coincides with the reproductive season
(October-March) (Servicio Nacional de Pesca y Acuicultura,
SERNAPESCA, 2016). Unfortunately, 75% of individuals
captured are under the sexual maturity size of females, 72-92 cm
(Tascheri et al., 2003; Chong and Gonzélez, 2009). Although the
reasons for the decline in red cusk-eel production are uncertain,
efforts to recover these populations through sustainable
production (e.g., development of aquaculture) are emerging
(Colorado Chile S.A., 2016).

In Chile, stock assessment has been performed only for
the most productive fisheries, leaving many endemic species,
such as G. chilensis, unevaluated (Servicio Nacional de Pesca
y Acuicultura, SERNAPESCA, 2016). Although a gap between
population genetic research and conservation practices remains,
genetic data has been successfully used to address assessment,
management and conservation needs in many marine species for
at least three decades in developed countries (Milner et al., 1985;
Shaklee et al., 1999; Vera et al.,, 2016). However, implementing
such strategies remains challenging in Chile.

In recent decades, genetic diversity and population structure
have been assessed using microsatellites, one of the most
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FIGURE 1 | Reported captures of red cusk-eel in Chile from 1950 to 2017.
Data obtained from FAO data base using FishStatJO©.

widely used markers for conservation genetics, molecular ecology
and population genetics studies in non-model species (Pérez-
Espona and ConGRESS Consortium, 2017; Torres-Florez et al.,
2017). Microsatellites are codominant, highly polymorphic and
ostensibly neutral markers in natural populations, with mutation
rates of 107°-10"* per generation (Ellegren, 2004; Lenstra
et al., 2012). However, developing species-specific microsatellite
markers is typically expensive and laborious. The application
of cross-species microsatellite markers among closely related
organisms is a common strategy used to mitigate these costs
(Abdul-Muneer, 2014).

In Genypterus species, microsatellite loci were developed for
the pink cusk-eel (Genypterus blacodes) and used in population
structure studies in Australian waters (Ward and Reilly, 2001;
Ward et al., 2001). These markers have also been used for
assessing genetic diversity and differentiation in G. blacodes
from Chilean waters (Canales-Aguirre et al, 2010a) and for
cross-amplification in related species such as G. chilensis,
Genypterus maculatus (Canales-Aguirre et al, 2010b) and,
recently, Genypterus capensis (Henriques et al., 2017), using the
same primer set. However, only a single geographic location has
been studied for G. chilensis. Genetic characterization of wild
populations is important for effective management and long-
term sustainability of fisheries (Ward and Reilly, 2001) as well
as for initiating the domestication process in newly aquacultured
species (Lenstra et al., 2012). Therefore, these microsatellite
studies must be extended to cover a wider geographic range, in
line with the distribution of this species in Chile.

In this study, we describe the genetic diversity and population
structure of G. chilensis from four Chilean locations (Coquimbo,
Zapallar, Laguna Verde, and Lebu) along 1,000 km of coastline,
with five microsatellite loci developed for G. blacodes (Ward and
Reilly, 2001). This data will provide a baseline to inform decision-
making for fisheries management of this species in Chile.

MATERIALS AND METHODS

Sample Collection and DNA Extraction

Fin clips of G. chilensis individuals (n = 153) caught by fishermen
from four locations were collected and stored in 100% ethanol
(Table 1 and Figure 2A). The selected locations show the
highest fishing pressure for this resource, and the geographic
scale comprise one third of the natural distribution of the
species in Chile. Genomic DNA was extracted using the phenol-
chloroform method according to the protocol described by
Taggart et al. (1992). Concentration was evaluated using an
Epoch™ Microplate Spectrophotometer (BioTek Instruments,
Inc., Winooski, VT, United States). The stock DNA was diluted
to 20 ng/pL for PCR analysis.

Microsatellite Genotyping

Seven heterologous microsatellite loci isolated from G. blacodes
(Ward and Reilly, 2001) were tested to assess allelic variation
in G. chilensis (Supplementary Table S1). PCR reactions were
performed following Ward and Reilly (2001) in a Gradient
Palm-Cycler model CGI-96 (Corbett Life Science). Reaction
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TABLE 1 | Sampling location, coordinates and sample sizes () analyzed in this
study.

Location Location code South latitude/West longitude N Year
Coquimbo coQ —29.984569/—71.381397 55(79) 2016
Zapallar ZAP —32.552869/—71.465025 31(34) 2016
Laguna Verde LAG —38.093475/—-71.722161 14 (14) 2016
Lebu LEB —37.590792/—73.659028 21 (26) 2017

N = Analyzed individuals; parenthesis indicates total sampled individuals.

mixtures were carried out in 15 pL containing 1x PCR reaction
buffer, 1.5 mM of MgCl,, 200 wM of dNTPs, 0.4 uM of
each primer, 0.5 U of DNA Taq polymerase (Thermo Fisher
Scientific Inc.) and 20 ng of genomic DNA template. The
thermal profile was: 95°C (3 min), followed by 35 cycles at 95°C
(30 s), a marker-specific temperature (30 s) (Supplementary
Table S1) and 72°C (30 s), with a final step at 72°C for
10 min. Microsatellite loci were genotyped using an automated
fluorescence-based capillary electrophoresis system, Fragment
Analyzer™ (Advanced Analytical Technologies Inc.), using the
dsDNA 901 Reagent Kit (35-500 bp) following manufacturer
instructions. This kit resolves 2-bp size differences in DNA
fragments. The data were normalized to a 35-bp lower marker

and 500-bp upper marker and calibrated to the 75- to 400-
bp range using PRO Size® 2.0 software (Advanced Analytical
Technologies, Inc.). Negative controls (no DNA) were used in
each run to check for laboratory contaminants.

Data Analysis

To check for the presence of null alleles and scoring errors
(large allele dropout and stuttering), genotype data were analyzed
with MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004).
Loci ¢mrGb4.2A and cmrGb4.2B were discarded from further
analysis due to a high proportion of null alleles (above 10%)
in all locations except LEB, where cmrGb4.2B did not show
a significant proportion of null alleles. Relatedness among
individuals from each location was assessed with ML-RELATE
(Kalinowski et al., 2006), discarding putative full siblings from
further analysis.

Genetic Diversity

Genetic diversity, assessed according to number of alleles
(Na), and Nei’s (1987) unbiased gene diversity estimators as
observed heterozygosity (Hp), expected heterozygosity (Hg)
and polymorphism information content (PIC) for each locus,
were estimated with CERVUS 3.0 (Kalinowski et al., 2007)
and FSTAT 2.9.3 (Goudet, 2001). Comparisons of Hg values
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FIGURE 2 | (A) Map of sampling locations in Chile. Stars show the four sampling locations across the Chilean coast, encompassing 1,000 kilometers of G. chilensis
distribution range. (B) Boxplot of expected heterozygosity and Allelic richness per location. White diamonds represent the mean for each estimate.
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across sampling locations were estimated with the Kruskal-
Wallis test (Hollander and Wolfe, 1973). All loci were tested
for deviations from Hardy-Weinberg expectations (HWE) using
the FDR-BY correction method according to Narum (2006).
Allelic richness was calculated by rarefaction method to account
for uneven sample sizes using FSTAT 2.9.3 (Goudet, 2001) and
compared across locations with a Kruskal-Wallis test, correcting
for multiple testing using Gaos method (Gao et al, 2008).
To test the independent segregation of alleles, the linkage
disequilibrium (LD) between each pair of loci by sample set was
computed using Markov chain and Fisher’s procedures (10,000
dememorization steps; 1,000 batches; 10,000 iterations per
batch) with GENEPOP v4.2 software (Rousset, 2008). Inbreeding
coefficients (Fs) were computed with the R package diveRsity
(Keenan et al., 2013).

Population Structure, Assignment Tests,

and Connectivity

Global and pairwise Fsr (Weir and Cockerham, 1984) and
Djost (Jost, 2008) and 95% confidence intervals (95% CI)
were estimated with the R package diveRsity using 10,000
permutations (Keenan et al, 2013). Two clustering methods
were used to analyze the genetic population structure: (i)
Discriminant analysis of principal components (DAPC) was
implemented in the R package adegenet 2.1.0 (Jombart, 2008;
Jombart et al, 2010). This analysis was performed without
prior information regarding the population of the individual,
using the find.clusters function. The number of clusters (K)
was determined according to the lowest Bayesian information
criterion (BIC) value. (ii) Bayesian analysis was implemented
in STRUCTURE 2.3.4 (Pritchard et al., 2000), assuming the
admixture model and correlated allele frequencies between
clusters. One hundred runs from K = 1 to K = 7 with
100,000 burning periods and 1,000,000 MCMC repeats after
burning were performed. To account for uneven sampling,
STRUCTURE was run as described above on a random
subsample of the data with 18 individuals per sampling
location (except for LAG, N = 12). The optimum K value
was assessed through analysis of the LnP(K) distribution plots
using the Evanno method (Evanno et al., 2005), implemented
using the STRUCTURE Harvester webpage (Earl and vonHoldt,
2012). The number of clusters was also estimated with
the “MedMeaK,” “MaxMeaK,” “MedMedK,” and “MaxMedK”
methods as described by Puechmaille (2016) for uneven sampling
of the locations studied, using the whole data set. Scenarios
from K = 2 to K = 7 were explored with CLUMPAK
(Kopelman et al., 2015).

The assignment power of microsatellites was evaluated with
GenoDive through leave-one-out tests (LOO) (Meirmans and
Van Tienderen, 2004). In this supervised method, individuals
are assigned to a population if the probability of assignment
to that population is higher than to any other population
(Araneda et al., 2016).

Finally, an isolation-by-distance (IBD) analysis using a Mantel
test (Rousset, 1997) was performed on Fsr(1—Fgr) and the
logarithm of geographic distance along the coast between pairs of

locations, with 10,000 permutations, using the ISOLDE program
and implemented in GENEPOP on the web'.

Population Demographics

Contemporary effective population size (Ne) was estimated using
LDNe (Waples and Do, 2008) with the LD model, random mating
and a minimum allele frequency cutoff (P = 0.03) according
to the recommendations of Waples and Do (2010) for small
sample sizes. For this analysis, groups identified in STRUCTURE
were set as separate populations. We also tested for a recent
bottleneck using BOTTLENECK v1.2.02 (Piry et al., 2004) with
the Wilcoxon test, based on 100,000 iterations using a stepwise
mutation model (SMM), infinite allele model (IAM) and two-
phase mutation model (TPM) (set at 70% SMM, 30% IAM).

RESULTS

A total of 153 individuals were genotyped. However, to
avoid a Wahlund effect and overestimation of population
structure, 34 samples were excluded from further analysis due
to close relatedness between individuals from the same location
(rxy > 0.45). The final dataset consisted of 119 individuals
genotyped for five loci from four different sampling locations on
the Chilean coast.

Average relatedness between pairs of individuals from the
same location was not significantly higher than between pairs
of individuals from different locations, at 0.1436 & 0.0954 and
0.0569 =+ 0.0349, respectively (p = 0.0667). However, the average
relatedness within the LEB individuals was significantly higher
than within individuals from the other locations (p < 0.05).

Genetic Diversity

A total of 76 alleles were identified across all samples, with an
average of 15 alleles per locus, ranging from 9 (cmrGb5.2B) to 20
(¢cmrGb4.11B) (Tables 2, 3). Five private alleles with a frequency
above 5% were identified in LEB samples at loci cmrGb4.11B
and cmrGb2.6.1 (Supplementary Tables S11, S12). All loci were
highly polymorphic within each sampling location. The mean
PIC values across all locations ranged from 0.819 (cmrGb3.8.1)
to 0.906 (cmrGb5.2B) (Table 2). No significant deviations from
HWE nor evidence of LD by locus or locus pair across locations
were detected, respectively, after FDR-BY correction.

Expected heterozygosities (Hg) were similar among
locations (p > 0.05), ranging from 0.700 (cmrGb3.8.1,
ZAP) to 0920 (cmrGb5.2B, LAG) (Figure 2B and
Supplementary Tables S2-S5),  suggesting  high  genetic
variability. The global allelic richness (Ar) estimated for a
minimum sample size of 12 individuals ranged from 7.6
(emrGb3.8.1) to 10.9 (cmrG5.2B) alleles (Figure 2B and
Supplementary Tables S2, S5); however, LEB samples (Ar = 5.9)
showed significantly lower allelic richness than COQ samples
(Ar =9.3) (p = 0.022) (Table 3). The average number of alleles
(Na) per location ranged from 4 (cmrGb5.2B and c¢mrGb5.9,
LEB) to 16 (cmrGB4.11B, COQ) (Supplementary Tables S2-S5).

'http://genepop.curtin.edu.au/index.html
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TABLE 2 | Global genetic diversity estimators by locus in all analyzed samples (n = 153) of Genypterus chilensis in the coast of Chile using 5 SSR loci.

Locus N Total allele size range Na Ar Ho Hg PIC PE Null Fs (95% CI)
cmrGb5.2B 119 120-180 15 10.9 0.933 0.916 0.906 0.313 —0.011 —0.065 (—0.118, —0.011)
cmrGb3.8.1 119 108-132 9 7.6 0.840 0.841 0.819 0.486 0.001 —0.036 (—0.110, 0.041)
cmrGb5.9 119 122-156 16 9.7 0.874 0.891 0.877 0.383 0.006 —0.012 (—0.075, 0.055)
cmrGb4.11B 119 211-287 20 10.0 0.874 0.874 0.857 0.411 —0.002 —0.009 (-0.070, 0.057)
cmrGb2.6.1 114 108-163 16 10.4 0.912 0.899 0.886 0.363 -0.014 —0.044 (-0.104, 0.016)
Global 119 - 15.2 9.7 0.886 0.884 0.869 0.992 —0.004 —0.033 (—0.062, —0.005)

Na: number of alleles, Ar: allelic richness, Ho: observed heterozygosity, Hg: expected heterozygosity, PIC: polymorphic information content, PE: probability of exclusion of

the first parent following Kalinowski et al. (2007), Null: null alleles frequency, Fis: inbreeding coefficient with Cl 95% in parentheses.

TABLE 3 | Mean genetic diversity estimates of G. chilensis per location.

Location N Na Ar Ho He

coQ 55 13 9.3 0.905 0.884
ZAP 31 10.4 8.1 0.806 0.813
LAG 12 8.8 9 0.900 0.860
LEB 21 6.2 5.9 0.933 0.861

N: sample sizes, Na: number of alleles, Ar: allelic richness, Ho: observed
heterozygosity, He: expected heterozygosity.

Population Structure, Assignment Tests,

and Connectivity

The LEB sample showed modest but significant genetic
differentiation from the other locations, with an Fgr ranging from
0.078 between LEB and COQ to 0.106 between LEB and ZAP,
and Dj,s values ranging from 0.311 between LEB and COQ to
0.459 between LEB and ZAP (Table 4). The global Fsr value
indicated that 4.3% (95% CI: 0.013, 0.044) of the total allele
frequency variance lay among sampling locations, while 95.7%
was explained by variation within locations. To test whether the
genetic differentiation between LEB and the other populations
might be driven by a single microsatellite marker, we performed
a jackknife analysis to recalculate Fgr, obtaining similar results
each time (p > 0.05). The global Dy, also indicates population
structure: 0.252 (95% CI: 0.110, 0.425).

The elbow of the BIC values in the DAPC with no
prior individual population information was for K = 2,
with three discriminant functions extracted with 40 principal
components retaining 94.3% of conserved variance (Figure 3).
LEB samples clustered separately with the first principal
component. The populations from central Chile clustered in only
one group when no a priori population information was used
(Supplementary Table S6).

Bayesian clustering analysis in STRUCTURE indicated K = 3
as the most likely value for the sample set (Figure 4 and
Table 5), with the highest LnP(K) and lowest standard
deviation (Supplementary Figure S1) for the whole data set
and subsample. The MedMeaK, MaxMeaK, MedMedK, and
MaxMedK estimates also indicated K = 3 as the most likely
number of clusters for the locations studied.

Performance in terms of assignment to geographic origin
for the five heterologous microsatellites had an average correct
assignment of 66% over the whole sample set when considering

the clusters (K = 3) identified by STRUCTURE (Table 6).
Interestingly, all 21 LEB individuals were correctly re-assigned
to this location of origin. Finally, the IBD analysis showed no
significant correlation between genetic and geographic distance
according to Spearman correlation coefficient values (rs = 0.043,
right-tailed p = 0.196).

Population Demographics

Contemporary effective sizes (Ne) for each STRUCTURE cluster
were 97.7, 248.4, and 422.0 individuals for LEB, ZAP/LAG,
and COQ, respectively. The confidence intervals had infinite
upper limits for all three clusters, and the lower limits were
16.7, 69.0, and 109.0 individuals for LEB, ZAP/LAG, and COQ,
respectively. The heterozygosity loss per generation ranged from
0.0012 in COQ to 0.0051 in LEB. Additionally, the bottleneck
analysis showed no statistically significant differences between
expected and observed heterozygosities across sampling locations
from central Chile using the TPM, IAM or SMM mutation
models. However, LEB showed a deviation from mutation-
drift equilibrium (p = 0.0156 for Hg excess) and a mode-shift
distortion in the distribution of allele frequencies, suggesting a
recent reduction in population size.

DISCUSSION

Despite the scarcity of information available for the red cusk-
eel and the notable decline of local populations according to
fishermen, little concern has been devoted to the species in
terms of management and conservation. However, the economic
potential, the cultural value and the unmet demand for this
species in the local market suggest an opportunity to sustainably
increase production. As red cusk-eel aquaculture approaches
commercial scale (Colorado Chile S.A), genetic characterization
of wild populations is essential for effective management
of natural and domesticated populations, to safeguard the
remaining genetic diversity of the species and assist in stock
enhancement. In this study, we identify two genetic groups
of red cusk-eel along the coast of Chile, and this population
structure should be taken into account in designing species
management strategies.

Null Alleles and Cross-Amplification
Cross-species amplification of the microsatellite markers used in
this study was useful for assessing genetic diversity in G. chilensis,

Frontiers in Marine Science | www.frontiersin.org

December 2019 | Volume 6 | Article 748


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Coérdova-Alarcon et al.

Red Cusk-eel Population Structure

TABLE 4 | Pairwise differentiation estimators between Genypterus chilensis localities in the coast of Chile.

ZAP coa

LEB LAG
coQ 0.079 (0.065, 0.101) 0.007 (—0.016, 0.045)
ZAP 0.106 (0.083, 0.134) —0.001 (~0.024, 0.032)
LAG 0.089 (0.059, 0.129)
LEB 0.385 (0.242, 0.730)

0.010 (~0.002, 0.025)

0.008 (—0.039, 0.095)
0.008 (—0.039, 0.080)
0.311 (0.071, 0.683)

~0.001 (~0.067, 0.969)
0.459 (0.149, 0.699)

95% Cls are showed in parentheses. Above the gray line are pairwise Fst values, below the gray line are pairwise D jost values.
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FIGURE 3 | Discriminant analysis of principal components. (A) Bayesian Information criterion (BIC) values for increasing values of K, indicate that the number of
clusters in the date set is between 2 and 4. (B) Discriminant analysis eigenvalues of the three retained discriminant functions. (C) Clusters obtained by discriminant
analysis of principal components. Clusters are shown by different colors; each point represents an individual.

as previously demonstrated by Canales-Aguirre et al. (2010b).
However, the number of individuals used in this previous study
was limited, and all individuals sampled were from a single
location. The loci ¢mrGb4.2B and cmrGb4.2A showed a null
allele frequency >10%, and a similar pattern was observed
for cmrGb4.2B in G. capensis (Henriques et al., 2017). The
most obvious explanation for these null alleles is the presence
of mutations at the primer annealing site in the G. chilensis
DNA sequence, as the microsatellite loci were developed for
G. blacodes, or an amplification bias toward shorter fragments.
The occurrence of null alleles is the best-known reason for
underestimation of heterozygosity and overestimation of genetic
differentiation (measured as Fgr) using microsatellites (Chapuis
and Estoup, 2007; Larrain et al., 2015). Therefore, these two loci
were discarded from further analysis. Notwithstanding, the locus
cmrGb4.2B showed a geographic pattern of null allele occurrence,
as it was observed in all locations except LEB. The same locus has
been successfully genotyped in G. chilensis from alocation 150 km
north of LEB (Canales-Aguirre et al., 2010b).

Moreover, five unique alleles with a frequency >5% were
found in LEB (20% of the total alleles for the population)

(Supplementary Tables S11, S12). Since allelic richness was
lower for LEB than the other populations, this finding is not likely
the effect of homoplasy. These alleles may have originated from
mutations after an isolation process from the central populations.
Thus, the null allele frequency and presence of private alleles in
LEB suggest some genetic differentiation between the populations
from central and southern Chile.

The use of heterologous markers can also result in different
numbers of observed alleles. This study identified fewer alleles
at three loci (cmrGb5.2B, cmrGb5.9, and cmrGb4.11B) than
Ward and Reilly (2001) but five more at locus cmrGb2.6.1,
indicating that this particular locus could be more informative
in the red cusk-eel (Supplementary Tables S8-S12).

The Red Cusk-eel Shows High Genetic
Diversity

The four locations analyzed, showed high genetic diversity and
similar levels of heterozygosity. Global Fis estimates suggest
an excess of heterozygotes, but only the cmrGb5.2B locus
showed significant levels of heterozygosity excess. Population
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FIGURE 4 | Bayesian analyses of population structure performed with STRUCTURE. Each vertical bar represents one individual, and the color proportion for each
bar represents the posterior probability of assignment of each individual to the different groups (K) inferred. (A) At K = 2 LEB individuals formed a clear separate
group from the other locations. (B) At K = 3, LEB individuals were grouped together in group | with a 98.5% average proportion of membership (Table 6), COQ was
also grouped separately in group Il, while LAG and ZAP were grouped together in group ll. (C) No further changes were observed with K > 4.
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TABLE 5 | Proportion of mean membership (Q + SD) of G. chilensis individuals
from each locality to each of the three genetic groups inferred by STRUCTURE.

Location N Cluster | Cluster I Cluster Il

coQ 55 0.516 + 0.443 0.474 4+ 0.443 0.010 £ 0.010
ZAP 31 0.168 £+ 0.222 0.822 £ 0.223 0.010 £ 0.010
LAG 12 0.354 + 0.440 0.631 + 0.441 0.015 + 0.020
LEB 21 0.007 + 0.003 0.007 + 0.003 0.985 + 0.004

TABLE 6 | Assignment performance of the heterologous microsatellite
markers studied.

Location Correct assignment Incorrect assignment TOTAL
COQ ZAP LAG LEB

coQ 64% 35 10 10 0 55

ZAP 65% 2 20 9 0 31

LAG 25% 3 6 3 0 12

LEB 100% 0 0 0 21 21

Number of individuals correctly re-assigned are in diagonal.

sub-structuring, long generation times, gene flow or demographic
changes due, for example, to a bottleneck effect from fishing
pressure can result in transiently elevated heterozygosity, which
could explain the high genetic diversity observed here (Frankham
et al., 2004). Alternatively, despite fishing pressure, populations
may maintain adequate genetic diversity. In G. chilensis,
the average number of alleles and global allelic richness
(Na = 15.2 + 3.9, Ar = 8.1 £ 2.1) were lower than the values
reported for G. blacodes (Na = 21.6, Canales-Aguirre et al., 2010a;
Na = 23.4, Ward and Reilly, 2001) and G. capensis (Na = 25,
Ar = 18.6, Henriques et al., 2017). The number of alleles (Na)
and allelic richness (Ar) estimated for the southern location (LEB,

37°S) were lower than for the central locations (COQ, LAG and
ZAP from 30°S to 33°S), suggesting latitudinal differentiation.
This result may be attributable to greater fishing pressure on the
red cusk-eel in the Regién del BioBio (an important fishing zone
in Chile, where LEB is located) (Figure 2), with declining catches
reported in the 1980s, followed by a slight recovery in the late
1990s but remaining below 200 tons-year~! since the year 2000
(except for 2009 with 261 tons and 2012 with 256 tons) (Servicio
Nacional de Pesca y Acuicultura, SERNAPESCA, 2016).

Global Hg in G. chilensis (Hg = 0.884) was similar to the
global H, found in G. blacodes from Australia (Hp = 0.895, Ward
and Reilly, 2001) and Chile (Hg = 0.914, Canales-Aguirre et al.,
2010a) and G. capensis from South Africa (Hg = 0.802, Henriques
et al., 2017), assessed with fifteen, three and nine microsatellite
loci, respectively. These results suggest that, in general, the
Genypterus species studied have high microsatellite genetic
diversity (assessed as Na, Ar, and HE). The set of microsatellite
markers developed for G. blacodes (Ward and Reilly, 2001) are
informative for application in the other unassessed species in
this genus and could be useful for relatedness and paternity
exclusion analyses in wild and farmed populations of G. chilensis,
to enhance future conservation, mating and farming strategies.

Genetic Differentiation Between Central
and Southern Populations

The heterologous microsatellite markers used in this study
effectively identified two genetic clusters in the four sampling
locations, Central and Southern clusters. The cluster from Central
Chile (COQ, ZAP, and LAG), shows evidence of admixture
and geographic connectivity in some individuals from all three
sampling locations. The Southern genetic cluster grouped all
individuals from LEB, showing no admixture with the first
cluster, as shown by two clustering analyses to infer population
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structure. Values of Fgsr using neutral molecular markers
were similar to those reported for other marine fishes (mean
Fgr = 0.062 £+ 0.011) (Ward et al., 1994), and support the
genetic differentiation between LEB and the Central populations
found here. There were no statistically significant differences in
Fgr and Dy, between COQ and ZAP/LAG. Similarly, DAPC
also identified two clusters separating LEB from Central Chile,
probably due to high connectivity among Central populations.
On the other hand, the results obtained in STRUCTURE indicate
three clusters (Figure 4 and Supplementary Figure S1). The
discordance between the DAPC and Fgr/Djys estimates with the
STRUCTURE analysis can be explained because the assumptions
of the Bayesian analysis are not completely fulfilled.

However, the results of assignment test support differentiation
among the Central populations. If we consider the three clusters
identified by STRUCTURE, that is LAG and ZAP as a unique
cluster, assignment accuracy increases to 88% for that group and
to 84% for the whole sample. This result suggests that this set of
microsatellites is a promising molecular tool that could be useful
in tracing the population of origin in captured individuals.

The low levels of differentiation (measured as Fg7) between
the central populations may be attributable to high connectivity
(gene flow) between the regions, due to larval drift in neighboring
geographic areas, non-philopatric juvenile recruitment, large
effective population size and/or shared ancestral alleles and
recent divergence of the populations in question (Waples,
1998; Cano et al.,, 2008). The BIC curve from the DAPC
analysis (Figure 3A) has an elbow at K = 2 and a minimum
at K = 4, suggesting that there could be 2-4 clusters in
our dataset (Supplementary Tables S6, S7). In any case, the
analysis consistently separates the Southern (LEB) from Central
populations with the first discriminant function. However, both
the DAPC and STRUCTURE analyses show indications of
potential population substructure within the central region of
Chile that may not be detectable using this set of markers,
or any set of neutral markers, as differentiation may be due
to adaptive differences (Allendorf et al., 2010). The pattern
observed in the STRUCTURE analysis could be attributable
to temporal variability, especially in COQ, due to sampling of
different generations (overlapping generations due to iteroparity)
and/or the presence of reproductive sweepstakes in the red
cusk-eel, where only a fraction of individuals contribute
offspring to the next generation (Henriques et al., 2017).
The latter is a probable consequence of the concurrence of
fishing season and the reproductive season of the species. As
little is known about the reproductive habits and temporal
stability of the population, further research is needed to
resolve the origin of distinct genetic groups in the central
region of Chile.

Potential bias in the population sampling and selection of
markers must also be considered. Great effort is required to
standardize microsatellite markers across laboratories, and
genotyping error rates are often high. As the statistical power
to detect genetic differentiation can be affected by effective
population size differences and data richness (such as the
number of individuals, samples sites, loci, and alleles) (Benestan
et al, 2016), a more exhaustive study with more loci and

individuals per sample site is needed to confirm these findings
and to support the IBD analysis (which showed no correlation
between geographic distance and genetic differentiation). One
potential solution for such issues is to develop genome-wide
species-specific markers using genotyping-by-sequencing and
widespread sampling across the species distribution range.
This approach may help to increase the power and resolution
of studies on genetic diversity, population structure and
demographic processes in G. chilensis. As next-generation
sequencing technologies continue to improve, it becomes
easier to generate genomic information for non-model species.
Furthermore, advancements will allow for the use of neutral
and adaptive markers, which could be the best approach
for delimiting conservation units of G. chilensis in Chile
(Funk et al., 2012).

The red cusk-eel has rather a sedentary adult lifestyle;
thus, larval dispersal would be the only source of population
connectivity for this species. However, it has been reported
that successful larval dispersal is not associated with pelagic
larval time, decreasing exponentially with distance (Gilg and
Hilbish, 2003; D’Aloia et al, 2015). Regardless, there is no
agreement in the literature about the maximum extent of this
phenomena in a marine environment, and these features are
yet to be characterized in G. chilensis. Our findings show
that genetic differentiation of red cusk-eel populations can
occur on geographic scales of ~600 km or less. Thus, the
greater distances (isolation and genetic drift) and differences
in habitat (adaptation to local conditions) between the LEB
and central populations could be the main reason for the
population differentiation found in this study. Also, we cannot
discard the possibility that temporal variation in allele frequency
is not necessarily associated with spatial differentiation. More
research regarding the biology of this species, such as the
possibility of natal homing, oceanographic features, ecological
specialization and temporal stability of allele frequencies, are
needed to elucidate the drivers of population structure in
the red cusk-eel.

Fishing Pressure Is the Main Threat to
the Long-Term Survival of the Red
Cusk-eel

The locations studied here are the most exploited red cusk-eel
fisheries in the country (Servicio Nacional de Pesca y Acuicultura,
SERNAPESCA, 2016). These regions merit greater attention, as it
is important to ensure that genetic diversity is maintained for the
sustainability of the fishery and long-term survival of the species
in times of rapid environmental change.

Our results suggest that LEB has gone through a recent
bottleneck, demonstrated by the loss of rare alleles and
expected heterozygosity excess (Luikart and Cournet, 1998).
The fishing history of the LEB population may explain the
bottleneck signal encountered here, as the population size
seems to have gone through a reduction-expansion-reduction
process in the last 40 years, according to fishing statistics.
Moreover, although recent bottlenecks can downwardly bias
Ne estimates for a few generations (Waples, 2005), the
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LEB population partially met assumptions for estimating Ne
(described below). Consequently, the Ne estimation for this
population is expected to be closer to the true Ne per
generation than the estimates for the central populations.
Overfishing may be the main reason for reduced Ne in
the southern population. As the red cusk-eel shows sexual
dimorphism in size at maturity, selectivity fishing toward
larger individuals, in this case, females, will increase variance
in reproductive success and trigger a skewed sex ratio. This
scenario would lower Ne (Hare et al, 2011), supporting the
idea of reproductive sweepstakes discussed above. Fortunately,
efforts have been made to protect LEB population, through
the construction of artificial niches (artificial reefs) for shelter
(Toledo et al., 2017), however, seasonal sampling should be
performed to assess temporal stability of the population and the
performance of the niches.

The low Ne estimates as well as the infinite upper limit
estimated for all populations is probably a consequence of
decreased precision and statistical power due to small sample
size (n < 50) and few genotyped loci (n < 10) (Waples
and Do, 2010). The LD method provides Ne estimates for
the parental generation, making several assumptions (selective
neutrality of molecular markers, closed populations, discrete
generations and independent segregation of loci) (Waples and
Do, 2008). As these assumptions were not fully met in the
central populations, with apparent gene flow among the three
sites sampled, the Ne values could be overestimated due to
the contribution of offspring from nearby populations (Waples
and England, 2011). The presence of overlapping generations
in our dataset, due to the iteroparity of this species, also
biases the Ne estimates, as it is likely that only a fraction of
the parents in the generation were sampled (Luikart et al,
2010). However, according to Waples et al. (2014), in the
presence of overlapping generations, Ne estimates are closer
to the true Ne when the number of cohorts sampled is closer
to the generation time of the species, which is the case in
the present study (calculated as in Waples et al., 2014, with
AL = 25 and Gen = 5). Therefore, we expect our Ne estimates
to be relatively unbiased. Furthermore, our results are in line
with Ne estimates based on the LD method for other marine
fishes with few genotyped microsatellites (e.g., European hake
Ne = 291, Pita et al., 2017; Oblique-banded snapper Ne = 12.3-
301, Kennington et al., 2017), including G. capensis (Ne = 703-
1,023), which makes our finding of a low effective population
size for the red cusk-eel worrisome. Small populations are
more susceptible to genetic drift, increasing inbreeding, reducing
genetic viability and promoting the loss of favorable alleles
and fixation of deleterious alleles, which could threaten the
adaptive potential of the species in response to selective pressures
(Luikart and Cournet, 1998; Frankham et al., 2004). As the
red cusk-eel population has been decreasing over the last
decades due to fishing pressure, it is likely to reach an even
lower Ne, potentially reducing gene flow between the remaining
central populations, increasing genetic differentiation among
populations and consequently heightening their vulnerability
(Allendorf and Luikart, 2007). Therefore, additional studies
involving greater numbers of genotyped loci and/or temporal

sampling should be performed to better assess the effective
population size of the central populations.

CONCLUSION

The five microsatellite markers analyzed here were informative
for identifying the genetic structure of G. chilensis between central
and southern populations, rejecting the hypothesis of panmixia
for this species. Variation in oceanographic parameters between
central and southern Chile might play an important role in
modulating population structure, but environmental features
were not assessed in the present study, and further research
remains pending. However, the microsatellite panel tested could
be useful for stock identification between central and southern
red cusk-eel samples.

The southern population is at higher risk in terms of long-
term survival, given the low estimated Ne and evidence of a
recent bottleneck. However, lack of information regarding the
life-history traits of this species hinders an unbiased estimation
of Ne (Waples et al., 2013). Adult census population size
(Nc) per generation should be determined to provide a more
conclusive assessment of population status and conservation
needs. Unfortunately, it is challenging to measure these
characteristics given the nocturnal and hidden life style of the
red cusk-eel. We also recommend that future studies include
additional markers in order to increase power sufficiently to
detect recent demographic events (Luikart and Cournet, 1998).
Temporal sampling and mitochondrial DNA sequence analysis
may also clarify the demographic phenomena that have affected
the red cusk-eel along the coast of Chile.

The fishing pressure on this resource over time may have
consequences that have yet to come to light. For example, size-
selective fishing has the potential to reduce the size of individuals
in future generations, lowering maturity age and generation time,
as well as producing sex-biased ratios, since bigger individuals
are usually females. Environmental factors may also influence
reproductive features in the species, such as spawning timing
and location, fecundity, fertilization, larval development and
recruitment. The combination of these factors may lower effective
size and reduce genetic diversity and resilience in this species.

To ensure the long-term sustainability of the red cusk-eel
industry, we recommend that the decision-makers in Chile
responsible for determining fishery management policies take the
following steps: define harvest quotas or minimum landing size
during the reproductive season of this species; monitor habitat
and population status to assess the temporal stability of genetic
diversity in this species; and consider the population structure
demonstrated in this study in managing this species. That is, the
red cusk-eel populations studied in this work should be treated
as at least two distinct management units—central and southern
Chile-until definitive studies have been performed.
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