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Genetic relationships between Atlantic and Pacific
populations of the notothenioid fish Eleginops maclovinus:
the footprints of Quaternary glaciations in Patagonia

SG Ceballos1,2, EP Lessa3, R Licandeo4 and DA Fernández1,2

The genetic relationships between the Pacific and the Atlantic populations of marine coastal biota in Southern South America
have been analyzed in few studies, most of them relying on a single mitochondrial locus. We analyzed 10 polymorphic
microsatellite loci, isolated from a dinucleotide-enriched Eleginops maclovinus genomic library, in a total of 240 individuals
(48 from each of 5 sampled sites: 2 Atlantic, 2 Pacific and 1 in Beagle Channel). The results were contrasted against a previous
work on the same species with mitochondrial DNA (mtDNA). Observed heterozygosity within localities ranged from 0.85 to 0.88
with the highest overall number of alleles observed at the northernmost locality on the Pacific side (Concepción), but no clear
geographic pattern arose from the data. On the other hand, the number of private alleles was negatively correlated with latitude
(Spearman’s rs test, P=0.017). Among-population variance was low but significant (1.35%; Po0.0001, analysis of molecular
variance (AMOVA)) and low genetic differentiation between populations was observed (pairwise FST values ranged from 0 to
0.021). A Mantel test revealed a significant correlation between geographic distances and FST (r=0.56, P=0.047). This could
be partially accounted by the Atlantic versus Pacific population differentiation detected in three different analyses (STRUCTURE,
SAMOVA (Spatial Analysis of MOlecular VAriance) and a population phylogeny). The observed pattern is compatible with a history
of separation into two glacial refugia that was better captured by the multilocus microsatellite data than by the mtDNA analysis.
Heredity (2016) 116, 372–377; doi:10.1038/hdy.2015.106; published online 23 December 2015

INTRODUCTION

Excluding Antarctica, South America is the only southern continent
that extends significantly beyond 40°S. It thus represents a suitable
area to study the biogeographic consequences of Quaternary glacial
cycles in the Southern Hemisphere (Lessa et al., 2010; Sérsic et al.,
2011). In this region, the long glacial climatic episodes allowed the
formation of a single continuous ice sheet that almost completely
covered the Patagonian Andean ranges and extended over the
piedmont areas to the east and to sea level on the Pacific side. The
continental shelf area was largely affected by events such as ice sheet
calving into the ocean, retraction of the sea coast line and decrease in
marine water temperature (Clapperton, 1993; Ponce et al., 2011;
Rabassa et al., 2011).
A common expectation under this scenario is that the species

affected by glaciations had retracted to lower latitudes during the
glacial phases and then expanded poleward during interglacial periods
(Knutsen et al., 2003; Hewitt, 2004; Maggs et al., 2008; Wilson and
Eigenmann Veraguth, 2010; Provan, 2013). In the case of the coastal
marine biota that inhabit the southern tip of South America, this
general expectation would lead to a rather simple biogeographic
scenario in comparison with the Northern Hemisphere ones, as the
Atlantic and the Pacific coast of Southern South America converge at
the southern tip in the archipelago of Tierra del Fuego. In this

scenario, refugia during glaciations may have been located in the
Pacific Ocean, the Atlantic Ocean or both, creating, in this last case, an
opportunity for geographic isolation and genetic differentiation.
In biogeographic terms, the cold temperate waters around Southern

South America were previously considered one entity, the Magellan
Province, but currently some authors subdivide this Province into at
least four biogeographic provinces: Southern Chile, Tierra del Fuego,
Southern Argentina and Malvinas/Falklands (see Briggs and Bowen,
2012). Several marine coastal species are distributed across these four
biogeographic provinces, but only a few of them had been subjected to
population genetic studies. Most of these studies had been restricted to
the Pacific or the Atlantic Ocean only and/or to a single molecular
marker, usually a mitochondrial locus (Cárdenas et al., 2009; Fraser
et al., 2010; González-Wevar et al., 2012; de Aranzamendi et al., 2014;
Hüne et al., 2014; Nuñez et al., 2015). Contrastingly, many more
phylogeographic studies have addressed the genetic consequences of
Quaternary glacial cycles in the coastal marine fauna of the Northern
Hemisphere (reviewed in Provan, 2013).
In a previous study, we analyzed the phylogeography of Eleginops

maclovinus known as róbalo in Argentina and Chile, using a
mitochondrial marker (Ceballos et al., 2012). This species, endemic
to Southern South America (see Figure 1), is a coastal fish that belongs
to the monotypic family Eleginopidae, considered the sister taxon of
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the Antarctic notothenioid clade (Matschiner et al., 2011; Near et al.,
2012). On the Patagonian coast, E. maclovinus is a common fish
species and an important component of many trophic webs, both as
prey (Goodall and Galeazzi, 1985) and as predator, feeding mainly on
benthic invertebrates such as crustaceans and polychaetes, and also on
algae and fishes (Licandeo et al., 2006; Pequeño et al., 2010). Adults
reach a maximum length of 80/90 cm (Brickle et al., 2005a; Licandeo
et al., 2006) and are highly mobile, at least in aquaria (personal
observations). E. maclovinus has been described as a protandrous
hermaphrodite (Calvo et al., 1992; Brickle et al., 2005b; Licandeo et al.,
2006) and is characterized by high fecundity and small pelagic eggs
(Brickle et al., 2005b). Little is known about larval development of
E. maclovinus, although it likely has extended pelagic phases, as found
in many other notothenioid fishes. Thus, long-distance larval dispersal
by marine currents would be likely, as has been suggested for a
number of other notothenioid species in which population genetic
studies commonly found nonsignificant differentiation across thou-
sands of km (Matschiner et al., 2009; Damerau et al., 2012).
In Ceballos et al. (2012), we used mitochondrial DNA (mtDNA)

sequences of 833 base pairs in length of cytochrome b from 261
individuals of E. maclovinus belonging to 9 localities distributed along
the entire latitudinal range of the species. We found a weak geographic
structure and a pattern of population expansion dated to be older than
the Last Glacial Maximum (LGM). We suggested that this could be the
consequence of a population expansion from a single refugium,

probably located at relative low latitude on the Atlantic Ocean side.
However, a study based on a single locus cannot accurately reflect the
history of a species, and makes it nearly impossible to distinguish the
relative impact of demographic and selective processes. We now
reconsidered this scenario on the basis of studying nine microsatellite
loci across the same geographic range of the species.
This is the first multilocus analysis on a coastal marine fish along

both the Atlantic and the Pacific coasts of the southern tip of South
America.

MATERIALS AND METHODS

Sample collection, DNA extraction and microsatellite amplification
E. maclovinus individuals were captured using trammel and gill nets at five sites
along the Atlantic and Pacific Patagonian coasts: San Antonio Oeste (SAO)
(40°50'S, 65°04'W), Rada Tilly (RT; 45°56'S, 67°32'W), Beagle Channel (BC; 54°
49'S 68°10'W), Puerto Aysén (AY; 45°22'S, 72°51'W) and Concepción (CC; 36°
44'S, 73°11'W) (Figure 1). Muscle samples were collected from each individual
and preserved in 99% ethanol. Total DNA extractions were performed with a
sodium dodecyl sulfate–proteinase K–NaCl–alcohol precipitation method
modified from Miller et al. (1988).
Ten polymorphic microsatellite loci, isolated from a dinucleotide-enriched

E. maclovinus genomic library, were surveyed in a total of 240 individuals
(48 from each of the 5 sampled sites). Individuals from SAO are the same that
were analyzed in Ceballos et al. (2011), where the protocol for the isolation of
the microsatellite loci, PCR conditions and primers used are outlined. One
locus (EmE9) and one individual from Puerto Aysén were not included in
subsequent analyses because of amplification problems. Therefore, the final
data set consisted of nine loci (EmA4, EmA5, EmC4, EmC11, EmE7, EmF6,
EmG6, EmH9 and EmH10) and 239 individuals. The genotypes were
determined using Genescan Service by Macrogen Korea (Seoul, Korea) and
scored using the software Peak Scanner 1.0 (Applied Biosystems, Seoul, Korea).
Allele binning was performed by overlapping all alleles from each locus and
choosing one as reference. The fragment length of the reference was determined
by rounding to the nearest number. The distance from the reference and the
repeat pattern was then considered to define all other allele sizes.

Data analysis
The software Arlequin v3.11 (Excoffier et al., 2005) was used to perform the
following calculations: number of alleles, observed and expected heterozygosity,
tests for Hardy–Weinberg equilibrium, linkage disequilibrium, analysis of
molecular variance (AMOVA), pairwise FST and Mantel test. The software
MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004) was used to detect
evidence for scoring errors due to stuttering, large allele dropout or null alleles.
The frequency of null alleles was estimated by maximum likelihood using the
software ML-Null (Kalinowski and Taper, 2006). Confidence intervals for
expected heterozygosity in each sampled locality were calculated using the
package PopGenKit of R (R Core Team, 2013).
Population structure was explored using the Bayesian method of Pritchard

et al. (2000) implemented in the software STRUCTURE 2.3.3 (Oxford, UK).
Runs were performed with number of clusters (K) fixed between 1 and 5 using
an admixture model with sample group information (Hubisz et al., 2009),
correlated allele frequencies and presence of null alleles (Falush et al., 2007). Six
independent runs were conducted for each K value. Preliminary runs showed
that convergence was achieved after 50 000 iterations. Thus, this was used as
burn-in and the estimations were based on 100 000 additional iterations. We
inferred the K values that best captured the structure of the data by plotting the
‘Ln Probability of Data’ against K as suggested by the software developers. In
addition, we implemented the method introduced by Evanno et al. (2005) to
detect the optimal K using the software CLUMPAK (Kopelman et al., 2015).
Phylogenetic relationships between populations were assessed using the

genetic distance DA (Nei et al., 1983) and the methods Neighbor Joining and
UPGMA as implemented in the software POPTREE2 (Takezaki et al., 2010).
The program SAMOVA 1.0 (Spatial Analysis of MOlecular VAriance)

was implemented to define groups of populations that are geo-
graphically `homogeneous and maximally differentiated from each other

Figure 1 E. maclovinus were collected at five sites (circles) along the coast
of Southern South America. The approximated range distribution of the
species is represented in the map by the shadow coastal area. ‘PA’ indicates
the number of private alleles from the nine microsatellite loci.
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(Dupanloup et al., 2002). Runs were performed with two groups of populations

and 100 simulated annealing processes.
Migration direction (between SAMOVA-defined groups) was evaluated using

MIGRATE 3.3.2 (Beerli, 2009). The Bayesian inference using Markov chain

Monte Carlo was implemented with a search strategy consisted of 10 replicates

with a heating scheme of four chains with different temperatures. Each chain

consisted of a burn-in of 500 000 generations and 3 000 000 subsequent

generations, from which a total of 30 000 steps were recorded by sampling

every 100 generations. This searching scheme ensured an effective sample size

of each parameter of at least 48 000.

RESULTS

Microsatellite loci variability
Altogether, 239 individual fish were genotyped at 9 microsatellite loci.
Genetic variability varied among loci, with number of alleles ranging
from 8 (at locus EmF6) to 62 (EmH9) with an average of 33, and
observed heterozygosity (averaged over samples) ranging from 0.57
(EmF6) to 0.93 (EmH9) (see Supplementary Table 1). No significant
evidence of genetic linkage was detected after sequential Bonferroni
correction for multiple comparisons. Significant deviation from
Hardy–Weinberg equilibrium, evaluated at each locality and locus,
was observed in 6 of the 45 tests performed (9 loci × 5 localities;
Table 1). The software MICRO-CHECKER 2.2.3 (Van Oosterhout
et al., 2004) found no evidence for scoring error due to stuttering or
large allele dropout but detected the possible presence of null alleles at
those loci that deviated significantly from Hardy–Weinberg equili-
brium. The highest deviations were observed at locus EmF6 with an
estimated frequency of null alleles ranging from 0.11 to 0.21 at 4 of the
5 sampled localities. Therefore, all subsequent analyses performed
were duplicated, with and without locus EmF6. As no substantial
differences were observed in runs with or without EmF6, we report
only analyses including this locus.

Variation within localities
Observed heterozygosity within localities (averaged over loci) ranged
from 0.85 to 0.88, whereas expected heterozygosity ranged from 0.87
to 0.91 (Table 2). Estimates of heterozygosity were very similar across
localities. The highest overall allele number was observed at the
northernmost locality on the Pacific side (Concepción) but no clear
geographic pattern arose from the data (Table 2). On the other hand,
the number of private alleles was negatively correlated with latitude
(Table 2 and Figure 1; nonparametric Spearman’s rs test, P= 0.017).

Geographic structure and gene flow
Among-population variance was low but significant (1.35%;
Po0.0001, AMOVA). Pairwise FST values ranged from 0 to 0.019
(Table 3), indicating low genetic differentiation between populations
(Hartl and Clark, 2007). However, the Mantel test revealed a
significant correlation between geographic distances and FST
(r= 0.56, P= 0.047; Figure 2).
In the analysis with STRUCTURE, the value of K (number of

genetic clusters) that best captured the structure of the data was K= 3,
as suggested by the plot of the ‘Ln Probability of Data’ (Supplementary
Figure 1) and the method introduced by Evanno et al. (2005).
However, also looking at K= 2 allowed us to detect the uppermost
hierarchical level of population structure (Figure 3). All runs at K= 2
and K= 3 produced identical clustering solutions with similar values
of cluster membership (Q) for all individuals. Both values of K allowed
the distinction of two main groups: one including the populations in/
of the Pacific Ocean (CC and AY) plus the southernmost population
(BC) and the other group including the two populations in/of the
Atlantic Ocean (SAO and RT). When assuming K= 2 individuals from

Table 1 FIS values as a measure of deviation from Hardy–Weinberg

genotype proportions for each locus and locality

Locus CC AY BC RT SAO

EmA4 0.04 0.006 −0.005 0.009 0.158*

EmA5 0.032 −0.003 −0.064 −0.023 −0.031

EmC4 −0.037 0.03 −0.011 −0.015 0.007

EmC11 −0.001 0.029 0.045 −0.049 0.025

EmE7 −0.06 0.006 −0.047 −0.023 0.026

EmF6 0.271** 0.368** 0.29** 0.231** 0.011

EmG6 0.077 −0.012 0.032 0.057 0.008

EmH9 0.076* 0.051 0.031 −0.026 0.032

EmH10 0.045 −0.091 0.052 −0.08 −0.043

Abbreviations: AY, Puerto Aysén; BC, Beagle Channel; CC, Concepción; RT, Rada Tilly; SAO,
San Antonio Oeste.
*Po0.05; **Po0.01.

Table 2 Basic genetic statistics of nine microsatellite loci from
Eleginops maclovinus at each sampled locality

Locality n Hobs Hexp Alleles Private alleles

Concepción 48 0.87 0.91 218 20

Puerto Aysén 47 0.85 0.88 179 10

Beagle Channel 48 0.87 0.90 183 7

Rada Tilly 48 0.88 0.89 192 9

San Antonio Oeste 48 0.85 0.87 180 17

All 239 0.87 0.89 298 —

Abbreviations: Hexp, expected heterozygosity; Hobs, observed heterozygosity; n, sample size.

Table 3 Pairwise values of genetic differentiation (FST) between
Eleginops maclovinus populations

Locality CC AY BC RT

AY 0.002 —

BC 0.001 0 —

RT 0.012 0.011 0.009 —

SAO 0.019 0.01 0.017 0.011

Abbreviations: AY, Puerto Aysén; BC, Beagle Channel; CC, Concepción; RT, Rada Tilly; SAO,
San Antonio Oeste.
Bold values indicate statistically significant differentiations (Po0.05).

Figure 2 Relationship between genetic differentiation (FST) and geographic
distance (km). The Mantel test revealed a significant correlation (r=0.56,
P=0.047). Black circles are statistically significant comparisons.
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CC, AY and BC showed a probability of membership corresponding
almost exclusively to one cluster, whereas individuals from SAO and
RT showed a mixed probability of membership from the two clusters.
SAO and RT also differed from each other as most individuals from
SAO showed a higher probability of membership to the cluster
virtually absent in CC, AY and BC. Assuming K= 3 allowed further
differentiation between CC, AY and BC, revealing hierarchical
structure (see Figure 3). SAMOVA analysis recovered an arrangement
of populations similar to the STRUCTURE results, although a low
percentage of variation between groups was found (0.85%, P= 0.11;
Table 4). In addition, the phylogenetic relationship between popula-
tions also separated CC, AY and BC in one clade and SAO and RT in
another clade (Figure 4).
According to these results, we recognized two groups: (1) ‘Pacific’

that includes CC, AY and BC and (2) ‘Atlantic’ that includes SAO and
RT. Migration rates between these groups, as assessed with MIGRATE,
showed evidence of asymmetrical gene flow, with 98.1 estimated
migrants per generation from Pacific to Atlantic and only 6.8 in the
opposite direction.

DISCUSSION

The results are in general agreement with the idea of lower latitude
populations being less affected by Pleistocene glaciations than higher
latitude populations. The main evidence for this is the latitudinal
variation in the number of private alleles found at both the Atlantic
and the Pacific coasts, with northern populations holding higher
numbers of private alleles. This might suggest that northern popula-
tions would have been the source from which the southern popula-
tions originated (following a classical interpretation of the number of
private alleles; see for example Bowcock et al., 1994). The geographic
structure found could be interpreted under this scenario as well: if
populations experienced a northward retraction during glaciations,
then at least two separate refugia might have remained, one in the
Atlantic Ocean and one in the Pacific Ocean, allowing differentiation
in allopatric conditions that would explain the two groups recovered
by SAMOVA and STRUCTURE (Table 4 and Figure 3), as well as the
two clades shown by the population phylogenetic analysis (Figure 4).
The asymmetrical pattern of migration rate estimated between these
two groups could be attributed to higher subsequent gene flow from
the Pacific to the Atlantic, in line with the west-to-east direction of the
main currents at the southernmost tip of South America (Antezana,
1999; Miloslavich et al., 2011). This mostly unidirectional gene flow
estimated with MIGRATE is also supported by STRUCTURE for
K= 2, as the Pacific group appears more homogeneous than the
Atlantic group. Note also that only the pairwise FST comparisons
within the Pacific group are nonsignificant. In concordance, two other

studies carried out in the same region with mtDNA in the limpets
Nacella magellanica (González-Wevar et al., 2012) and Siphonaria
lessoni (Nuñez et al., 2015) also found a dominant pattern of gene flow
from west to east.
In contrast, our previous work with a mtDNA marker (Ceballos

et al., 2012) did not find any evidence for the structuring of genetic
variation into an Atlantic and a Pacific group. Furthermore, the
pattern compatible with a recent population expansion found in
Ceballos et al. (2012) was likely generated by an expansion from a
single refugium. This conclusion was mainly supported by the low
geographic genetic structure, the unimodal global mismatch distribu-
tion as well as the negative and significant values of global neutrality
tests (Ceballos et al., 2012). On the other hand, both mtDNA and
microsatellites indicate that the fraction of genetic variance partitioned
among populations is relatively low (1.62% and 1.35%, respectively).
How can the data be reconciled to provide a cohesive scenario? We
advance the following considerations. (1) Genetic structure: taking into
account that all data point to limited divergence, it seems that a single
mitochondrial locus did not allow us to recover significant subdivision
into geographic regions that is achieved with the multilocus micro-
satellite data. (2) Timing of expansion: the start of the putative
population expansion obtained by Ceballos et al. (2012) with the
mitochondrial locus was estimated to have been about 125 kya, that is,
long before the LGM (ca. 21 kya). This estimation was based on a
mutation rate obtained from a notothenioid phylogeny. In addition to
the general uncertainties tied to these calibrations, many-fold dis-
crepancies have been reported between short-term population-level
mutation rates and phylogenetic rates of substitution. The long-term
substitution rate between species could be an order of magnitude

Figure 3 Analysis of population differentiation of E. maclovinus from five
sampled localities using the software STRUCTURE. A total of 239 are
represented by a vertical bar and colors indicate individual membership
probabilities to belong to one of the inferred clusters (K). AY, Puerto Aysén;
BC, Beagle Channel; CC, Concepción; RT, Rada Tilly; SAO, San
Antonio Oeste. A full color version of this figure is available at the Heredity
journal online.

Table 4 Two groups of populations from Eleginops maclovinus
defined by SAMOVA (Spatial Analysis of MOlecular Variance) that are

geographically homogeneous and maximally differentiated from each

other

Source of Variation Percentage of variation P-value

Among groups (Pacific and Atlantic) 0.85 0.11

Among populations within groups 0.39 o0.001

Among individuals within populations 98.76 o0.001

Pacific group includes Concepción, Puerto Aysén and Beagle Channel; Atlantic group includes
San Antonio Oeste and Rada Tilly.

Figure 4 Phylogenetic relationship between populations inferred from the
genetic distance DA (Nei et al., 1983). Phylogenetic methods: (a) Neighbor
Joining; (b) UPGMA. Values on nodes are bootstrap support. AY, Puerto
Aysén; BC, Beagle Channel; CC, Concepción; RT, Rada Tilly; SAO, San
Antonio Oeste.
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lower than the molecular evolutionary rate operating in the time frame
of ‘recent’ demographic processes within species (see Ho et al., 2011
for a review). In addition, populations with secondary contact that
likely arose from two refugial sources coalescing into a single unit
would also lead to overestimating the timing of expansion. Accounting
for these two factors, it seems reasonable that the onset of the
population expansion of E. maclovinus would have been after
the LGM.
After these considerations we propose the following scenario in

order to reconcile the results of our mitochondrial and nuclear studies:
the results of the present study, which show the existence of one
Pacific and one Atlantic group, rule out our previous hypothesis of
one refugial population detected by a mtDNA marker (Ceballos et al.,
2012) that is probably was not sensitive enough to detect the two
groups. The apparent expansion pattern from single refugia observed
with mtDNA could be the consequence of the expansion of one or a
few formerly widespread ancestral haplotypes that persisted within two
relatively large refugia. It seems therefore that a history of separation
into two glacial refugia, probably during last glaciation, is best
captured by the multilocus microsatellite data. However, as in any
single locus analysis, we cannot rule out the possibility that the
mitochondrial pattern reflects the action of natural selection on the
mitochondrial genome.
Our results highlight the importance of multilocus approaches for

resolving postglacial phylogeography, as has also been demonstrated
for coastal species in the Northern Hemisphere (Wilson and
Eigenmann Veraguth, 2010). We also contributed evidence of the
role that past glacial cycles have had in the biodiversity of the region by
allowing differentiation in allopatry within a species that now has a
continuous distribution. In the case of E. maclovinus the achieved
differentiation between putative refugia was low, probably because of
relatively large population size and limited time in isolation. In other
species with narrower environmental tolerance—which would have
led to smaller population size—and/or lower dispersal ability, stronger
genetic differentiation or even speciation could have been achieved.
Similarly, other species could have persisted in the region during the
LGM as has been proposed for some coastal species in the Northern
Hemisphere (Marko et al., 2010). Unfortunately, most previous
studies investigating postglacial phylogeography in coastal taxa in
Patagonia, especially those involving both the Pacific and the Atlantic
coast, have relied exclusively on the pattern of variation at a single
mitochondrial locus. Most of them found a pattern of population
expansion similar to the one detected with mtDNA in E. maclovinus.
Common features are shallow geographic structure, star-like haplotype
network, unimodal mismatch distribution and lack of a pattern of
isolation by distance (Cárdenas et al., 2009; de Aranzamendi et al.,
2011; González-Wevar et al., 2012; Ocampo et al., 2013; Hüne et al.,
2014; Pérez-Barros et al., 2014). However, some species show signs of
recent population expansion, also in conjunction with geographic
breaks (Fraser et al., 2010; Sánchez et al., 2011; Nuñez et al., 2015),
highlighting the great variance in species’ abilities to respond to the
environmental change associated with glacial cycles.
To better understand the paleobiogeographical history of Southern

South America, additional multilocus studies on other marine coastal
species are required. Future efforts, in combination with the more
abundant studies in marine biogeography that have already been
carried out in the Northern Hemisphere (Marko et al., 2010), would
provide a potentially useful global model for understanding how
species will respond to climate change in the future.
In summary, our results suggest that two population refugia may

have remained during last glaciation, one in the Pacific Ocean and the

other in the Atlantic Ocean, and highlight the importance of multi-
locus approaches for resolving postglacial phylogeography.
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