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Abstract The identification of loci under selection (out-

liers) is a major challenge in evolutionary biology, being

critical to comprehend evolutionary processes leading to

population differentiation and speciation, and for conser-

vation purposes, also in light of recent climate change.

However, detection of selected loci can be difficult when

populations are weakly differentiated. This is the case of

marine fish populations, often characterized by high levels

of gene flow and connectivity, and particularly of fish

living in the Antarctic marine environment, characterized

by a complex and strong circulating system promoting

individual dispersal all around the continent. With the final

aim of identifying outlier loci putatively under selection in

the Chionodraco genus, we used 21 microsatellites,

including both genomic (Type II) and EST-linked loci

(Type I), to investigate the genetic differentiation among

the three recently derived Chionodraco species that are

endemic to the freezing Antarctic waters. Neutrality tests

were applied in interspecific comparisons in order to

identify candidate loci showing high levels of genetic dif-

ferentiation, which might reveal imprints of past selection.

Three outlier loci were identified, detecting a higher dif-

ferentiation between species than did neutral loci. Outliers

showed sequence similarity to a calmodulin gene, to an

antifreeze glycoprotein/trypsinogen-like protease gene and

to nonannotated fish mRNAs. Selective pressures acting on

outlier loci identified in this study might reflect past evo-

lutionary processes, which led to species divergence and

local adaptation in the Chionodraco genus. Used loci will

provide a valuable tool for future population genetic

studies in Antarctic notothenioids.

Keywords Genome-wide selection scan � Genetic

differentiation � Local adaptation � EST-linked

microsatellites � Standardized FST � Antarctic icefish

Introduction

The idea that marine species are genetically homogeneous

throughout their range of distribution is traditionally

assumed. Large population sizes and wide spatial distri-

butions, associated with an extensive potential for dis-

persal, in the absence of evident barriers to gene flow, are

supposed to limit genetic structuring among local popula-

tions (Ward et al. 1994). Typically, genetic studies of

natural populations employ neutral molecular markers, like

SNPs and microsatellites, which permit to elucidate various

aspects of species biology. These loci also allow the esti-

mation of demographic parameters, such as effective

population size and migration rate, the inference of which

would be biased by the effects of natural selection acting in

a locus-specific manner (Avise 1994). The growing interest

in understanding the genetic bases of ecologically impor-

tant traits and in studying local adaptation has, however,

gradually shifted the attention to genetic markers
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influenced by natural selection, as revealed by the devel-

opment of several methods aimed at detecting putative

selected loci from genome-wide scans (Bowcock et al.

1991; Beaumont and Nichols 1996; Vitalis et al. 2001;

Schlötterer 2002; Porter 2003; Beaumont and Balding

2004; Foll and Gaggiotti 2008).

In fish, genome scan studies accomplished so far, in

which many individuals were screened using randomly

selected molecular markers, reported very few instances of

outlier detection; these cases include several members of

the Salmonidae family (e.g., Freamo et al. 2011; Seeb et al.

2011), which are well known to be highly structured, some

coral reef fishes (e.g., Fauvelot et al. 2007), and a number

of other economically important species like Atlantic cod

(e.g., Nielsen et al. 2009) and Atlantic herring (e.g. André

et al. 2010). Difficulties in finding selected loci in marine

fishes may be referred to the limited power of available

programs to identify outlier loci when population differ-

entiation is weak. Most of the existing statistical methods

for detecting recent signatures of selection from allele

frequency data are based on the original idea developed by

Lewontin and Krakauer (1973), according to which loci

showing a significantly higher or lower level of genetic

differentiation than expected under an appropriate neutral

population-genetics model can be considered candidates

for being influenced by directional (adaptive) or balancing

selection, respectively. The level of genetic differentiation

is typically described by the FST index, which summarizes

differences in allele frequency distribution between popu-

lations. The main difficulty of these methods is to obtain by

simulations the expected FST distribution under neutrality,

which should depict the expected variance of FST values

across loci with different levels of genetic variability. From

a statistical standpoint, outlier detection is particularly

difficult when population structuring is weak and then

neutral mean FST values are low (Beaumont and Balding

2004; Foll and Gaggiotti 2008).

The identification of outlier loci in marine fish is par-

ticularly challenging when environmental settings favor

gene flow across populations with a consequent homoge-

nizing effect. This is the case of Antarctic waters, where

the complex ocean circulating system, which promotes

dispersal and connectivity all around Antarctica, contrib-

utes to limit genetic differentiation among populations

(Matschiner et al. 2009; Papetti et al. 2009, 2012 Damerau

et al. 2012).

In this study, we analyzed the genetic differentiation

between the three recently derived species of the Chiono-

draco genus (Notothenioidei, Channichthyidae), namely

Chionodraco hamatus, Chionodraco myersi, and Chiono-

draco rastrospinosus, using a panel of 21 microsatellite

loci. The three species, which are endemic to the Southern

Ocean and whose taxonomical status is based on few

morphological differences and molecular data (Fischer and

Hureau 1985; Patarnello et al. 2003), are thought to have

diverged between 2 and 1.8 millions of years ago (addi-

tional result not reported in Near et al. 2012). Furthermore,

we performed an FST-based survey to search for loci

showing a high level of genetic differentiation between the

three Chionodraco species and thus possibly influenced by

selective forces acting during their shallow evolutionary

history. To allow future investigations at the population

level, we used a panel of loci, including both microsatellites

originally isolated from genomic DNA and EST-linked

loci, that cross-amplified in all the three species. Cross-

amplified molecular markers, such as microsatellites, have

proven to be valuable tools for species discrimination and

individual assignment to nominal species also in the noto-

thenioid family Trematominae (Van de Putte et al. 2009).

Materials and methods

Sample collection and DNA extraction

Population samples of C. hamatus, C. myersi, and C. ra-

strospinosus were collected between 1988 and 2007 at four

different locations: the Weddell Sea, the Ross Sea (Terra-

nova Bay), and the Antarctic Peninsula (Elephant Island

and Joinville Island) (Table 1). A small piece of muscle

tissue was collected from each specimen and preserved at

-80 �C or in ethanol 90 % until molecular analysis.

Total genomic DNA for each individual was extracted

from 10 to 100 mg of muscle tissue following a standard

salting out protocol (Patwary et al. 1994). DNA solutions

were stored at -20 �C before PCR amplification.

Genetic and statistical analysis: DNA amplification

and genotyping

Twenty-one microsatellite loci were amplified in 108

specimens: 10 loci originally isolated from C. rastrospi-

nosus, Chaenocephalus aceratus, and Pleuragramma ant-

arcticum genomic DNA (Papetti et al. 2006, 2011; Susana

et al. 2007), and 11 EST-linked loci isolated from about

24,000 contigs obtained by a high-throughput sequencing

of a normalized cDNA library from C. hamatus muscle

(Molecular Ecology Resources Primer Development Con-

sortium et al. 2011; Coppe et al. 2013). According to

O’Brien et al. (1993), microsatellite loci isolated from

genomic DNA, which are anonymous genomic sequences,

will be called Type II loci, while EST-linked loci, which

are found inside or flanking coding gene sequence, will be

defined as Type I loci. For the sake of simplicity, final

conditions for all the loci used in this study are reported in

Table S1 (supplementary materials).
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Fragment analysis was performed on an ABI 3730xl

automated sequencer, and microsatellite analysis was car-

ried out using PEAK SCANNER version 1.0 (Applied

Biosystems). In order to minimize the negative conse-

quences of a poor allele calling, binning was automated

with the software FLEXIBIN version 2 (Amos et al. 2007)

and the final scoring was then manually checked to ensure

the accuracy of the process. MICRO-CHECKER version

2.2.3 (Van Oosterhout et al. 2004) was used to test for null

alleles, stuttering and large allele dropout presence, and

results for loci showing null alleles were corrected using

FREENA (Chapuis and Estoup 2007).

Linkage disequilibrium, Hardy–Weinberg equilibrium

(HWE), and genetic diversity

Descriptive analyses, such as number of alleles (NA),

observed heterozygosity (HObs), and unbiased expected

heterozygosity (HExp), were computed for each locus using

GENETIX version 4.05.2 (Belkhir et al. 1996–2004), while

allelic richness (AR), the number of alleles independent of

the sample size, was calculated with FSTAT version 2.9.3

(Goudet 2001). The software GENEPOP version online

4.0.10 (Raymond and Rousset 1995; Rousset 2008) was

used to test for HWE and for genotypic linkage equilibrium

between pairs of loci in each species. Significance of all

tests was estimated by the Markov Chain method (de-

memorization number = 10,000; number of bat-

ches = 500; number of iterations per batch = 10,000).

When needed, significance threshold (a = 0.05) was

adjusted using a standard Bonferroni correction for multi-

ple tests (Rice 1989).

Genetic differentiation

Genetic differentiation between species and population

samples was quantified by computing pairwise estimators

of FST with FSTAT version 2.9.3 according to Weir and

Cockerham (1984). The 95 % CI were estimated by 15,000

bootstrap replicates over loci, and p values were assessed

by 1,000 permutation tests in GENETIX version 4.05.2

(Belkhir et al. 1996–2004). Statistical significance level

was adjusted, when needed, against type I errors using a

standard Bonferroni correction (Rice 1989). The statistic

was performed for the whole set of 21 loci, for the same set

after the exclusion of outlier loci found by neutrality tests

(see below), and separately for Type I and Type II loci,

excluding outliers, in order to notice potential differences

in the level of detected genetic differentiation. Type I loci,

situated in transcribed regions of the genome, are expected

to show low levels of variability and to be highly conserved

for the presence of functional constraints and of the effects

of purifying selection. In contrast, Type II loci are expected

to be highly polymorphic because microsatellites are more

frequent in noncoding regions of the genome and, as a

consequence, they have a higher probability to be neutral

markers. Standardized measures of pairwise FST (F0ST)

(independent of the heterozygosity level) were calculated

to facilitate the comparison of results obtained by the two

sets of loci, which are expected to differ in heterozygosity

values and hence in maximum levels of detectable genetic

divergence (Hedrick 2005). The calculation was performed

by dividing the original FST estimate by its maximum

value, which was obtained using the recoded data file with

the program RECODEDATA version 0.1 (Meirmans

2006).

Table 1 Summary of samples analyzed in this study

Species Population sample Collection cruise Sample acronym Sample size

C. hamatus Weddell Sea ANT-VII/4a ChWS88 9

Ross Sea (Terranova Bay) 11th Italian expedition PNRAb ChRS95 23

C. myersi Ross Sea (Terranova Bay) 5th Italian expedition PNRAc CmRS89 27

Weddell Sea ANT-XXI/2d CmWS03 10

C. rastrospinosus Elephant Island ANT-XIV/2e CrEI96 19

Joinville Island ANT-XXIII/8f CrJI06 20

Reported are as follows: species name, site of collection of each population sample, collection cruise when sampling was performed, sample

acronym used in this paper, and sample size
a ANTARKTIS expedition, RV ‘‘Polarstern’’ ANT-VII/4 (EPOS leg3), Weddell Sea, 1988/1989, AWI
b 11th Italian expedition, Ross Sea, Terranova Bay, 1995/1996, PNRA
c 5th Italian expedition, Ross Sea, Terranova Bay, 1989/1990, PNRA
d ANTARKTIS expedition, RV ‘‘Polarstern’’ ANT-XXI/2 (Bendex), Weddell Sea, 2003/2004, AWI
e ANTARKTIS expedition, RV ‘‘Polarstern’’ ANT-XIV/2, Antarctic Peninsula, 1996/1997, AWI
f ANTARKTIS expedition, RV ‘‘Polarstern’’ ANT-XXIII/8, Joinville Island, 2006/2007, AWI
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Neutrality tests

To search for the signature of selection, we applied two

different neutrality tests relying on the expectation that

spatially varying divergent selection should increase the

observed level of genetic differentiation between popula-

tions/species. Nevertheless, since the two tests are based on

different assumptions and parameters, the concordant

detection of outlier loci with more than one statistical

approach will reduce the number of false positives (Vase-

magi et al. 2005). Both tests were applied in all pairwise

comparisons between the three species, while they were not

used in intraspecific comparisons because of the limited

sample size of the individual population samples.

The first method, implemented in the software LOSIT-

AN (Antao et al. 2008), uses coalescent simulations based

on the observed data and an island model of migration to

generate the expected distribution of FST versus HExp with

neutral markers. This distribution is then used to identify

outlier loci detecting significantly high or low FST values

compared to neutral expectations. These outlier loci are

candidates for being subject to natural selection (Antao

et al. 2008). In our analysis, 1,000,000 simulations were

run assuming a stepwise mutation model (SMM). To better

estimate the status of each locus, all pairwise comparisons

between species were performed considering firstly Type II

loci and then the same set of loci (excluding those even-

tually resulting under selection) plus one Type I locus at a

time. This approach was adopted because the two sets of

loci showed different ranges of FST and HExp values and

because the program failed to simulate the FST versus HExp

expected distribution when analyzing the two sets together.

Moreover, given the higher probability of EST-linked loci

to be under selection, considering these loci one by one

would not affect the simulation process of the FST versus

HExp expected distribution in a neutral scenario. In con-

trast, since microsatellites are more frequent in noncoding

regions of the genome, we expected loci isolated from

genomic DNA to be neutral markers and, as a consequence,

not to affect the simulation process.

The second approach for detecting selection, imple-

mented in the software package DETSEL (Vitalis 2003),

simulates a coalescent process of divergence of two pop-

ulations from a common ancestral population. The program

identifies putative outlier loci relying on the population-

specific parameters of population divergence, F1 and F2,

which are simple functions of the parameters of interest of

the model. The expected distributions of F1 and F2 were

generated maintaining the same number of allelic states as

in the observed data and using different combinations of

the following nuisance parameters: mutation rate under

infinite allele model (IAM) 0.005, 0.001, and 0.0001;

ancestral population size 500, 1,000, and 10,000;

population size before the split 50 and 500; time since an

assumed bottleneck event 50, 100, and 200 generations;

and time since the population split 50 and 100 generations.

For each pairwise comparison, 100,000–500,000 coales-

cent simulations were performed. All loci lying outside the

99 % probability region, simulated in a neutral scenario,

were considered candidates for being subject to natural

selection. The same approach used in LOSITAN was

chosen to improve the coalescent simulation process (all

Type II, excluding those eventually resulting under selec-

tion, plus one Type I locus at a time).

Results

Microsatellite genetic variability

All 21 microsatellite loci were successfully amplified in the

three Chionodraco species. One-way analysis of variance

(ANOVA) showed no significant differences in HObs, HExp,

and AR across sampling locations in each of the three

species (p value [0.05). All loci proved to be polymorphic.

For the 10 Type II loci, NA per locus in the three species

ranged from 2 (Ca48 in C. myersi) to 32 (Cr171 in C.

rastrospinosus), while NA for the 11 Type I loci ranged

from 2 (Ch126 in C. hamatus, Ch1968 in C. myersi, and

Ch8501 in C. hamatus and C. myersi) to 11 (Ch8461 in C.

myersi) (Tables S2 and S3 supplementary materials). Mean

NA for the two sets of loci in the three species (17.40

combining Type II loci and 7.36 considering Type I loci)

was significantly different (p value \0.05 using one-way

ANOVA) indicating a lower level of allelic variability at

Type I loci. A significant decrease in variability was

detected at Type I loci also when AR, the number of alleles

independent of the sample size, was considered (Table 2).

At Type II loci, HObs in the three species ranged from

0.1892 (Ca21 in C. myersi) to 0.9444 (Cr127 in C. myersi),

while HExp ranged from 0.2118 (Cr38 in C. rastrospinosus)

to 0.9710 (Cr171 in C. rastrospinosus) (Table S2 supple-

mentary materials). A significant excess of homozygotes

Table 2 Mean values and standard deviations for number of alleles

(NA), allelic richness (AR), observed (HObs) and unbiased expected

heterozygosity (HExp) at 10 Type II loci and at 11 Type I loci

10 Type II loci 11 Type I loci p value (ANOVA)

Mean SD Mean SD

NA 17.40 11.19 7.36 3.04 0.0100

AR 12.02 7.33 5.55 2.10 0.0110

HObs 0.5589 0.0200 0.4397 0.0500 \0.0001

HExp 0.6842 0.0300 0.4653 0.0500 \0.0001

p values resulted from one-way ANOVA are reported
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was found at several loci: Cr15 in C. hamatus and C. ra-

strospinosus, Cr171 in C. rastrospinosus, Cr236 in C.

hamatus, Ca21 in C. hamatus and C. myersi, and Ca86 in

C. myersi. At Type I loci, HObs in the three species ranged

from 0.0313 (Ch126 and Ch8501 in C. hamatus) to 0.8649

(Ch8461 in C. myersi), while HExp ranged from 0.0313

(Ch126 and Ch8501 in C. hamatus) to 0.8482 (Ch2309 in

C. hamatus) (Table S3 supplementary materials). A sig-

nificant excess of homozygotes was found at locus Ch5817

in C. myersi. A significant difference was detected, using

one-way ANOVA, when comparing mean HObs and HExp

for the two sets of loci in the three species (p value \0.05)

(Table 2). This result confirmed a differential level of

genetic variability at Type I loci, which showed signifi-

cantly lower values of NA, AR, HObs, and HExp compared to

Type II loci, suggesting the presence of functional con-

straints and of the effects of purifying selection.

Hardy–Weinberg equilibrium probabilities were calcu-

lated for each locus and for each species because of the

genetic homogeneity observed in population samples

within species. A significant departure from HWE was

found at 7 out of 30 tests at Type II loci and at 1 out of 33

tests when considering Type I loci. In all the tests showing

a departure from HWE, a significant deficit of heterozy-

gotes was found and MICRO-CHECKER version 2.2.3

indicated the presence of null alleles. Subsequent analyses

were performed both with the original and the corrected

dataset suggested by MICRO-CHECKER. Furthermore,

the excluding null alleles (ENA) correction method

implemented in FREENA was carried out to correct for the

positive bias induced by the presence of null alleles on FST

estimation. Since both the corrections performed yielded

comparable results, the original dataset was maintained for

successive analyses. Overall, tests for linkage disequilib-

rium among all loci showed no significant departures from

expected values (p value [0.01).

Genetic differentiation

Pairwise estimators of FST were calculated both between

populations of each species and between species, which are

characterized by a limited morphological and genetic dif-

ferentiation (Fischer and Hureau 1985; Patarnello et al.

2003). The analysis was performed for the complete set of

21 loci, for the 18 neutral loci detected by neutrality tests

(see below) and separately for Type I and Type II loci

excluding the outlier loci Cr38, Ch684, and Ch8501. For all

these sets of loci, pairwise FST between population samples

within species were close to zero and not statistically sig-

nificant (data not shown). For the limited sample size of

individual population samples, and for the genetic homo-

geneity found in intraspecific comparisons, samples of the

same species were grouped. Conversely, pairwise FST

between species were highly significant (p value \0.0001)

whatever set of loci was considered (Table 3). When

considering all 21 loci, a lower level of differentiation

between C. hamatus and C. rastrospinosus was found; this

pattern persisted considering the standardized measure of

pairwise FST (F0ST) and after the removal of the three

outlier loci suggested by neutrality tests. In all pairwise

comparisons between species, FST values decreased when

outlier loci were excluded from the analysis. Single-locus

FST and F0ST values at outlier loci (Cr38, Ch684, Ch8501)

detected a high level of genetic differentiation, specifically

in those pairwise comparisons in which they were identi-

fied as outlier by neutrality tests (Table 4); in these com-

parisons, FST and F0ST estimates clearly exceeded the

respective FST and F0ST 95 % CI between species calcu-

lated with 18 putative neutral loci (Table 5).

Neutrality tests

Two different neutrality tests, based on different assump-

tions and parameters, were applied to detect outlier loci.

Simulation results from both tests identified as outlier loci

Cr38 and Ch684, in all pairwise comparisons including C.

rastrospinosus, and locus Ch8501 in all pairwise compari-

sons including C. myersi (p value \0.01). These three loci

fell outside the upper 99 % CI of the FST versus HExp

expected distribution obtained with LOSITAN and lay

outside the 99 % probability region of population-specific

parameters, F1 and F2, simulated by DETSEL; thus, they are

potential candidates for being subject to directional selection

(two exemplifying results are shown in Figs. 1, 2).

Discussion

The identification of outlier loci in intraspecific compari-

sons is very challenging in marine fish because of the low

levels of population genetic structuring. This task can be

even more difficult when oceanographic settings favor

individual dispersal and gene flow among populations; this

is the case of the Antarctic marine environment, charac-

terized by a complex system of currents. For these reasons

and with the aim of detecting outlier loci putatively under

selection in the Chionodraco species, we moved from the

population level to the species level and investigated the

pattern of genetic differentiation among the three

Chionodraco species by using 21 microsatellite loci. Spe-

cifically, we used both EST-linked loci (Type I) and loci

randomly isolated from genomic DNA (Type II) because

the two classes of genetic markers could reveal different

aspects of differentiation processes acting during the evo-

lutionary history of the investigated species.
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Type I loci showed a better amplification performance

with no detection of null alleles and no departure from

HWE (except 1 out of the 33 tests performed), which can

be explained by the high conservation of primer annealing

regions residing into coding sequences. On the other hand,

Type II loci showed some deviations from HWE but a

higher level of genetic polymorphism, as indicated by NA,

AR, HObs, and HExp values, which significantly exceeded

those calculated with Type I loci. A high level of vari-

ability can increase the power of molecular markers to find

genetic differences, although this might be obscured by

recurrent mutations (O’Reilly et al. 2004). FST measures

are also known to be limited by the average homozygosity

within populations (Hedrick 2005). In this study, FST val-

ues calculated at Type II loci exceeded those calculated at

Type I loci in all pairwise comparisons between species

only when they were standardized following Hedrick

(2005). This finding confirms the higher power of neutral

genomic loci to detect differentiation and further points out

a possible bias in nonstandardized FST estimates.

Whatever combination of loci was considered, FST esti-

mates indicated the presence of three distinct gene pools

corresponding to the three nominal species, with C. hamatus

and C. rastrospinosus being more closely related. This result

Fig. 1 Result from LOSITAN

1,000,000 simulations under the

SMM for the comparison

between C. rastrospinosus and

C. myersi using all Type II loci,

except the outlier Cr38, plus

Ch8501. Shown in gray (center)

is the 99 % CI of the expected

FST versus HExp (expected

heterozygosity) distribution

with neutral markers. Loci

outside this interval are

potential candidates for being

subject to directional selection

(red, top) or balancing selection

(yellow, bottom). (Color figure

online)

Table 3 Species pairwise FST and F0ST values

Sample pairs 21 Loci 18 Neutral loci 9 Neutral Type II loci 9 Neutral Type I loci

FST F0ST FST F0ST FST F0ST FST F0ST

Ch–Cm 0.2100 0.4996 0.1597 0.4066 0.1863 0.6198 0.1211 0.2501

Ch–Cr 0.1672 0.3821 0.1114 0.2919 0.0914 0.3551 0.1399 0.2765

Cm–Cr 0.2004 0.4645 0.1196 0.3030 0.1028 0.3429 0.1417 0.2893

All pairwise comparisons were performed using four datasets: all 21 loci considered in this study, the 18 neutral loci indicated by the neutrality

tests (loci Cr38, Ch684, and Ch8501 were excluded), 9 neutral Type II loci (locus Cr38 was excluded), and 9 Type I loci (loci Ch684 and Ch8501

were excluded). All reported values are statistically significant (p values \0.0001). FST: actual estimate of population differentiation; F0ST:

standardized measure of population divergence. Ch: Chionodraco hamatus; Cm: Chionodraco myersi; Cr: Chionodraco rastrospinosus

Table 4 Species pairwise FST and F0ST values at outlier loci indi-

cated by neutrality tests: Cr38, Ch684, and Ch8501

Sample pairs Cr38 Ch684 Ch8501

FST F0ST FST F0ST FST F0ST

Ch–Cm 0.3923 0.8538 0.1180 0.2730 0.8378 0.9751

Ch–Cr 0.6338 0.9192 0.6142 0.8536 0.0060 0.0065

Cm–Cr 0.5460 0.9524 0.4324 0.7675 0.7892 0.9617

All reported values are statistically significant (p values \0.0001).

Pairwise comparisons in which each locus was identified as an outlier

are reported in bold. FST: actual estimate of population differentia-

tion; F0ST: standardized measure of population divergence. Ch:

Chionodraco hamatus; Cm: Chionodraco myersi; Cr: Chionodraco

rastrospinosus

Table 5 Species pairwise FST and F0ST 95 % confidence interval

(CI) calculated at 18 putative neutral loci

Sample pairs FST 95 % CI F0ST 95 % CI

Ch–Cm 0.0920–0.2320 0.2342–0.5906

Ch–Cr 0.0600–0.1670 0.1598–0.4375

Cm–Cr 0.0570–0.1920 0.1419–0.4890

FST: actual estimate of population differentiation; F0ST: standardized

measure of population divergence. Ch: Chionodraco hamatus, Cm:

Chionodraco myersi, Cr: Chionodraco rastrospinosus
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is in line with a previous mitochondrial DNA analysis

showing that, despite a small genetic differentiation, all the

haplotypes of C. hamatus and C. rastrospinosus clustered

together in two sisters monophyletic groups, while C. myersi

was more distantly related (Patarnello et al. 2003).

Results obtained in this study by neutrality tests suggest

that, during this period of time, selective pressures might

have played a role in the divergence process of the three

species. Indeed, three outlier loci, displaying a higher than

expected divergence, were identified: Cr38 and Ch684, in

all pairwise comparisons including C. rastrospinosus, and

Ch8501 in all pairwise comparisons including C. myersi.

With regard to Ch684 microsatellite, BLAST search

(Altschul et al. 1990) showed that it resides at the 30 region

of a gene coding for calmodulin, a highly conserved cal-

cium-binding protein that transduces calcium signals and

mediates many crucial processes in eukaryotic cells, such

as inflammation, metabolism, apoptosis, muscle contrac-

tion, intracellular movement, short-term and long-term

memory, nerve growth, and the immune response. BLAST

similarity search of Ch8501 sequence showed that this

locus is instead associated with a C. hamatus transcript

showing high similarity to other fish mRNA sequences

with no functional annotation provided. FULL-LENG-

THER Web tool (Lara et al. 2007) indicated that the

transcript from which Ch8501 microsatellite was identified

has a high probability (92 %) to be a gene coding

sequence. Cr38 microsatellite was detected as an outlier

besides being a Type II marker. Type II loci were randomly

isolated from genomic DNA and we cannot exclude a

priori the possibility to draw by chance a microsatellite

located in coding regions. In addition, several studies

verified the functional relevance of a considerable number

of microsatellites residing outside coding gene sequences

and thus under the possible influence of natural selection

(see Chistiakov et al. 2006 for review). Intriguingly,

BLAST search of Cr38 sequence against the NCBI

nucleotide database showed a significant alignment, with

96 % sequence identity over 92 nucleotides, to a gene

encoding an AFGP/TLP in the Antarctic notothenioid

Dissostichus mawsoni (Nicodemus-Johnson et al. 2011).

Notably, genes coding for notothenioid AFGPs, which are

essential molecules for freezing avoidance at subzero

temperatures, evolved from a pancreatic TLP, presumably

through an ancestral intermediate, that is, a chimeric

AFGP/TLP gene (Chen et al. 1997; Cheng and Chen 1999).

Based on the results of neutrality tests between species,

and assuming that the higher divergence of outlier loci can

be attributed to directional selection, selective pressures

could have operated in the branch leading to the divergence

Fig. 2 Result from DETSEL

500,000 coalescent simulations

under the IAM for the

comparison between C. hamatus

and C. rastrospinosus using all

Type II loci, except the outlier

Cr38, plus Ch684. The

circumscribed area represents

the 99 % probability region of

the expected distribution of

population-specific parameters

of population divergence, F1

and F2, in a neutral scenario.

Loci outside this area are

potential candidates for being

subject to directional selection
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of C. myersi for Ch8501 and in the branch leading to the

divergence of C. rastrospinosus for loci Cr38 and Ch684.

Recently, Near et al. (2012) showed how the diversification

of Antarctic notothenioids in the Southern Ocean, which

was considered a direct consequence of AFGP evolution,

was related both to freezing avoidance and to the coloni-

zation and adaptation to new ecological niches created by

glacial and ice sheet activity during the Late Miocene

(11.6–5.3 millions of years ago), thus at least 10 million

years after the origin of AFGPs. A time-calibrated Bayes-

ian phylogeny of 83 notothenioid species, performed by the

same authors, revealed pulses of lineage diversification

occurring in the most derived clades of Antarctic noto-

thenioids, such as the genus Trematomus and the family

Channichthyidae. Therefore, selective pressures acting on

specific loci, as those detected by this study, might reflect

past evolutionary processes leading to local adaptation and

differentiation of the three Chionodraco species. As men-

tioned before, the divergence of the Chionodraco genus

was estimated between 2 and 1.8 millions of years ago

(additional result not reported in Near et al. 2012), with the

separation of C. myersi occurring before the divergence of

C. hamatus and C. rastrospinosus (Patarnello et al. 2003).

The area of distribution of the three species may give some

insights into the ecological cues leading to their diversifi-

cation. C. hamatus and C. myersi both display a circum-

Antarctic distribution, while C. rastrospinosus is found in

waters surrounding the Antarctic Peninsula, the South

Shetland Islands, and the South Orkney Islands (Kock

1992). Patarnello et al. (2003) hypothesize that the estab-

lishment of the Scotia-Weddell confluence, where out

flowing Weddell Sea waters converge with the eastward

flowing waters of the Scotia Sea, may represent the

vicariant event leading to interrupted of gene flow between

C. hamatus and C. rastrospinosus. However, our data

suggest that selective pressures might have operated in the

past promoting species diversification and possibly leading

to local adaptation of the Chionodraco species.
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