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We characterized 35 single nucleotide polymorphism (SNP) markers for the brown alga Fucus vesiculosus. Based on existing
Fucus Expressed Sequence Tag libraries for heat and desiccation-stressed tissue, SNPs were developed and confirmed by
re-sequencing cDNA from a diverse panel of individuals. SNP loci were genotyped using the SEQUENOM® single base
extension iPLEXTM system for multiplex assays on the MassARRAY® platform, which uses matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS) to discriminate allele-specific products. The SNP markers
showed a wide range of variability among 16 populations from the south-west of the UK, northern Portugal and Morocco.
The analysis of the information provided by these markers will be useful for studying population structure, historical
demography and phylogeography of F. vesiculosus. They can also be used for the identification of genes and/or linked genomic
regions potentially subject to selection in response to abiotic stressors like temperature extremes and desiccation intensity that
vary across habitats and geographical range.

Key words: expressed sequence tag, fucoid algae, Fucus vesiculosus, MassARRAY®, selection, Phaeophyceae, phylogeogra-

phy, single nucleotide polymorphism, SNP genetic marker

Introduction

Fucus vesiculosus is a member of the brown algal
family Fucaceae, which are prominent and wide-
spread ecosystem-structuring components of cold
to temperate intertidal communities throughout
the North Atlantic Ocean. Ecotypic divergence
(e.g. in estuarine and low salinity habitats; Serrao
et al., 1996; Pearson et al., 2000; Coyer et al., 20006;
Lago-Leston et al., 2010), spatial isolation and
restricted gene flow (Engel et al, 2005;
Tatarenkov et al., 2005; Perrin et al., 2007,
Muhlin & Brawley, 2009), genetically based differ-
entiation in stress tolerance (Pearson et al., 20006,
2009; Zardi et al., 2011), ongoing speciation pro-
cesses (Tatarenkov et al., 2005; Pereyra et al., 2009)
and hybridization (Billard et al., 2005; Engel et al.,
2005; Moalic et al., 2011), as well as palaeohisto-
rical shifts in geographical range with glacial cycles
(Muhlin & Brawley, 2009; Coyer et al., 2011a) all
contribute to population differentiation in F. vesi-
culosus at different spatial and temporal scales. The
complexity of the interactions in the evolution of
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this and other fucoid species, involving historical
demography (e.g. Hoarau et al., 2007), mating
system (e.g. Perrin et al., 2007), selection along
steep gradients of abiotic stress (e.g. Coyer et al.,
2011b; Zardi et al., 2011), hybridization and
introgression (e.g. Neiva et al., 2010), and
speciation (e.g. Pereyra et al., 2009), requires the
design of new genetic markers that allow us to
better  describe  population  differentiation
processes.

The application of genomic techniques in ecolog-
ical and evolutionary research on non-model
organisms like brown algae is likely to become
more widespread as data become available (Cock
et al., 2010; Pearson et al., 2010). Molecular
marker technology has developed rapidly over
the last decade and single nucleotide polymor-
phisms (SNPs) have now became an important
class of marker in modern phylogeography and
evolutionary ecology (Garvin et al., 2010). While
SNPs are less polymorphic than some alternatives
such as microsatellites, they are more abundant
throughout the genome and, due to their low
mutation rates compared with microsatellites, are
also more evolutionarily stable (i.e. less prone
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to recurrent substitutions: Picoult-Newberg et al.,
1999; Brumfield et al., 2003). They constitute a
source of neutral loci that can be used to improve
parameter estimates concerning population
demography and structure (Morin et al., 2009).
SNP markers, particularly when designed from
ESTs (Picoult-Newberg et al., 1999), can also
yield loci that have experienced different selective
regimes, providing resolution for studies of adap-
tive evolution (reviewed by Garvin et al., 2010). In
these particular cases, the information can be
useful for the identification of mutations that are
involved in local adaptation (Namroud et al.,
2008). The characteristics of SNPs make them
excellent markers for understanding genome
evolution (Syvanen, 2001), while detection, assay
design and genotyping can be automated for high
throughput (Morin et al., 2004).

Materials and methods

Candidate gene loci were selected from EST
libraries developed from two species of Fucus, exposed
to either desiccation/rehydration (F. serratus and F.
vesiculosus) or heat shock/recovery (F. serratus;
Pearson et al., 2010). Candidate unigenes were selected
from over 12000 ESTs contained in these libraries. To
identify and confirm SNPs, a resequencing panel
specifically for F. vesiculosus was designed using three
to five individuals from four populations, selected in
order to encompass population differentiation at
different spatial and environmental scales: Tagus
Estuary, Portugal (38° 45 29.72"N, 8° 57" 28.16"W);
Viana do Castelo, Portugal (41° 41’ 55.70"N, 8° 51’
18.11"W); Roscoff, France (48° 43’ 39.95'N, 3° 59
19.86"W) and Delfzijl, the WNetherlands (53° 20’
50.34"N, 6° 54’ 20.98"E).

RNA was extracted and cDNA synthesized as
described in Pearson er al. (2006). Sequences
(ABI 3130 XL, Applied Biosystems, Inc., Foster
City, CA, USA) were assembled using CodonCode
Aligner (v. 1.6.3; CodonCode Corporation, Dedham,
MA, USA). SNPs were identified by PolyPhred v. 6.18
(Montgomery et al., 2008) and confirmed by manual
inspection of alignments. Primer design and genotyping
were performed at the Spanish National Genotyping
Centre’s facilities at the University of Santiago de
Compostela. Assay Design 3.1 (SEQUENOM®, San
Diego, CA, USA) was used to generate multiplexed
SNP assays (iIPLEX). The 35 assays were contained in
three multiplexes (Table 1). As recommended by
SEQUENOMYP, the eXTEND software was used to
increase the likelihood of assay success and reduce
possible genotyping errors. This includes mapping
proximal SNPs (ProxSNP) in the Assay Design input
files to ensure primer and  amplification
specificity (Gabriel et al., 2009), and post-design
screening of multiplexed primers for cross-binding
(PIeXTEND).
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For testing marker variability across different spatial
scales, samples were collected at 16 localities (Table 2
and Figure 1), representing both large geographical
separation (e.g. between Portugal or Morocco and pop-
ulations towards the centre of the species’ range, in
Cornwall, south-west England) and local-scale separa-
tion within particular regions. Genomic DNA was
extracted using the NucleoSpin® 96 Plan kit
(Macherey—Nagel, Diiren, Germany) from silica-con-
served apical vegetative tissue. Final DNA elutions
were quantified spectrophotometrically (NanoDropTM
1000; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) to provide at least 10-20ngpuL '. Genotyping
was performed by the MassARRAY® SNP genotyping
system (SEQUENOM®), following the manufacturer’s
instructions. The 200-short-cycle PCR amplification
programme uses two cycling loops, one of five cycles
that sits inside a loop of 40 cycles. Samples were dena-
tured at 94°C, strands were annealed at 52°C for Ss
and extended at 80°C for 5s. The annealing and exten-
sion cycle was repeated four times for a total of five
cycles and then looped back to a 94°C denaturing
step for 5s before entering the five-cycle annealing
and extension loop again. The five annealing and
extension steps with the single denaturing step were
repeated to reach a total of 40 cycles, with a final exten-
sion step at 72°C for three minutes. Polymorphisms
were determined by mass spectrometry analysis with
the Bruker Autoflex MALDI-TOF (Bruker Daltonics,
Billerica, Massachusetts, USA). Spectral output was
analysed using MassARRAY® Typer 4 software
(SEQUENOMP).

Allele frequencies, observed (Hp) and expected het-
erozygosity (Hg), and Fst (Wright, 1969), as well as
linkage disequilibrium, were calculated in Arlequin
version 3.5.1.2 for Linux (Excoffier & Lischer, 2010).
Probabilities of departure from Hardy—Weinberg equi-
librium (HWE) were calculated using the exact test
method performed in Genepop version 4.0 (Rousset,
2008). Significance was tested using permutations
(N =1000). Probability tests for population differentia-
tion, based on the distribution of alleles across samples
were performed using the algorithm of Raymond &
Rousset (1995), implemented in Genepop. Frequencies
of null alleles were estimated based on the method of
Brookfield (1996), using FreeNA software version 1
(Chapuis & Estoup, 2007). A neighbour-joining tree
was calculated using Cavalli-Sforza & Edwards (1967)
distances to illustrate the separation of populations at
the different spatial scales used, using Populations soft-
ware version 1.2.30 over 10000 bootstraps on loci
(http://bioinformatics.org/tryphon/populations/).

Results

A total of 728 individuals belonging to 16 popula-
tions were genotyped, resulting in a PCR amplifi-
cation success that varied between 78-99% across
loci, although three SNPs did not amplify for any
individual from Widemouth Bay (WM), Cornwall
(Table 2 and Fig. 1). The proportion of
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Fig. 1. Locations of the 16 analysed samples: DG, Durgan;
DP, Duckpool; DT, Dittisham; HP, Helford Passage; KB,
Kingsbridge; LB, Lower Barn; LR, Lima River; LX, Lixus;
MM, Merthen Manor; MN, Marina; PG, Paignton; PN,
Porth Navas; SW, Sharpham Winery; TH, Thurlestone;
VC, Viana do Castelo; WM, Widemouth.

monomorphic loci varied widely across samples
(Table 2); fixed loci were more common in the
southern populations (26 monomorphic loci in
Lixus, 16 in Viana do Castelo and 15 in Lima
River) compared with central populations
(maximum of seven monomorphic loci in Durgan).
Overall, Hgo ranged from 0.024 to 0.434.
Observed heterozygosities were >0.1 in 25 loci
and at 10 of these they were >0.3 (Table 2). A
source of apparent, but erroneous nucleotide vari-
ation can arise when using the SEQUENOM®
MassARRAY technique. The SpectroTYPER
software uses the assay design information to
calculate the expected position of the correct
analyte peaks in the spectra. However nucleotide
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variation outside the SNP site will cause the result-
ing spectra to contain unaligned peaks, reported as
extra polymorphisms (Gabriel et al., 2009). We
also noted that three SNPs did not amplify in a
single sample (Widemouth Bay), probably due to
failure of the annealing step for the designed
primers. This situation implies the accumulation
of variable sites on regions adjacent to those par-
ticular markers, reporting extra-variability for that
sample.

One SNP locus (fvi35_1) showed significant
heterozygote excess, while significant heterozygote
deficiency was observed in 13 of 35 SNP loci.
Significant heterozygote deficiency was observed
in five of the eight non-synonymous SNP loci.
This is often attributed to null alleles, in which a
heterozygous individual is erroneously genotyped
as a homozygote (Vignal et al., 2002). However,
comparison of observed allele frequencies and
Fgt values with those corrected under the
hypothesis of null allele presence suggest that this
is unlikely to be a widespread cause of the observed
heterozygote deficiencies (Table 2). Estimated null
allele frequency was>0.02 in only three loci
(fs138_2a, fv103_la and s008_4) and>0.01 in 19
loci across less than three samples. Null alleles
are unlikely to explain the 13 loci with significant
heterozygote deficiency in our dataset and therefore
must be due to natural population processes,
such as non-random mating and/or population
subdivision.

The combined SNP loci were able to signifi-
cantly differentiate all samples except for two pair-
wise comparisons: Dittisham vs. Marina, and
Helford Passage vs. Port Navas (data not shown).
The neighbour-joining tree (Fig. 2) revealed
large differences between central and southern
localities, whereas samples from nearby locations
(within Portugal and within England) were
grouped together. Within the southern part of
the F. vesiculosus range, Lixus (Morocco) was
very distinct from the other southern samples
(Portugal).

As expected for neighbouring SNPs identified
within the same gene, significant linkage disequi-
librium across populations (p < 0.099) was found
between pairs of markers located at the following
loci (see Table 1): fs138 2a and 2b (selenoprotein),
/5232 Ic and 2b (initiation factor 3H1 subunit),
s008 4 and 6 (large subunit ribosomal protein
L24). Other loci located within the same gene
also showed some significant disequilibrium
values, but in less than half of the studied popula-
tions. No linkage disequilibrium was detected
among the rest of the loci, except for some pairs
of loci in a maximum of two populations, which
can be expected to occur by chance.
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Fig. 2. Unrooted tree using neighbour-joining algorithm
from Cavalli-Sforza & Edwards (1967) genetic distances.
Node support is based on 1000000 bootstrap over loci.
Genetic tree is scaled according to the scale bar.

Discussion

A set of 35 SNP markers has been developed that
allowed us to successfully discriminate populations
of F. vesiculosus at different spatial scales. An ini-
tial screening using the markers clearly shows
southern range populations to be less polymorphic,
with many more loci fixed for a particular allele
than in central populations from the southwest of
the UK (Table 2). This reveals lower diversity in
the southern part of the range of F. vesiculosus
compared with central populations, perhaps due
to the small size and relative isolation of the
former, although populations from Portugal and
Morocco could still be easily distinguished by the
markers (Fig. 2).

In recent years, SNP markers derived from ESTs
have been used increasingly for estimating func-
tional genetic diversity (Picoult-Newberg et al.,
1999). Rapid identification and verification of
SNP markers using EST data sources is advanta-
geous in leading to high-volume, cost-effective
SNP discovery in plants (Kota et al., 2003;
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Pavy et al., 2006; Varshney et al., 2007). One of
the main advantages is that markers within or clo-
sely associated with coding regions can be identi-
fied (Picoult-Newberg et al., 1999). Most of the F.
vesiculosus cDNAs used here were annotated using
the Ectocarpus genome (Table 1). We identified
eight non-synonymous SNPs (i.e. resulting in
amino acid substitutions), which are a potentially
interesting marker class, since they may be linked
with functional differences and phenotypic effects
(Picoult-Newberg et al., 1999).

Ascertainment bias, where markers are selected
from an unrepresentative sample of individuals or
genes, and therefore do not accurately reflect the
allele frequency spectrum of the population(s), is
potentially a significant problem when estimating
and comparing linkage disequilibrium and popula-
tion rates of migration, mutation and recombina-
tion (reviewed by Akey, 2003). First, the number of
chromosomes sampled during the SNP design pro-
cess, particularly if low, could affect linkage dis-
equilibrium estimates. It is not currently possible
to infer the chromosomal location of genes in
Fucus due the absence of genomic information,
e.g. a high-density genetic map. However, we car-
ried out a linkage disequilibrium analysis based on
a likelihood-ratio test with unknown gametic
phase, where the likelihood of a particular sample
is evaluated under the hypothesis of linkage
equilibrium compared with an alternative
hypothesis allowing association (Slatkin &
Excoffier, 1996). For our SNP panel, the results
suggest little effect of ascertainment bias on linkage
disequilibrium estimates caused by low number
of sampled chromosomes. The second cause of
ascertainment bias is the population genetic
characteristics of the particular genomic region
considered (Akey, 2003). It is plausible that
estimates of Fgr may vary across the genome (for
example, selection could result in regionally
restricted changes in effective population size),
which may lead to a non-uniform distribution of
ascertainment bias throughout the genome (Akey,
2003). Finally, ascertainment bias can arise as a
consequence of gene flow and demographic history
of the populations used for designing the markers
(Akey, 2003). We used a broad resequencing panel
of individuals from four populations, covering a
large geographic scale (Iberian Peninsula to the
Netherlands), and from rocky intertidal, soft sub-
strate and estuarine (fluctuating salinity) environ-
ments, in order to prevent population and/or
demographic effects which could affect the design.

Recent simulation studies carried out by Morin
et al. (2009), indicated that ~30 SNPs should be
sufficient to detect moderate (FST > 0.01) levels of
differentiation, such as those previously reported
for F. vesiculosus using similar markers
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(Zardi et al., 2011), but also that sample size has a
strong effect on the statistical power of the SNPs
used. Morin et al.’s simulation results suggest that
a data set of 50 specimens per sample should be
more than adequate for defining evolutionarily
significant units (ESUs) and will produce similar
population parameter estimates as other highly
variable markers, such as microsatellites. The
proposed SNP panel fits these requirements.
Differences in allele frequencies also have little
effect on statistical power and markers can be
relatively unbiased (Morin et al., 2009), although
low frequency SNPs can provide complementary
information for description at the population
level (Brumfield et al., 2003). We describe 20
SNPs within 8 loci (2-3 SNPs per locus, see
Table 1), which will increase the informative
power of the panel by haplotype inference com-
pared with the use of unlinked biallelic SNPs
alone (Morin et al., 2009).

The SNP panel described here shows higher
levels of expected heterozygosity than other SNP
panels already designed for seagrasses (Ferber
et al., 2008) and 27 of our SNP loci had expected
heterozygosity levels similar to those reported in
plants (Osman et al., 2003; Batley & Edwards,
2007; Yuskianti & Shiraishi, 2010). Some of the
markers also showed levels of expected heterozy-
gosity similar to those reported in microsatellite-
based studies for the same species (Engel er al.,
2005; Perrin et al., 2007; Tatarenkov et al., 2007,
Billard et al., 2010).

These novel markers provide a foundation for
new research on this widely distributed, ecological
model species, and we anticipate that it will be pos-
sible to obtain valuable and detailed information
to infer evolutionary processes at different spatial
and temporal scales, a major focus of current stud-
ies (e.g. Billard et al., 2010; Coyer et al. 2011a).
Furthermore, these markers will also be useful to
study how micro-evolutionary selective forces and
molecular adaptation act on genes along strong
gradients of abiotic stress in the intertidal zone
and across latitudinal gradients, providing
clues about local adaptation and adaptive
differentiation.
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