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Abstract

Biological invasions are increasingly creating ecological and economical problems both
on land and in aquatic environments. For over a century, the Mediterranean Sea has
steadily been invaded by Indian Ocean/Red Sea species (called Lessepsian invaders)
via the Suez Canal, with a current estimate of ~450 species. The bluespotted cornetfish,
Fistularia commersonii, considered a ‘Lessepsian sprinter’, entered the Mediterranean
in 2000 and by 2007 had spread through the entire basin from Israel to Spain. The situ-
ation is unique and interesting both because of its unprecedented rapidity and by the
fact that it took this species c. 130 years to immigrate into the Mediterranean. Using
genome scans, with restriction site-associated DNA (RAD) sequencing, we evaluated
neutral and selected genomic regions for Mediterranean vs. Red Sea cornetfish individ-
uals. We found that few fixed neutral changes were detectable among populations.
However, almost half of the genes associated with the 47 outlier loci (potentially under
selection) were related to disease resistance and osmoregulation. Due to the short time
elapsed from the beginning of the invasion to our sampling, we interpret these
changes as signatures of rapid adaptation that may be explained by several mecha-
nisms including preadaptation and strong local selection. Such genomic regions are
therefore good candidates to further study their role in invasion success.
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Introduction

While evidence to the contrary does exist (Davis 2009;
Schlaeppfer et al. 2011; Davis et al. 2015), most biologi-
cal invasions result in significant negative ecological
and economic impacts (Simberloff & Rejmanek 2011;
Vitule et al. 2012). It is therefore essential to understand
the factors that make invaders successful (Carlton &
Geller 1993; Sax et al. 2005; Sala et al. 2011; Chown et al.
2015). Invasive species that move across biogeographi-
cal barriers and are exposed to severe environmental
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changes may adapt rapidly to new environments under
the pressure of novel selective forces (Chown et al.
2015; Dlugosch et al. 2015). Changes in the selective
regime acting on the invader may include both
increased selection for adapted genotypes and a relax-
ation for defence, because of the absence of co-evolved
natural enemies and pathogens (Hanfling & Kollmann
2002). These evolutionary changes in invasive popula-
tions happen over contemporary timescales and are
increasingly seen as a unique opportunity to explore
ecological and evolutionary processes (Lee 2002; Law-
son Handley et al. 2011). Specifically, the identification
of genes that underlie these transformations is becom-
ing one of the most fundamental themes in
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contemporary evolutionary biology, as it gives, for
example, insights on how organisms will respond to
global environmental changes (Shimada et al. 2011;
Wang ef al. 2012).

The invasion process involves several phases that
may occur sequentially or concurrently including intro-
duction, naturalization and range expansion, with selec-
tive forces operating during each of these phases (Sakai
et al. 2001; Lee 2002; Wares et al. 2005). A number of
examples demonstrate a clear link between invasive
success and specific adaptations (Phillips et al. 2006;
Keller & Taylor 2008). In other cases, however, it is not
always clear whether local adaptation allowed or was a
consequence of the invasion (Estoup & Guillemaud
2010).

Successful invasions have traditionally been seen as
the result of few individuals migrating into a new habi-
tat, where they can thrive and quickly expand for being
released from competition, predation, disease and para-
sitic load (Sakai et al. 2001; Allendorf & Lundquist 2003;
Richardson 2011). Due to founding events, the genetic
expectations are signatures of bottlenecks at neutral
sites and lowered fitness and adaptability at selected
sites. Yet, contrary to this expectation, many successful
biological invasions, terrestrial or marine, do not show
evidence of population bottlenecks (Holland 2000;
Kolbe et al. 2004; Golani et al. 2007; Dlugosch & Parker
2008; Geller et al. 2010), with yet some notable excep-
tions (Kalinowski et al. 2010).

The opening of the Suez Canal in 1869 started a pro-
cess of marine bioinvasions from the Indian Ocean/Red
Sea into the Mediterranean with broad ecological
impacts (Por 1978, 2010; Golani et al. 2007; Sala et al.
2011; Galil et al. 2015a). This process, commonly termed
Lessepsian migration, includes today ~450 species
including over 90 recorded species of fish (Fricke et al.
2012; Golani et al. 2013; Galil et al. 2015b). For nearly a
century, the migration of Lessepsian species into the
Mediterranean Sea was lessened by natural barriers.
Indeed, a strong salinity barrier needed to be breached
by migrating individuals. The Red Sea displays a salin-
ity gradient from south (35%,) to north (40.59,), peaking
in Suez Bay at around 42.59%, (Edwards 1987). Further
north, the high salinity of the bitter lakes, within the
Suez Canal is encountered. While the opening of the
canal lowered the salinity of the bitter lakes, from ~70%,
to about 46.89,,, it still remains an impediment to migra-
tion (Edwards 1987). Finally, the low salinity created by
the large freshwater plume of the Nile river outflow at
the mouth of the canal, contributed to play a role as a
barrier to the dispersal of Red Sea organisms (Por 1971;
Galil 2007; Golani 2010). Yet, the construction of the
Aswan Dam in the 1960s, that lowered the amount of
freshwater outflow at the Nile Delta, and the
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progressive dilution of the bitter lakes, as mentioned
above, have significantly dampened those obstacles.
Meanwhile, the natural gradient of salinity in the
Mediterranean, which varies from a low level in the
western basin (36.89,,) to a higher level in the east
(38.7%,) (Emeis et al. 2000), has increased also in part
due to the flow reduction of the Nile River (Nof 1979;
Borghini ef al. 2014).

Nevertheless, differences in salinity levels remain one
of the main environmental barrier between the Red Sea
and the Mediterranean (Golani 2010). Indeed, adaptabil-
ity to salinity gradients is considered the main predictor
of invasions success for Lessepsian migrants (Belmaker
et al. 2013; Parravicini ef al. 2015). It is therefore possible
for selective pressure to strongly affect the outcome of
invasion success at this stage. So far, molecular studies
on Lessepsian immigrants have highlighted similar
levels of genetic diversity between exotic and native
populations, with little or no evidence of genetic bottle-
necks (Golani & Ritte 1999; Bucciarelli et al. 2002; Has-
san et al. 2003; Hassan & Bonhomme 2005; Azzurro
et al. 2006; Bernardi et al. 2010). For these species, data
showed that colonization had occurred by a large num-
ber of individuals, by multiple colonization events, or a
combination of both, which is consistent with predictive
models of invasion success (Blackburn ef al. 2015).

The bluespotted cornetfish, Fistularia commersonii
(Actinopterygii, Fistulariidae), is considered to be one
of the most effective invasive species of the Mediter-
ranean Sea (Azzurro et al. 2012). Cornetfish are ovipar-
ous broadcast spawners with a long pelagic larval
duration (46 days) and a large size at recruitment
(60 mm) (Watson & Sandknop 1996; Lo-Yat 2002; Stier
et al. 2014; Jackson et al. 2015b). These life-history char-
acteristics contribute to a widespread distribution from
the Tropical Eastern Pacific in Mexico to the Indian
Ocean off the east coast of Africa and the Red Sea (Jack-
son et al. 2015b). Contrary to what was observed for
other Lessepsian fishes, studies based on mitochondrial
markers highlighted a lowered genetic diversity in the
exotic cornetfish (Golani et al. 2007; Sanna et al. 2011,
2015; Jackson et al. 2015b). Yet, additional mitochondrial
markers and one nuclear marker (Rhodopsin) showed,
in Mediterranean populations, the presence of several
mitochondrial haplotypes (but restricted to only two
main clades) and importantly did not find a decrease in
diversity at the nuclear marker level (Tenggardjaja et al.
2014). Taken together, these data suggested that Red
Sea and Mediterranean populations have similar levels
of genetic diversity.

In <7 years, starting in 2000, F. commersonii spread
over the entire Mediterranean, which is further and fas-
ter than any other Mediterranean invader, being thus
dubbed a ‘Lessepsian sprinter’ (Golani 2000; Karachle
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et al. 2004; Azzurro et al. 2012; Tenggardjaja et al. 2014).
We therefore considered that this species had great
potential to show strong genomic signatures at both
neutral and selected sites. The relatively small genome
(1.8 Gb) of the bluespotted cornetfish (Ojima & Yama-
moto 1990) makes it amenable to genome scanning
approaches, providing enough power to tease out neu-
tral and selected scenarios.

In this study, we present data based on restriction
site-associated DNA (RAD) sequencing of F. commer-
sonii from natural populations in the Red Sea and from
the Mediterranean to understand the genomic charac-
teristics that accompanied the recent invasion. During
this process, we identified candidate loci under selec-
tion with the aim of understanding the direction of key
adaptive changes necessary for a successful invasion.

Materials and methods

Sample collections

Samples of adult (sometimes co-occurring) specimens
were collected by spear or obtained from local fisher-
men at eight localities: in the Red Sea (n =40) from
Egypt, Marsa Alam (n = 11) and Israel, Eilat (1 = 29);
and in the Mediterranean (n = 31) from Israel, Ashdod
(n = 3), Jaffa (n = 1) and Haifa (n = 11); Greece, Rhodes
(n = 10); and Italy, Lampedusa (1 = 5) and (n = 1) Scilla
(Fig. 1). These are the same individuals used in previ-
ous studies, where two mitochondrial and one nuclear
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marker were sequenced (Golani et al. 2007; Tenggardjaja
et al. 2014; Jackson et al. 2015b). All samples were col-
lected between 2003 and 2005, which is 3-5 years after
the very beginning of the invasion (Golani 2000). Due
to the lack of population structure within each region
(i.e. Red Sea and Mediterranean), population analyses
were carried out by comparing Red Sea and Mediter-
ranean regions without separating each subpopulation
within a region. Hereafter, we refer to our samples as
clustered in two populations, one from the Red Sea and
one from the Mediterranean.

Genotyping and data analysis for single nucleotide
polymorphisms

Genomic DNA was extracted from tissues (n = 71) col-
lected from two regions, the Red Sea (1 = 40) and the
Mediterranean (n = 31). We constructed RAD libraries
using a variation of the original protocol with restric-
tion enzyme Sbfl (Miller et al. 2007, 2012; Baird et al.
2008). Initial genomic DNA concentrations for each
individual were 400 ng. We physically sheared libraries
on a Covaris S2 sonicator with an intensity of 5, duty
cycle of 10%, cycles/burst of 200 and a cycle time of
30s. The final PCR amplification step was carried out in
50 pL reaction volumes with 18 amplification cycles.
For all size selection and purification steps, we used
Ampure XP beads (Agencourt). Samples used in this
study were sequenced in one library containing 96 indi-
vidually barcoded samples that was sequenced in a

Fig. 1 Collection localities for genetic
samples of Fistularia commersonii. Red Sea
localities in red: Eilat (EIL), Israel; Marsa
Alam (MAL), Egypt. Mediterranean
localities in blue: Scilla (SCI) and Lampe-
dusa (LAM), Italy; Rhodes (RHO),
Greece; Haifa (HAI), Jaffa (JAF) and Ash-
dod (ASH), Israel. Numbers indicate
sample sizes. Bitter lakes and Suez Canal
are marked as B and S.
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single lane on an Illumina HiSeq 2000 at the Vincent
J. Coates Genomics Sequencing Laboratory at UC
Berkeley.

Single nucleotide polymorphism (SNP) discovery and
genotyping were performed using modified Perl scripts
(Miller et al. 2012) and using the software package
sTacks version 1.29 (Catchen ef al. 2011, 2013). All
sequenced fragments were first trimmed from the 3’
end to a length of 92 bp. Low-quality reads with a
probability of sequencing error >0.10% (Phred
score = 33) were then filtered out. Reads without an
exact match to the 6-bp barcode and 6-bp SbfI restric-
tion site were also filtered out. For all remaining frag-
ments, the combined 12-bp sequence (barcode plus
restriction site) was then removed. Final filtered reads
(80 bp) were then utilized in a population genomic
analysis executed in stacks. Putative SNPs were selected
that met the following criteria: minimum depth cover-
age of 8x, present in at least 80% of individuals from
the Red Sea and Mediterranean pooled populations.
When present, only a single SNP was considered for
each stack (i.e. for stacks with multiple SNPs, the first
encountered SNP was the only one included in the sub-
sequent analyses). Henceforth, a filtered 80-bp sequence
used in the subsequent analyses is called a locus.

Genetic diversity and population structure

We used outputs of the population script of sTAcks to
create different types of infiles. Genetic diversity of
each group was estimated using Arlequin (Excoffier &
Lischer 2010). Fixation indexes and population structure
between Red Sea and Mediterranean populations were
first estimated with pairwise amova Fst's directly from
the output of the population script of sracks (Weir
1996). We also estimated pairwise Fst using Arlequin
(Excoffier & Lischer 2010) after modifying output stacks
files using rGD sPIDER (Lischer & Excoffier 2012). Finally,
we used a Bayesian approach implemented in STRUCTURE
2.2 (Pritchard et al. 2000; Falush et al. 2007) to analyse
genetic clusters using structure files created by the pop-
ulation script of stacks. Ten replicate runs were per-
formed with K ranging from one to five for 100 000
iterations with a burn-in of 10 000, under the admixture
model, with prior population information included to
assist clustering. The most likely number of clusters in
the data set was identified using the Evanno method
and visualized in STRUCTURE HARVESTER (Pritchard et al.
2000; Evanno et al. 2005; Earl & VonHoldt 2012). Popu-
lation structure was estimated when considering only
outlier loci (a most stringent set with 47 loci, and a
more relaxed set with 200 loci) and then considering
only presumed neutral loci after removal of outlier loci.
In this case, we used a conservative approach that
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removed all loci that might be under selection, with one
set comprising all loci minus 200 outliers (12 598 loci),
and the other set comprised all loci minus 1076 outliers
(12 598 loci). Outlier loci were detected following the
process outlined below.

Modes of invasion and kinship

Alternative scenarios of invasions may be tested using
different approaches. One powerful approach is based
on approximate Bayesian computation (ABC) (Cornuet
et al. 2008). While this approach has been applied suc-
cessfully in the past (Guillemaud et al. 2010; Jackson
et al. 2015a), our data set is not amenable to this
approach due to the fact that our samples were col-
lected only a few years after introduction and therefore
potentially being a mix of first-, second- and third-gen-
eration invaders, thus violating the conditions of use of
ABC approaches.

Considering that there is a potential for very few (re-
lated or unrelated) individuals to have entered the
Mediterranean (as evidenced by the presence of few
mitochondrial haplotypes), their descendants might be
closely related. To test for potential relatedness in the
Mediterranean samples, we calculated kinship coeffi-
cients (Loiselle et al. 1995) for each pair of individuals
using Genodive (Meirmans & Van Tienderen 2004).
These coefficients are based on the probability of iden-
tity of two alleles for each pair of homologous genes
compared between each pair of individuals. Kinship
was estimated with respect to the allele frequencies for
the full data set, so these coefficients provide an
index of relative relatedness between each pair of indi-
viduals based on default settings in Genodive. To esti-
mate different degrees of relatedness, we used the
Loiselle et al’s (1995) coancestry coefficients (full-
sib = 0.25, half-sib = 0.125) to generate the following
bins: ‘nearly identical’ (0.57 > k > 0.375), ‘full-sib’
(0.374 > k > 0.1875), ‘half-sib” (0.1874 > k > 0.09375) and
‘quarter-sib” (0.09374 > k > 0.047).

Bottlenecks

In general, tests to detect genetic bottlenecks rely on
departures from allelic frequencies expected under
Hardy-Weinberg equilibrium (Cornuet & Luikart 1997;
Garza & Williamson 2001). Unfortunately, these test are
often prone to major biases that depend on the power
of detection due to the small number of samples or loci
(Zachariah Peery et al. 2012). For Lessepsian migrants,
the situation is more complex, because populations are
not in equilibrium and in some cases have not gone
through several generations of inbreeding. In the case
of Fistularia commersonii, samples used in this study
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were collected only a few years after the Mediterranean
invasion, thus precluding the use of common bottleneck
tests because of the violation of most assumptions of
those tests. Functional bottlenecks, however, were
investigated using genetic diversity, population struc-
ture and kinship estimates, as described above.

Fst outliers

To identify SNPs showing evidence of selection, we
identified Fst outliers, which is a commonly used
approach, but not without a number of potential pitfalls
(Bierne et al. 2011, 2013; Fourcade et al. 2013; Lotterhos
& Whitlock 2015). To identify Fst outliers, we used
three different approaches. First, we estimated outliers
by looking at loci that were three standard deviations
above the average aMova Fst, as obtained directly from
the stacks population output (Weir 1996). We also car-
ried out outlier scans with BaYEscaN version 2.1 (Foll &
Gaggiotti 2008). We tested results with prior odds set at
different levels, from 8 to 10 000 corresponding to a
belief that the neutral model is x times more likely than
the model with invoking selection at any given locus
(our data set contains ~10 000 loci). A locus was consid-
ered to be an outlier if the posterior odds favouring a
model with selection were above a threshold set by the
software to ensure a false discovery rate of 20%. As a
third approach, we used a modified Fdist method
(Beaumont & Nichols 1996) implemented in the Arle-
quin loci under selection option (Excoffier et al. 2009;
Excoffier & Lischer 2010). From preliminary analyses,
this produced results that are similar, but apparently
more conservative than the LOSITAN workbench
(Antao et al. 2008) with 500 000 simulations and a
99.5% confidence interval, as seen also by others
(Narum & Hess 2011; Tsumura et al. 2014). To graphi-
cally compare the results of the three approaches, we
created a Venn diagram using the r package VennDia-
gram by Hanbo Chen and Paul C. Boutros.

Finally, all outlier loci were compared to GenBank
entries with BLAsT, where E-values of 0.001 and below
were kept and recorded (probability of obtaining the
same result by chance <0.001). When found as matching
sequences, protein coding genes were classified using
KEGG assignments (Ogata et al. 1999; Kanehisa et al.
2008; http:/ /www.genome.jp/kegg/).

Results

Single nucleotide polymorphisms

Restriction site-associated DNA tag libraries were cre-
ated by individually barcoding 71 Fistularia commersonii
individuals from the Red Sea (40 individuals) and the

Mediterranean (31 individuals) (Fig. 1). Sequences with
localities and dates of collections for each individual
were deposited in  GenBank  (Accession no.
PRJNA310355). One lane of sequencing yielded more
than 220 million reads. Quality filtering of the raw
data set left a remaining 9.1 million reads. For each
individual, we identified an average of 44 694 stacks,
where each stack is comprised of filtered reads repre-
senting a potential locus (Fig. S1, Supporting informa-
tion). After specifying a depth of coverage of no <8x
and SNP presence in at least 80% of all individuals
using the populations script in stacks (considering one
pooled population in the Red Sea and one pooled pop-
ulation in the Mediterranean), we identified a total of
31 923 SNPs within the RAD tag sequences, corre-
sponding to 13 674 stacks (Fig. S1, Supporting infor-
mation). In order to avoid biases due to linkage, we
only used a single SNP for the subsequent analyses.
Therefore, all analyses described below, unless stated,
are based on 13 674 SNPs that are on 13 674 separate
loci.

Population genetic diversity

We compared the genetic diversity of the Red Sea and
Mediterranean populations (Table 1). While the sample
numbers are slightly different between these two
regions, we found that the number of polymorphic loci
in the Red Sea and Mediterranean populations (8580
and 8431, respectively), the average heterozygosity
(0.13226 and 0.14379, respectively) and a measure of
genetic diversity, theta, (0.11650 and 0.12096, respec-
tively) were very similar in the two populations
(Table 1).

Kinship

Early studies on F. commersonii suggested that very few
individuals (as few as two females) might have origi-
nally entered the Mediterranean (Golani et al. 2007).
Therefore, we assumed that sampled individuals might
potentially be related, especially in the Mediterranean
populations. However, we did not find Mediterranean
samples to be more related to each other than Red Sea
samples. Indeed, we found that in the Red Sea, 41 pair-
wise comparisons revealed potential relatedness, while
18 of the pairwise comparisons of Mediterranean indi-
viduals suggested relatedness. Due to the difference in
total numbers of pairwise comparisons (5.2% and 3.9%
of the comparisons, respectively), these are nearly iden-
tical results (Table 2), indicating that Mediterranean
individuals are no more related to each other than Red
Sea ones. In addition, as Mediterranean samples cluster
into two different mitochondrial clades (as described in
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Table 1 Genetic diversity of Fistularia commersonii populations (usable loci represent those loci where the locus is present in more
than 80% of individuals). Individuals collected in the Mediterranean were further divided into their mitochondrial clades, Clade 1
and Clade 2

Red Sea Mediterranean Cladel Clade2
Number of individuals 40 31 4 27
Number of loci 13 674 13 674 13 672 13 672
Usable Loci 10 709 11 147 5061 10 796
Polymorphic loci 8580 8431 1598 7622
Mean heterozygosity 0.1323 0.1438 0.3780 0.1537
Genetic diversity 0.0792 0.0847 0.1819 0.1192

Table 2 Kinship assessment among 71 individuals of Fistularia
commersonii based on 13 674 loci. A number of pairwise com-
parisons (and their percentage) are given for putative nearly
identical, full-sibs, half-sibs and quarter-sib individuals (see
Materials and methods). Total number of pairwise comparisons
is 2485. The number of pairwise comparisons among 40 Red
Sea individuals is 780, among 31 Mediterranean individuals
465, between Red Sea and Mediterranean individuals 1240

Red Sea Mediterranean Red Sea/

(%) (%) Med (%)
Nearly identical 1(0.1) 1(0.2) 0 (0.0)
Full-sib 0 (0.0) 0 (0.0) 2 (0.2)
Half-sib 10 (1.3) 4 (0.9) 5(0.4)
Quarter-sib 30 (3.8) 13(2.8) 47 (3.8)
Total related individuals 41 (5.2) 18 (3.9) 54 (4.4)

Golani et al. 2007), we checked whether Mediterranean
individuals that belonged to the same mitochondrial
clade were more related to each other than expected by
chance and they were not (not shown).

Fixation index and population Structure

As expected, we did not find evidence of population
structure between the Red Sea and the Mediterranean
(due to the recent invasion event of unrelated individu-
als). Calculated Fst between those populations based on
all 13 674 loci was 0.00011 (P > 0.25) using Arlequin.
Values of amova Fst calculated by sracks varied
between 0 and 0.0943 with an average of 0.0086
(Fig. S2, Supporting information). When using only
neutral loci (see below for loci under selection), the lack
of population structure was also illustrated by a sTrUC-
TURE plot (Fig. 2). There, the Evanno method identified
2 or 3 clusters (K =2, or K = 3) depending on the data
set (Fig. S3, Supporting information). However, a strict
adherence to K values may be problematic in some
cases, as recently discussed (Meirmans 2015). Here, we
interpret these results as consistent with a lack of popu-
lation structure.

© 2016 John Wiley & Sons Ltd

Evidence of selection — local adaptation

For the following analyses, we first checked SNP posi-
tions within each locus to ensure that they were not
clustered, or at the beginning or the end of the
sequence, and thus prone to result from sequencing
errors (Davey et al. 2013). For the loci described below,
SNP position within each 80-bp locus was on average
at position 30.7 (£24.0), indicating that they were not
clustered at the very beginning or the very end of the
stack and unlikely to be vulnerable to sequencing error.
Their average position being before the middle 40-bp
mark was expected because we restricted our analyses
to the first encountered SNP as mentioned in the Mate-
rials and methods section.

We used three approaches to address evidence of
selection using outlier loci. Using the stacks output of
AMOvA Fst values, we found that 200 loci were three
standard deviations above average (Fig. S2, Supporting
information). Arlequin and Bayescan identified 147 and
89 loci under directional selection, respectively. The
nine loci identified by stacks as having the highest
amova Fst, where also among the highest ranked in
both Arlequin and Bayescan (Fig. 3). Overall, 47 loci
were identified as being under directional selection by
all three methods (Fig. S4, Supporting information).
Finally, Arlequin identified 22 loci as being under bal-
ancing selection (Fig. 3a); however, these loci were
recovered by neither Bayescan nor sTACks.

A STRUCTURE analysis based on the 47 and 200 outlier
loci, as defined by stacks, identified, as expected, that the
Red Sea and Mediterranean populations formed two dis-
tinct genetic clusters (based on the Evanno Method,
Figs 2 and S3, Supporting information). However, the
two clusters were not genetically homogeneous, as
shown by several individuals in each cluster that were
partially assigned to the other genetic cluster (Fig. 2).

Outlier loci GenBank matches

We compared the most extensive list of outliers (200
loci from the stacks output) to GenBank entries to



3390 G. BERNARDI ET AL.

K=2 )
Selected Loci
200 loci

1.00 1.00
0.80
0.60 0.60
0.40 0.40
0.20

0.00

e e
= =
e S

el

N

S

47loci

100 1.00

0.80
0.60 0.60
0.40 0.40
0.20 0.20

0.00

i
i

0.00

NeutralLoci
13475 loci

1.00 1.00

0.80 0.80
0.60 0.60
0.40 0.40
0.20 0.20

0.00 0.00

12599 loci
1.00 100
0.80 0.80

0.60
0.40
020
0.00

Red Sea

I
:

Mediterranean

0.60
0.40
0.20
0.00

Red Sea Mediterranean

Fig. 2 Bayesian population assignment test using the program sTRUCTURE based on loci presumed under selection (upper panel) and
presumed neutral (lower panel). Number of loci used are above the panels and results are presented in Figure S3 (Supporting infor-
mation). Results are presented with two clusters (K = 2, left column) and three clusters (K = 3, right column). Black vertical lines rep-

resent the limit between Red Sea (left) and Mediterranean (right) individuals.

identify potential matches with previously annotated
sequences (Table S1, Supporting information). We
found that 42 sequences (21%) had GenBank matches
with E-values of <0.001 (0.001 to 9.e-*). All 42
sequences showed highest similarities with fish
sequences (Table S1, Supporting information). Of those,
32 (76%) were associated with known protein coding
regions. This is strikingly (and statistically significantly)
higher than the theoretical random chance expectation
of matching a protein coding sequence, which, given
the genome size of F.commersonii and number of

protein coding genes, is ~0.1%, providing further
evidence that the outlier loci are likely to be function-
ally significant. In addition, eight loci matched a unique
gene cluster originally sequenced in the ricefish, Orizias
dancena (Map? cluster) (Table S1, Supporting informa-
tion). These loci matched different regions of the
sequence cluster, potentially indicating a large linked
region that is under selection. Genes in that cluster
have several functions, most notably linked with
osmoregulation. In addition, protein analyses following
KEGG protocols placed the outlier loci into few
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lier loci, and the Bayescan likelihood method (right panel b) where outlier loci are to the right of the vertical bar. Numbered loci are

the nine outlier loci with highest Fst value estimated by sracks.

categories, the largest portion of them (43%) being in
the category of disease-related genes (Fig. S5, Support-
ing information).

Discussion

The precise mode of invasion for Lessepsian migrants is
poorly known, which is in great part due to the paucity
of studies in the Gulf of Suez and the Suez Canal itself
(Belal & Ghobashy 2012). However, it seems that, at
least for some fishes, the active dispersal of adult indi-
viduals (as opposed to larval dispersal) was responsible
for the introduction of these species, as shown by para-
sitological evidence (Merella et al. 2010).

The bluespotted cornetfish, Fistularia commersonii,
invaded the Mediterranean with extraordinary speed
and range (Azzurro et al. 2012). Being very conspicu-
ous and looking nothing like any native Mediterranean
species, it is likely that the established presence of
F. commersonii in 2000 is an accurate estimate of its
invasion time (Golani 2000). With relatively small pop-
ulation sizes and few mitochondrial haplotypes found
in Mediterranean populations as described in early
studies (Golani ef al. 2007; Sanna et al. 2011, 2015;
Tenggardjaja ef al. 2014), we expected strong signatures
of genetic bottlenecks, potential for neutral drift, and
also selection considering the important environmental
differences between the Red Sea and the Mediter-
ranean.

© 2016 John Wiley & Sons Ltd

Neutral changes

For species with large distributions, such as the
bluespotted cornetfish, the Red Sea is a peripheral area
that is expected to harbour little genetic diversity com-
pared to the larger Indian and Pacific Oceans. Indeed,
peripheral populations of coral reef fishes experience
decreased diversity in the Pacific (Gaither et al. 2015)
and even more so in the Red Sea as for the threadfin
butterflyfish, Chaetodon auriga (DiBattista et al. 2015).
Yet, for the bluespotted cornetfish, Red Sea populations
were shown to exhibit genetic diversity that was simi-
larly high to their Indian Ocean and Pacific counter-
parts (Jackson et al. 2015b). In this study, we found that
the genetic diversity of Red Sea and Mediterranean
populations was nearly identical. While lowered genetic
diversity in the Mediterranean has been the prediction
for Lessepsian bioinvaders since the earliest studies
(Golani & Ritte 1999; Bonhomme et al. 2003; Hassan
et al. 2003), we found that F. commersonii samples taken
only a few years after the recorded date of invasion are
more likely to represent a random subsample of the
native populations, rather than the outcome of a popu-
lation bottleneck. In that respect, there should be no
expectation of difference between native and introduced
populations, as it would take several generations for
these to be apparent. Results are also consistent with
our findings on relatedness values, which were no
higher in the Mediterranean than in the Red Sea.
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Finally, STRUCTURE assignments based on neutral loci
showed no population structure between Red Sea and
Mediterranean.

Evidence of selection

Our data revealed strong evidence of selection, where
all methods found a number of outlier loci, with 47 loci
found in common with three different approaches.
These results could also be visualized with a STRUCTURE
analysis based on outlier loci, where strong fixation was
seen between the Red Sea and the Mediterranean.

The genome of the bluespotted cornetfish is not yet
available, so it is not possible to map the position of
the outlier loci; however, the finding of several outlier
loci in the same (and potentially syntenic) genomic
region of Orizias, and the finding of more than
expected loci associated with protein coding genes, is
consistent with the idea that natural selection plays
an important role in the exotic population of F. com-
mersonii. Importantly, the use of outlier loci in a
STRUCTURE analysis reveals more than the obvious
expected population structure. Several individuals in
both native and invasive population did not fully
match the expected genetic assignment, indicating that
loci under selection are not yet fully fixed in the
invasive population.

Loci under selection

Almost half (43%) of the protein coding genes associ-
ated with loci under selection were related to immune
response. This is noteworthy because the success of
invading species is often assumed to be related with
their capabilities of escaping common native diseases.
In addition, the fact that several outlier loci match a
gene complex in Orizias, with members that may play a
role in osmoregulation is also tantalizing, because the
historical role of salinity barriers during the introduc-
tion through the Suez Canal is the presence of brackish
water in the bitter lakes, and freshwater plumes related
to the Nile river, at the mouth of the canal (Golani
2010).

The critical importance of salinity for F. commersonii
has also been demonstrated recently by species distri-
bution modelling in the exotic range (Azzurro ef al.
2012). Thus, the capacity of this species to cope with
different salinity levels, especially with low salinity
(Azzurro et al. 2012), was expected to be under strong
selective pressure. As highlighted in other aquatic
invaders, footprints of this selection can be tracked in
loci involved in osmoregulatory functions (Shimada
et al. 2011) but also result in realized adaptations (Lee
& Petersen 2002).

Factors for a successful invasion

The tremendous success of F. commersonii and other
Lessepsian fish species in the Mediterranean Sea has
recently been explained as the result of a low direct
competition with resident species, in agreement with
Darwin’s naturalization hypothesis (Azzurro et al.
2014). These evolutionary adjustments may be achieved
by two different processes: preadaptation and post-
invasion selection.

In preadaptation situations, genetic changes that will
increase fitness in the new environment occur by
chance and in the absence of a selective background
before the invasion. Once in the new environment, only
those individuals that carry changes that are adaptive
in the new selective background are successful. It is
possible that some individuals were adapted to variable
salinity in further regions such as the Gulf of Aden, the
Persian Gulf or the Arabian Sea (Bower ef al. 2000) and
were able to cross the Suez Canal at very low fre-
quency. The presence of Mediterranean individuals that
cluster with Red Sea individuals in the sTRUCTURE plots
may be a signature of such a scenario. The very low
chance of immigration of preadapted individuals or
individuals deriving from distant populations is consis-
tent with the long lag time of more than 130 years for
the successful colonization of the Mediterranean Sea as
well as the failed attempts of colonization before the
beginning of the invasion (Bariche et al. 2014). As for
other invasive organisms, it is likely that the invasion
began in earnest only when adapted genotypes reached
their new selective environment (Wares et al. 2005;
Bossdorf et al. 2008).

In situations where post-invasion selection is preva-
lent, selective pressure in the new environment is
strong and acts on large numbers of individuals, retain-
ing only individuals that carry the selected traits (Elton
1958; Baker & Stebbins 1965; Baker 1974; Bossdorf et al.
2008; Estoup & Guillemaud 2010). However, consider-
ing the life history of F. commersonii, no more than three
generations might have elapsed since the very begin-
ning of the invasion (in 2000) to the time of the study
(2002-2005), and the hypothesis of in situ evolution
seems unlikely. These two not mutually exclusive
explanations fully represent the original and apparently
contrasting ideas of Darwin on the success of exotic
species (Darwin 1859).

Conclusion

Anthropogenic tampering of the environment in the
region surrounding the Suez Canal resulted in major
ecological changes. The opening of the canal in 1869,
the construction of the Aswan dam in the 1960s, the
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increased agriculture demands on Nile waters and glo-
bal climate change with its associated increases in tem-
perature and evaporation rates have all contributed to
enormous changes in salinity levels in the Mediter-
ranean and Red Sea. What was once a somewhat
impenetrable barrier to marine organisms has become
less of an obstacle for many. Yet, differences in salinity
are still present and need to be dealt with by potential
Lessepsian migrants. Here, we used genomic
approaches to suggest the possibility that natural selec-
tion on osmoregulatory regions in the bluespotted cor-
netfish may have contributed to its highly successful
invasion of the Mediterranean via the Suez Canal.
Therefore, the predicted increase in temperature and
salinity levels in the Mediterranean due to climate
change (Borghini et al. 2014) and the recent doubling in
size of the Suez Canal (Galil et al. 2015a), which would
together lower the natural salinity barrier between the
Mediterranean and the Red Sea, are likely to result in a
major increase in the rate of invasion of the Mediter-
ranean by Lessepsian migrants.
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Table S1. GenBank matches with outlier loci. Loci (42 out of
200 outlier loci) with GenBank matches with E values of <0.001
are represented. Columns correspond from left to right to
Locus number, Locus ID, AMOVA Fst, GenBank Locus name,
E-value and GenBank Accession number.

Figure S1. Histograms representing the number of stacks, poly-
morphic loci, and SNPs for each sampled individual.

Figure S2. Histogram representing the distribution of pairwise
Fst’s, with an arrow pointing at the value for 3 standard devia-
tions.

Figure S3. Results of STRUCTURE HARVESTER based on the Evanno
Method (see Materials and Methods). Best likelihood is high-
lighted in yellow. Four datasets were used, with presumed
selected and neural loci. These results are presented graphi-
cally in Figure 2.

Figure S4. Venn diagram of the number of outlier loci identi-
fied by the three methods used in this study: stacks, Arlequin,
and Bayescan.

Figure S5. Functional groups of protein coding genes that
match outlier loci using KEGG.
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