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Nine-spined stickleback (Pungitius pungitius) is a good model species for studying
personality traits such as boldness and aggression as large variation in these behav-
iours has been observed in populations from different habitats. Here we used genomic
information from three-spined sticklebacks to identify and characterise 13 new nine-
spined stickleback microsatellite loci which are located close to candidate genes
for behaviour. All loci were polymorphic with 3-31 alleles per locus and expected
heterozygosity varied from 0 to 0.97 and observed heterozygosity from O to 1. These
markers should provide a useful resource for better understanding the genetic basis of

behaviour in stickleback fishes.

Individual and population-level differences in
behavioural traits such as aggression and bold-
ness are suggested to be widespread in the animal
kingdom and to have important fitness conse-
quences (e.g. Sih et al. 2004a, 2004b, Reale et
al. 2007). Despite their potential ecological and
evolutionary significance, the underlying genetic
bases of such behaviours have rarely been stud-
ied in free-living populations. However, recent
studies have demonstrated how knowledge of
genes that have been demonstrated to be associ-
ated with personality traits in “model” organisms
(including humans) can be utilized for studying
the genetic basis of behavioural variation in wild

animal populations through the use of a ‘candi-
date gene approach’ (Fidler ez al. 2007).
Nine-spined sticklebacks (Pungitius pungi-
tius) are a good model species for behavioural
ecology studies because fish from different habi-
tats in Fennoscandia exhibit differing behav-
ioural averages, with fish from isolated pond
populations being quicker in feeding, bolder and
more aggressive than individuals from marine
environments (Herczeg et al. 2009, Herczeg
and Viliméki 2011). In addition to these fea-
tures, nine-spined sticklebacks are amenable to
controlled experiments and there is access to
detailed genome sequence information (http://
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www.ensembl.org/Gasterosteus_aculeatus/Info/
Index) from a related species, the three-spined
stickleback (Gasterosteus aculeatus). These two
lineages have diverged more than 10 million
years ago which is equivalent to 5—10 millions of
generations (Baker 1994, Bell 1994).

Earlier studies have demonstrated that molec-
ular markers located within or nearby target
candidate genes can be a useful resource for the
identification of genes associated with adaptive
phenotypic divergence especially when there is
no other genomic resources available (Shikano
et al. 2010a, Tonteri et al. 2010). In addition,
markers closely linked to functionally important
genes are useful in construction of comparative
genetic maps, in which they can be used as com-
parative anchor-tagged sequence loci (Lyons et
al. 1997). Here we report 13 new polymorphic
microsatellite loci for nine-spined sticklebacks.
These loci are located near genes that have
earlier been shown to be associated with behav-
ioural variation in other species.

Microsatellite markers were designed using a
candidate-gene approach (Fitzpatrick et al. 2005,
Shikano et al. 2010b). Genes earlier shown to be
associated with aggression and boldness were
identified using data available from literature
on human, mouse and domestic-animal genet-
ics (Table 1). Altogether 51 candidate genes
associated with aggression and boldness vari-
ation were identified and homologues were
then identified by using the gene name or the
homologue sequence for all these genes in the
three-spined stickleback genome obtained from
Ensembl (Genebuild January 2009, database ver-
sion 56.1j/57.1j).

Candidate genes and genomic regions closely
linked to the genes (< 10 kb) were screened for
microsatellite repeats using the Phobos 3.3.11
software (http://www.ruhr-uni-bochum.de/spez-
zoo/cm/cm_phobos.htm) included in Geneious
ver. 5.4 (http://www.geneious.com/) where repeat
unit length was set from one to four. Homol-
ogous gene sequences from additional teleost
fish species such as medaka (Oryzias latipes),
fugu (Takifugu rubripes) and zebrafish (Danio
rerio) were aligned with three-spined stickleback
gene sequences in order to identify conserved
sequence regions flanking the microsatellite
repeat region. Primers were designed manually

so that GC content was 45%—60%, the primer
melting temperature was approximately 60 °C
and the length of the primers was 20-26 bp. The
aim was for the primers to amplify the micros-
atellite region with a fragment size of approxi-
mately 800 bp. In the three-spined stickleback
genome sequence, suitable microsatellite regions
were found in a total of 30 genes and in some
cases multiple primers were designed for the mic-
rosatellite region, or for different microsatellites
nearby the same gene. Genomic DNA from nine-
spined stickleback individuals from Pyoredlampi,
Finland (66°15°N, 29°26°E) were used for testing
of primers by amplifying and sequencing the
target regions while DNA from one three-spined
stickleback individual caught in the Baltic Sea
near Helsinki (60°10°N, 25°00°E) was used as
a positive control. DNA was extracted from fin
samples by using a modified salt extraction proto-
col of Aljnabi and Martinez (1997).

PCR reactions were carried out in a 20 ul
reaction volume consisting of 1x PCR buffer
(Bioline, London, UK), 1.5 mM MgCl,, 0.25
mM dNTP (Finnzymes, Espoo, Finland), 0.1 U
BIOTAQ DNA polymerase (Bioline, London,
UK), 10 pmol of each primer and approx. 30 ng
of genomic DNA. The initial touchdown PCR
profile was as follows: initial degeneration step at
95 °C for 3 minutes (min), followed by 20 cycles
of denaturation for 30 seconds (s) at 95 °C,
annealing starting at 60 °C for 30 s and drop-
ping by 0.5 °C per cycle and extension at 72 °C
for 1 min, followed by 20 cycles of 30 s dena-
turation at 94 °C and 30 s annealing at 50 °C
and extension at 72 °C for 1 min with a final
extension at 72 °C for 6 min. The PCR product
profiles for specific loci were then optimised by
either increasing or decreasing the annealing
temperature. The success of PCR amplification
and the size of the amplicons were determined
by electrophoresis on 1.5% agarose gel with a
DNA ladder (GeneRuler™ DNA Ladder Mix,
Fermentas, Helsinki, Finland). PCR products
deemed suitable for sequencing were prepared
using exonuclease I (Fermentas, Helsinki, Fin-
land) and shrimp alkaline phosphatase (Fermen-
tas, Helsinki, Finland) and sequenced directly
in both forward and reverse directions with the
primers used in the PCRs. The sequencing reac-
tions were performed in 10 ul volumes using a
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BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Espoo, Finland) accord-
ing to manufacturer’s instructions. Obtained
sequencing products were cleaned with a Mon-
tage SEQ96 Sequencing Reaction Cleanup Kit
(Millipore, Espoo, Finland). Sequencing prod-
ucts were visualised with an ABI 3130x] DNA
Analyzer (Applied Biosystems, Espoo, Finland).

Sequences were aligned and edited in the
Geneious analysis package using both forward
and reverse sequences. BLASTN searches against
the three-spined stickleback genome were used
to ensure that the sequences obtained were
homologous to the expected regions. In all cases,
BLASTN also revealed similarity with homolo-
gous gene regions in more distantly related fish
species such as zebrafish and therefore it is likely
that the markers are linked to similar gene regions
in nine-spined sticklebacks. Primer3 (Rozen
2000: source code available from http://fokker.
wi.mit.edu/primer3/) included in Geneious was
used to design primers generating a product of
100-500 bp. Fragment lengths were selected so as
to optimise the number of markers with non-over-
lapping size ranges. Subsequent PCR optimisation
and polymorphism detection was conducted using
genomic DNA from eight individuals from two
different populations. The final panel of 13 poly-
morphic markers was then optimised to enable
amplification in a single multiplex PCR reaction
that included 1x Qiagen Multiplex PCR Master
Mix, 0.08 M fluorescent labelled forward primer,
0.08 uM reverse primer (for ppbigll the concen-
tration for forward and reverse was 0.1 uM),
approx. 30 ng of genomic DNA, and dH,0 to a
final volume of 7 pl. The thermal cycling program
for the multiplex was: 95 °C for 15 min; 35 cycles
of 94 °C for 30 s, 61 °C for 1 min 30 s, 72 °C for
1 min 30 sec, followed by 60 °C for 30 min. PCR
products were subsequently diluted by adding
5 ul of water to the PCR wells and then diluting
1:200 and electrophoresed using an ABI3130x1
Genetic Analyzer with GeneScan-600 LIZ size
standard (Applied Biosystems, Foster City, CA).
Genotypes were scored using GeneMapper 4.0
(Applied Biosystems, Foster City, CA). Genetic
diversity levels were determined by genotyping
10 putatively unrelated individuals from each of
four populations: two sampled from small ponds,
Bynistjarnen (64°27°N, 19°26’E, BYN) and

Pyoreilampi (PYO) and two sampled from the
marine environment, Helsinki (HKI) and Levin
Navolok, White Sea (66°18°N, 33°25’E, LEV).
A map indicating the population locations can be
found in Herczeg et al. (2009).

Genetic diversity indices were calculated
using the MICROSATELLITE TOOLKIT
EXCEL add-in (Park 2001) and tests for Hardy-
Weinberg and linkage equilibrium were con-
ducted using GENEPOP ver. 4.0 (Raymond &
Rousset 1995, Rousset 2008). Sequences for all
loci reported have been submitted to Genbank
(Accession numbers JQ012804-JQ012816).

Mono-, di- or trinucleotide repeat sequences
were identified in 22 of the 30 regions amplified
and one to three primer pairs were designed in
efforts to amplify these 22 loci from nine-spined
sticklebacks genomic DNA. Fourteen of the 22
loci revealed length polymorphisms in nine-
spined stickleback’s DNA. However one of these
loci proved to PCR-amplify unreliably and a
total of 13 loci were optimised to be PCR ampli-
fied in a single PCR reaction (Table 1).

After Bonferroni correction (Rice 1989), all
loci conformed to Hardy-Weinberg expectations
in every population. None of the 13 loci was in
linkage equilibrium with each other. Across all
four populations, the number of alleles observed
per locus ranged from 3 to 31. At the population
level, observed heterozygosities ranged from 0
to 0.90 (6 loci > 0.5) in BYN, from 0.50 to 1.0
(13 loci > 0.5) in HKI, from 0.20 to 1.0 (11
loci > 0.5) in LEV and from 0 to 0.60 (1 locus
> 0.5) in PYO (Table 2). The lower levels of
observed heterozygosities in populations from
pond habitats (BYN, PYO) when compared with
those from marine habitats (HKI, LEV) were
also found in earlier studies (Shikano er al.
2010c). Some cross-species testing was con-
ducted using three-spined stickleback genomic
DNA and at least two of the markers (Ppbigl
and Ppbig5) revealed polymorphisms (data not
shown). These markers add to the anonymous
markers and are linked to physiologically impor-
tant genes currently available for nine-spined
sticklebacks (Koizumi et al. 2007, Meguro et al.
2009, Shapiro et al. 2009, Shikano et al. 2010b).
Overall, these markers should provide a useful
resource for better understanding the genetic
basis of behaviour in sticklebacks.
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Table 2. Population specific diversity indices for four nine-spined stickleback populations (n = 10 per population):
number of alleles (A), observed heterozygosity (HO), expected heterozygosity (HE), P-value for deviation from
Hardy-Weinberg equilibrium (H-W) (prior to Bonferroni correction).

BYN HKI LEV PYO
Locus A HO HE HW* A HO HE HW A HO HE HW A HO HE HW*
Ppbig1 2 0.1 027 0.16 3 0.5 0.58 0.45 4 05 065 001 2 0.4 034 1
Ppbig2 2 02 0.19 1 4 0.6 0.77 0.9 3 04 064 021 2 02 0.19 1
Ppbig3 2 0.6 0.51 1 5 0.9 0.77 0.51 2 05 039 1 1 0 o -
Ppbig4 1 0 0 - 3 0.7 056 0.74 2 02 019 1 1 0 0o -
Ppbigs 4 0.6 068 074 14 A1 0.95 1 15 1 0.97 1 3 0.4 0.56 0.31
Ppbig6 2 06 044 048 12 A1 095 1 9 1 0.83 0.67 3 0.4 0.54 0.68
Ppbig7 3 05 059 024 4 06 06 0.84 3 09 069 051 1 0 0o -
Ppbig8 1 0 0 - 7 0.9 082 0.9 7 06 077 023 2 03 027 1
Ppbig9 2 03 0.27 1 6 09 08 08 3 1 0.57 0.01 2 02 019 1
Ppbig10 6 09 078 099 15 1 0.97 1 15 09 096 037 5 0.6 0.62 0.57
Ppbig11 3 0.6 0.53 1 6 0.7 0.66 0.62 9 07 079 012 2 01 01 -
Ppbig12 1 0 0 - 6 0.7 0.62 0.82 7 09 085 095 1 0 0o -
Ppbig13 1 0 0 - 3 0.6 0.57 0.03 3 0.7 065 0.1 1 0 0o -
Average 2 0.34 033 073 7 0.78 0.74 0.74 6 072 069 048 2 0.20 0.22 0.79

* results indicated with ‘" are either monomorphic or loci with very low heterozygosity, hence the H-W value could

not be calculated.
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