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Abstract

The current geographical distribution of the ninespine stickleback (Pungitius pungitius)
was shaped in large part by the glaciation events of the Pleistocene epoch (2.6 Mya-—
10 Kya). Previous efforts to elucidate the phylogeographical history of the ninespine
stickleback in North America have focused on a limited set of morphological traits, some
of which are likely subject to widespread convergent evolution, thereby potentially
obscuring relationships among populations. In this study, we used genetic information
from both mitochondrial DNA (mtDNA) sequences and nuclear microsatellite markers to
determine the phylogenetic relationships among ninespine stickleback populations. We
found that ninespine sticklebacks in North America probably dispersed from at least
three glacial refugia—the Mississippi, Bering, and Atlantic refugia—not two as
previously thought. However, by applying a molecular clock to our mtDNA data, we
found that these three groups diverged long before the most recent glacial period. Our
new phylogeny serves as a critical framework for examining the evolution of derived
traits in this species, including adaptive phenotypes that evolved multiple times in
different lineages. In particular, we inferred that loss of the pelvic (hind fin) skeleton
probably evolved independently in populations descended from each of the three
putative North American refugia.
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Introduction

The glaciation events of the Pleistocene epoch
(2.6 Mya-10 kya) played a major role in the dispersion
and evolutionary history of many northern temperate
fishes. Expanding ice sheets excluded many species
from large parts of their ranges, and others were forced
into refugia at the glacial margins (Hewitt 2000). In
North America, as the continental glaciers melted at the
beginning of the current interglacial ~8000-15 000 years
ago (Bernatchez & Wilson 1998), large, interconnected
proglacial lakes formed and allowed the dispersal of
fish over vast geographical regions. New trophic, loco-
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motor, and physiological opportunities led to rapid
adaptive radiations in many fish lineages, including the
sticklebacks (family Gasterosteidae) (e.g. Bell & Foster
1994; Orti et al. 1994; Ward & McLennan 2009).

The ninespine stickleback (Pungitius pungitius) is a
small (typically 4-6 cm standard length), euryhaline fish
with a circumpolar distribution in the northern hemi-
sphere, including freshwater habitats and northern
coasts of North America and northern Eurasia. This
species  exhibits
throughout its range, including differences in the num-
bers of dorsal spines, lateral plates, and gill rakers;
body size and shape; the presence or absence of the pel-
vic (hind) fin complex; and several behavioural and
physiological traits (McPhail 1963a; Nelson 1971; Gross
1979; Ayvazian & Krueger 1992; Blouw & Boyd 1992;

striking morphological variation
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Ziuganov & Zotin 1995; Gonda et al. 2009; Herczeg
et al. 2009b; Kendal et al. 2009; Waser et al. 2010). This
enormous diversity has captured the attention of biolo-
gists for well over a century (Day 1878; Morris 1958;
McPhail 1963a; Nelson 1971; Wootton 1976, 1984) and
has led to the emergence of the ninespine stickleback as
a model for comparative genetics and convergent evolu-
tion (Shapiro et al. 2006, 2009; Herczeg et al. 2009a).

A long-standing hypothesis for the postglacial coloni-
zation of North America by ninespine sticklebacks was
proposed by McPhail (1963a) who, building on earlier
work by Walters (1955), suggested that modern popula-
tions dispersed from distinct Bering and Mississippi
glacial refugia. He hypothesized that fish from the Ber-
ing refugium (located near modern day western Alaska)
dispersed around the coastal margins of North Amer-
ica, including Alaska and the Aleutian Islands, and
eastward through the Arctic Ocean to the Atlantic coast.
In contrast, sticklebacks trapped in the freshwater Mis-
sissippi refugium (located south of the modern Great
Lakes, in the upper Mississippi valley) lost their ability
to migrate through saltwater, and therefore dispersed
exclusively into lakes and streams throughout the conti-
nental interior, but not into coastal marine habitats. This
hypothesis was inferred from morphological analysis,
especially numbers of dorsal spines and gill rakers.
However, the use of morphological traits is often incon-
sistent with information obtained from genetic markers
(Hansen et al. 1999), as different lineages may exhibit
similar morphological features as a result of adaptation
to similar habitats, not shared ancestry (Lindsey 1981;
Orti et al. 1994). While McPhail noted that the differ-
ences between these two forms could have a genetic
basis, the appropriate genetic resources were not avail-
able to critically test this hypothesis.

In this study, we present a phylogeographical and
population genetic analysis of Pungitius across the
northern hemisphere, with a focus on North American
populations. We sampled ninespine sticklebacks from
several populations across North America, northern
Europe, and the Kuril Islands (East Asia) and then

assessed genetic variation and phylogenetic relation-
ships among populations, using mitochondrial DNA
(mtDNA) control region (CR) sequences and nuclear
microsatellite genotypes. This combined approach of
using mtDNA sequence and multiple, neutral, genetic
markers allowed us to resolve genetic signatures of
both long-term isolation and recent postglacial expan-
sion of species into previously glaciated regions.

Materials and methods

Sample collection

Ninespine sticklebacks (Pungitius pungitius) were sam-
pled from 23 locations in North America. Samples from
nine locations in Ireland, Sweden, and the Kuril Islands
(East Asia) were also included to infer relationships
with coastal Eurasian populations (Fig. 1, Table 1). Fish
were preserved in ethanol, and DNA was extracted
from either the pectoral fins or liver using a standard
phenol chloroform method.

Mitochondrial DNA amplification

We used PCR to amplify and sequence a 1100-bp frag-
ment of mtDNA CR from 169 ninespine sticklebacks
using previously published primers (L-Thr and H-12S
(Takahashi & Goto 2001)). PCR was performed in a
PTC-200 DNA Engine thermocycler (BioRad) in 50 ul
reactions, using 10 pl buffer (HF, Finnzymes), 0.1 mm
dNTPs, 0.2 um each of forward and reverse primer, 1 U
Phusion Taq polymerase (Finnzymes), and 20 ng of
genomic DNA. Thermal cycling consisted of 98 °C for
2 min; 30 cycles of 98 °C for 10 s, 56 °C for 30's, 72 °C
for 30s, and 72 °C for 7 min. PCR products were
excised from a 1% agarose gel and purified (QIAEX II
Gel Extraction Kit; Qiagen) for direct sequencing. We
designed additional primers internal to the amplified
fragment to sequence through repeat regions (INTF
5-TTGTCAGCTAAACCCGTGTG, INTR 5-TGGTCG-
GTTCTCGGAGTAGT). Sequences were analysed using
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Fig. 1 Location of the 32 ninespine stickleback sample sites. Species range (shaded) is based on Wootton (1976) and McPhail (1963a).

Details for each population are listed in Table 1.
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Table 1 (Continued)

mtDNA

Microsatellite

Fu's Fs

b3 hd

N  No. Haps

Na

He

Location

Population no.

Symbol

Population

Massachusetts

0.952 £ 0.096  —-0.424

0.0071

6

7

9.214 + 3913

0.715 + 0.264

20

42°45" N, 70°52" W

28

NB

Little River—Newbury

Ireland

1.000 + 0.177  —-0.524

0.0048

4

4
4

5.643 + 3.791
2.357 + 1.288

0.484 + 0.306
0.413 + 0.331

19

53°30" N, 7°32" W

29
30

LE

Lough Ennell

RB 53°22" N, 7°22" W 4

River Brosna

Sweden

Barsebéickshamn, Oresund

-2.517*

1.000 + 0.126
1.000 + 0.272

0.0025
0.0077

5
3

5
3

4.786 + 2.596
4.071 = 1.869

0.613 + 0.232
0.536 + 0.204

10
10

55°46’ N, 12°54" E

31

(O3]

0.901

58°49" N, 17°38" E

32

AS

Askd, Northern Baltic Proper

N, number of fish; Hg, expected heterozygosity; N5, number of microsatellite alleles; m, nucleotide diversity; hd, haplotype diversity.

*P < 0.05.

Sequencher v4.9 (Gene Codes Corp., Ann Arbor, MI,
USA) and aligned with ClustalW (Larkin et al. 2007) in
MEGA (Kumar et al. 2008).

Mitochondrial DNA analysis

Phylogenetic relationships among CR haplotypes were
estimated with a coalescent (skyline) prior, using the
Bayesian MCMC algorithm implemented in Beast v1.5.2
(Drummond & Rambaut 2007). The model was selected
first using praur 4.0 (Swofford 2002) and methods
described by Posada & Crandall (1998). The generalized
time reversible plus invariant sites plus gamma
(GTR+I+G) and Hasegawa-Kishino-Yano plus invariant
sites plus gamma (HKY+I+G) models were not signifi-
cantly different from each other (P = 0.20); therefore, the
most comprehensive model (GTR+I+G) was chosen and
used with a strict molecular clock. Two runs of 20 million
steps were combined after removal of 2 million burn-in
steps. No long-term temporal trends were evident in the
likelihood and other parameter estimates that were
examined using TrRacer v1.4 (Rambaut & Drummond
2007). A consensus tree was created with TREEANNOTATOR
v1.52 (Drummond & Rambaut 2007) and visualized
using FIGTRee v1.2.3 (Rambaut 2006). We also inferred a
maximum likelihood (ML) tree using PHYML v3.0 (Guin-
don & Gascuel 2003). Unlike the Bayesian analysis, the
GTR+I+G analysis failed to resolve the tree, therefore the
HKY+I+G model was used. Support for the ML tree was
evaluated from 1000 bootstrap replicates of the data.

We estimated nucleotide substitution rates and
divergence times in a subsequent analysis using BEAST
v1.5.2 (Drummond & Rambaut 2007). We combined
the distinct haplotypes found in this study with 41
Asian haplotypes, including two other Pungitius species,
P. tymensis and P. sinensis (Takahashi & Goto 2001)
and two outgroups, the brook stickleback (Culaea incon-
stans, Genbank accession number AB445125) and three-
spine stickleback (Gasterosteus aculeatus, AB054361).
When using a large number of in-group samples and
divergent out-groups, estimated model parameters can-
not be used in all parts of the tree because of the vari-
ance in the heterogeneous dataset (Guiher & Burbrink
2008). To overcome this issue, we used a combined
approach incorporating Yule speciation priors to deter-
mine rate and Bayesian skyline priors to determine
topology, as a majority of the samples was from a sin-
gle species (Drummond et al. 2005). To date nodes
among species, a Yule process prior was used with a
reduced data set containing representatives of major lin-
eages (G. aculeatus, C. inconstans, P. tymensis, P. sinen-
sis, and North American and Asian P. pungitius)
(Guiher & Burbrink 2008). The first calibration point
was 13.3 Mya, representing the minimum age of diver-

© 2010 Blackwell Publishing Ltd
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gence between ninespine and threespine sticklebacks
based on the fossil record (Bell et al. 2009). The second
calibration point was the split between ninespine and
brook sticklebacks, based on the oldest known fossil of
a ninespine stickleback dated to ~7 Mya (Rawlinson &
Bell 1982). We used a lognormal distribution for
TMRCA, which assumes that the actual divergence date
is earlier than the appearance of fossil data (Ho 2007).
The full dataset was then used to determine the rela-
tionship among all haplotypes. Priors were set as for
the first haplotype tree, and the clock rate and height
was set as in Yule prior analysis. Likelihoods were
checked, and trees were combined and drawn as in the
first haplotype tree. Haplotype and nucleotide diversity
was determined in Arlequin 3.1 (Schneider et al. 2000),
and Fu's Fs test (Fu 1997) was used to detect population
demographic expansions.

Microsatellite amplification

Fourteen microsatellite markers were selected from dif-
ferent linkage groups (LG) across the ninespine stickle-
back genome (Table 2) (Shapiro et al. 2009) to generate
multi-locus genotypes for 400 individuals from 32 pop-
ulations. Forward primers were either labelled with a
fluorescent dye or an M13 tag sequence was added to
the 5" end to anneal with a universal fluorescent tag pri-
mer (Schuelke 2000; Protas et al. 2006). PCR and geno-
typing were performed as described by Peichel et al.
(2001) for directly labelled primers or Protas et al.
(2006) for the M13 primer scheme. Allele sizes were
determined manually using GeneMapper v3.7 (Applied
Biosystems).

Table 2 Linkage group (LG) location, expected heterozygosity
(Hg), number of alleles (N4), and Fsr of nuclear microsatellite
markers

Locus LG Hg Na Fsr

Pun44 14A 0.832 62 0.500
Punl17 19 0.792 39 0.441
Punl71 13 0.878 28 0.309
Pun68 8 0.826 24 0.467
Pun203 14B 0.899 26 0.329
Pun255 12 0.855 19 0.535
Punl9 5A 0.827 25 0.562
Punl157 3 0.785 22 0.521
Pun212 17 0.912 32 0.439
Pun261 16 0.808 26 0.415
Pun78 7B 0.922 31 0.285
Puni134 1B 0.860 31 0.576
Pun238 9A 0.668 13 0.452
Stn433 4 0.885 16 0.586
Mean 0.839 28.14 0.458
SD 0.063 11.43 0.098

© 2010 Blackwell Publishing Ltd

Microsatellite data analysis

Estimates of allelic diversity and expected and
observed heterozygosity and tests for linkage disequi-
librium and Hardy-Weinberg equilibrium were per-
formed for each population using Arlequin v3.1
(Schneider et al. 2000). The level of genetic differentia-
tion, Fsr (Reynolds et al. 1983; Slatkin 1995), based on
allele frequency distributions, between all pairs of pop-
ulations was estimated and tested for significance. Neg-
ative Fgr values were constrained to zero. Genetic
structuring was assessed using an analysis of molecular
variance (amova) (Excoffier et al. 1992) with popula-
tions partitioned by geography, habitat (marine or
freshwater), and lineage. Mantel tests (Smouse et al.
1986) were also performed to determine the relation-
ship between Fgr values and geographical distance
between geographical groups/lineages.

Genetic population structure was inferred using the
clustering method in Structure (Pritchard et al. 2000).
The number of putative populations (K) from 1 to 20
was evaluated with admixture allowed, and no a priori
information for individuals. A 50 000-iteration burn-in
followed by 500 000 iterations was used, with each K
repeated three times to ensure stability.

Phylogenetic relationships among populations were
estimated by neighbour-joining with chord distances
Dcg (Cavalli-Sforza & Edwards 1967; Takezaki & Nei
1996). Analyses were performed using the subprograms
in pHYLIP 3.68 (Felsenstein 2008). The chord distance
matrix was estimated using GENDIsT, and relationships
between populations were inferred by NEIGHBOR. Sup-
port was determined by bootstrapping over the 14 loci
(SeqBoot). The resulting tree was drawn using FIGTREE
v1.2.3 (Rambaut 2006).

Topology comparison between mtDNA and
microsatellite trees

Prior studies using both mtDNA and microsatellites
have shown topology differences in the resulting phy-
logenetic trees (e.g. Hansen et al. 1999; Lu et al. 2001).
To determine whether the microsatellite and mtDNA
trees were significantly different, we manually
constructed alternative mtDNA haplotype trees in
MacClade (Maddison & Maddison 2001) to match topo-
logical differences observed in the microsatellite tree.
Next, PAUP (Swofford 2002) was used to fit ML mod-
els to each of the trees. Finally, we employed the Shi-
modaira-Hasegawa test (Shimodaira & Hasegawa
1999) to determine whether the altered mtDNA haplo-
type trees (based on the microsatellite tree) were signif-
icantly different from the original mtDNA haplotype
tree.
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Results

Analysis of mitochondrial DNA control region

Genetic and haplotype diversity. We detected 97 haplo-
types in 169 mtDNA CR region sequences belonging to
32 populations of ninespine sticklebacks; each haplo-
type was specific to a particular geographical region
(haplotype diversity, hd = 0.989 + 0.002; Tables 1 and
S1 (Supporting information); GenBank accession num-
bers HM483400-HM483508). The overall nucleotide
diversity was low, but comparable to those seen in
other studies of sticklebacks (Orti et al. 1994; Makinen
& Merild 2008; Shikano et al. 2010) and northern hemi-
sphere fishes that were displaced by glaciation events
(Hansen et al. 1999; Lu et al. 2001; van Houdt et al.
2005). An estimate of Fu’s Fs was significantly negative
over all the populations (-24.19, P = 0.001) and in sev-
eral individual populations (Table 1). These results sug-
gest that ninespine sticklebacks underwent rapid and
recent population expansions, as would be expected fol-
lowing postglacial dispersal.

Phylogenetic analysis. Bayesian coalescent and ML
phylogenetic trees were built with the 97 new CR hapl-
otypes (Fig. 2a). In general, clades contained popula-
tions from adjacent geographical regions. Notably, the
separation of Atlantic populations (North American
East Coast and Ireland) from other North American
populations [Alaska, Great Lakes, and Northwest Terri-
tories (NWT)] and the Aleutian and Kuril Islands popu-
lations was highly supported (posterior probability,
pp = 0.94, ML bootstrap value = 0.85). This separation
divides the Alaskan and Atlantic members of the puta-
tive ‘Bering’ form of ninespine sticklebacks into multi-
ple clades; thus, the monophyly of this morphotype is
not supported. Three results in this analysis were not
consistent with geography. First, the two fish in our
sample from Manitoba (DM) were split between the
NWT and Great Lakes clades. Second, our sample from
Riviere St Marguerite (RM), which is geographically
proximate to the St Lawrence River population (ST) in
the East Coast clade, also groups with the Great Lakes
populations. Third, samples from two populations in
Sweden were separated: most fish from Asko (AS) clus-
tered with fish from Ireland, whereas all fish from Ores-
und (OS) and one from AS formed their own clade

allied with fish from Alaska and the Great Lakes. While
intriguing, this latter branch of the tree was poorly sup-
ported (pp = 0.24), and this association between geo-
graphical groups was not observed in the nuclear
marker analysis. We expect that further sampling of
populations across northern Eurasia will help resolve
this grouping and determine whether this relationship
is historically correct.

An expanded Bayesian tree was built combining 97
CR haplotypes from this study, 41 haplotypes from a
previous study of East Asian ninespine sticklebacks,
including the additional species Pungitius sinensis and
P. tymensis (Takahashi & Goto 2001), and threespine
and brook stickleback mtDNA sequences as outgroups
(Fig. 2B). Three major lineages of ninespine stickle-
backs were named following the convention of Takah-
ashi & Goto (2001) and are indicated in Fig. 2b.
Lineage A comprises P. tymensis, Lineage B contains
P. sinensis, and Lineage C contains both P. pungitius
and P. sinensis. The paraphyly of Lineage C was dis-
cussed previously by Takahashi & Goto (2001). We
found high support (pp = 0.99) for the divergence of
Asian populations from North American and Euro-
pean populations in Lineage C. In this expanded tree,
the haplotypes from the Kuril Islands populations
were intermixed with those from Lineage C in Asia,
which is expected as the result of the geographical
proximity of the Kuril Islands to Japan. The North
American/European clade within Lineage C shows a
similar topology to that of the 97 haplotypes tree
(Fig. 2a); however, the inclusion of the Asian samples
shows that the Kuril and Aleutian Island samples
diverged earlier in the phylogeny.

Molecular clock and divergence dating. We estimated a
nucleotide substitution rate of 0.028 substitutio-
ns/site/Myr, based on mtDNA sequences from nine-
spine, threespine, and brook sticklebacks. Based on
this rate, divergence between ninespine and threespine
sticklebacks likely occurred 15.86 Mya (95% CI: 11.43—
20.66 Mya; Fig. 2B). This age is consistent with Bell
et al. (2009), who suggested that the divergence
between these species predates a 13.3 Myr-old Miocene
threespine stickleback fossil. The more recent diver-
gence between ninespine and brook sticklebacks was
estimated at 8.47 Mya (95% CI: 7.50-9.44 Mya), which
is older than the oldest known Pungitius fossil at

Fig. 2 Bayesian phylogenetic trees based on mitochondrial DNA control region sequence. (a) Phylogenetic tree based on 97 new CR
haplotypes. Posterior probabilities from the Bayesian analysis are listed on the branches. Bootstrap values from the maximum likeli-
hood analysis are in square brackets. (b) Extended tree containing the 97 haplotypes from this study, 41 from East Asian populations
(Takahashi & Goto 2001), and threespine and brook sticklebacks as outgroups. Dashed lines denote haplotypes present in both Pungi-
tius pungitius and Pungitius sinensis. Posterior probabilities and divergence dates in Mya (in italics and parentheses) are listed on the
branches. Major lineages in the ninespine stickleback phylogeny (‘A’, ‘B’, and ‘C’) are denoted as in Takahashi & Goto (2001).

© 2010 Blackwell Publishing Ltd



PHYLOGEOGRAPHY OF NINESPINE STICKLEBACKS 7

27 Manitoba

SW1_2
&3 Sweden (AS) )
@ 3 Sweden (AS) (b) LEW Ireland
= LE"3
0.92[0.59] 3 Ireland wy o rean
=
—— e
0.57 By 099 (0.25) | [4bE-0
[0.60] pELS Il
BT b3 East Coast of
%% East Coast of 52 North America
0.94[0.85] 52 North America e
— <
PEI_10 2
B2 5
B~3 — 1
\E- ; it
ey 0.99 (0.33) 30
WT 30 — -5
W30 -
I ¢ 21
18
. 55
25 NWT
; NVZT 3 and
3¢ an iz Manitoba
-

o
wn
©
§§E$E$EESEEEEESEE$ SSSSS===
o AT T
— WO=UIN=NN=NONNN! SN== NN~ = —=W—a—
- w owwo-— NN OUNIONO N
\MI
1
T SSSSSSSSSSSSSSSSSSSSSSSSSSS55:50
_.wN-bu\\_.\N‘ )
ol

0.95 (0.26)
N 0.36 (0.39) | {E i
éﬁ”{ : Great Lakes > C
i 0_.
a3 GreatLakes ‘I-_E 83 Alaska (Nome)
GL 3 L} (O]
g\‘l‘l’?l 3 ,//) _Ac’:é‘
%3 Sweden 097 (0.12) e
i wsos) L Aesa
g3 Alaska AT (Mat-Su Valley)
92 (Nome) A
0.66 [0.60] ACTo 0.38 (0.61) —#: Sweden
AK™5 B =
o ¥ Aaska i} (as,05)
AKT7 BURT7
AT (Mat-Su Valley) Ga3 Attulsland
St e
ﬁ:; Attu Island "1kt
"4 (I}
 E— 0.99 (0.69) k.31
; KI“6 H K5f-23 .
0.99 [0.58] '_l:\:go Kuril Islands o Kuril Islands/
1 9
:; -103-11
HK7b-48
HK9-46
HK7a-04
o35
/L 1.00 ik 21
4 (1.25) e
il
HO1a-20
HK5-6-33
Reco
e
1.00 (5.71) faoe
05 <
S .
p : 10.99 (1.30) (e P sinensis B
7/ 1.00 (8.47) | PR3a-4
—//—l 1.00 (1.82) Hesh
—1.00 (15.86) fﬁiﬁ‘;ﬁ%ﬁ P. tymensis } A
i
/;/ /A G.aculeatus

© 2010 Blackwell Publishing Ltd



8]. T. ALDENHOVEN ET AL.

~7 Mya (Rawlinson & Bell 1982). Divergence between
P. tymensis and P. sinensis was estimated at 1.82 Mya
(95% CI: 1.32-2.31), which is more recent than a previ-
ous estimate of 2.34 Mya (Takahashi & Goto 2001).
The major split between the Asian + Aleutian Island
clade and the North American + European group
occurred ~390 000 years ago (95% CI: 297 000-
508 000), while Atlantic populations from North Amer-
ica and Europe diverged about 250 000 years ago (95%
CI: 162 000-340 000). Interestingly, even the most
recent divergence estimates greatly predate the Wis-
consin glaciations, suggesting ancient origins for the
major modern clades of ninespine sticklebacks in
North America.

Analysis of nuclear microsatellite loci

Measures of genetic diversity are listed in Table 1. Pair-
wise comparisons among microsatellite marker loci
revealed no linkage disequilibrium, and populations
generally appeared to be in Hardy-Weinberg equilib-
rium. Just three loci in eight populations showed indi-
vidually significant deviations from H-W equilibrium
(1.7% of all locus population combinations, which is
lower than expected by chance).

Fsr values between populations were generally high
(overall Fgr = 0.458), indicating low levels of recent
migration (Table S2, Supporting information). Signifi-
cant pairwise Fgr values varied between 0.04 and
0.835. High Fsr values were found for many compari-
sons, especially those involving isolated freshwater
lakes with little or no migration. In contrast, a low Fgr
value (0.078, P < 0.0001) was detected between the
anadromous Glenfinnan River (GF) and freshwater
O’Keefe’s Lake (OK) populations from Prince Edward
Island (PEI). These two populations also shared
mtDNA haplotypes, suggesting an ancestral population
similar to GF recently colonized OK. We did not
detect significant divergence among the populations
from the Great Lakes region (Fsy = 0-0.09, ns); how-
ever, sample sizes from these populations were small.
Larger samples will be required to determine the lev-
els of genetic differentiation more accurately and to
infer whether migration has occurred recently among
these populations.

AMOVA revealed that a majority of the variation
existed within populations (51.3-88.3%) and the degree
of genetic differentiation varied among geographical
regions and phylogenetic lineages (Table S3, Support-
ing information). A significant amount of the variation
was explained by geography (28.3%) and lineage
(32.6%), whereas habitat (marine vs. freshwater)
explained only 3.02%. The latter result is consistent
with a study of European ninespine sticklebacks, in

which habitat accounted for 3.7% of the variation (Shik-
ano et al. 2010). Isolation by distance analyses did not
detect any significant relationships between populations
and physical distance within any of the geographical
groups (Table S4, Supporting information). Together,
these results show that geographical region is a major
determinant of genetic similarity, but that the location
and habitat of a population within a region plays little
role in genetic differentiation.

Bayesian population structure analysis. Population struc-
ture was determined by Bayesian clustering analysis of
multi-locus microsatellite genotypes using Structure
(Pritchard et al. 2000) (Fig. 3). We tested models for
K =2 to K=20. The log-likelihood reached a maxi-
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Kuril Is. — PM, PS, SK |

Alaska - Mat-Su. Valley -

East Coast — GF, OK, ST

NWT and Manitoba
—FH, PL, SR, AE, DL, i

Fig. 3 Individual genetic population membership coefficients
estimated by structure from K = 2-12 populations, with K = 12
being the most likely population structure. Each individual
(n = 400) is represented by a single vertical line, with different
colours representing membership in different genetic popula-
tion groups. Geographical populations identified at the bottom
of the figure.
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mum at K=12 and variance increased at K=>13;
therefore, K = 12 was determined to be the most likely
population number (Evanno et al. 2005; Pritchard et al.
2009). This analysis reveals a high level of genetic
structure among the ninespine stickleback populations
sampled. We also note that the populations from
Alaska and the Atlantic coast are distinct from one
another at all K> 1, indicating that these populations
do not share the same genetic history (and by exten-
sion, refugial origin). This result is also consistent with
our mtDNA results, which showed an ancient split
between these two groups.

Phylogenetic relationships among populations—nuclear micro-
satellites. A phylogenetic tree of populations was
inferred from Dcg distances of microsatellite loci for the
32 populations of ninespine sticklebacks (Fig. 4). Great-
est support was for a distinct Alaskan clade (bootstrap
value = 84.7). We found a low level of support (boot-
strap value = 59.7) for the separation of the Great Lakes
clade from the clade containing the NWT and Manitoba

sn AE SR FH
PL

East Coast of

NWT North America
and GF
Manitoba OK

Great Lakes

AO
Sweden OS5

RB
Ireland
Alaska

6.2

ML

Fig. 4 Phylogenetic relationships among populations of nine-
spine sticklebacks based on 14 independent nuclear microsatel-
lite markers. Neighbour-joining tree based on Dcg among
ninespine sticklebacks grouped into their collection sites (popu-
lations). Per cent bootstrap support (1000 iterations) is listed on
the branches.
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populations, but high support for separation of popula-
tions within each of these clades. The clade that
includes the Irish, Swedish, Kuril Islands, and Alaskan
populations was weakly supported, possibly indicating
a weakening of the phylogenetic signal by allele homo-
plasy (Makinen et al. 2006). In short, the geographical
groupings in the tree are consistent with the results of
the Structure analysis (Fig. 3).

Topology comparison between mtDNA and microsatellite
trees. The mtDNA and microsatellite tree topologies did
not differ significantly (-2InL  difference = 18.50,
P =0.241). This suggests that both provide fairly accu-
rate and complementary accounts of ninespine stickle-
back population history.

Discussion

A principal objective of this study was to determine the
genetic relationships among ninespine stickleback popu-
lations across the northern hemisphere, with a particu-
lar focus on North America. To this end, we have
assessed the genetic variation and phylogenetic relation-
ships among populations of ninespine sticklebacks
using both mtDNA CR sequence and nuclear microsat-
ellite markers. Analysis of these two independent data
sets illuminates the phylogenetic origins of modern
populations of this species and suggests that the post-
glacial history of ninespine sticklebacks is more com-
plex than previously hypothesized. The presence of
multiple major genetic lineages suggests that ninespine
sticklebacks in North America survived the Wisconsin
glaciations in at least three glacial refugia, rather than
only two as inferred by morphology.

Refugial origins of modern ninespine stickleback
populations

The precise dates and the waterways involved in the
dispersal of fish species thousands of years ago neces-
sarily involves some conjecture (McPhail 1963a; Under-
hill 1986). The case of the ninespine stickleback is
especially challenging because of the lack of Pleistocene
fossils from the regions we examined in this study.
However, based on the previously proposed dispersal
route of ninespine sticklebacks from the Bering refu-
gium, we expected the fish from Alaska (GH, ML, CH,
PT, NO), the Aleutian Islands and the East Coast (GF,
OK, NB, ST) to have a close genetic relationship (McP-
hail 1963a). However, analysis of both mtDNA and mi-
crosatellites (phylogeny and population structure)
suggests that this is not the case; in both trees, for
example, we see a distinct North American East Coast
group that is not allied with Alaskan populations.
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Y

Pelvic morph. (mechanism)

B Complete pelvis
W Reduced (LG 4)

%\’; @ Reduced (Pitx1)
A Reduced (unknown)

Greenland

Europe

AN A

Fig. 5 Hypothesized postglacial dispersal patterns of ninespine sticklebacks in North America compared with McPhail’s (1963a) two
major morphotypes of ninespine stickleback, the Bering and Mississippi forms. Arrows in and around North America represent post-
glacial dispersal routes from Bering (blue), Mississippi (green and orange) and Atlantic (red) regions after the Wisconsin glaciations.
The red/black arrow represents the earlier divergence of trans-Atlantic populations ~250 000 years ago, and the purple arrow repre-
sents colonization of the Aleutian Islands from East Asia. Dashed arrows indicate uncertainty about dispersal origins and routes, as
discussed in the text. Regions containing populations with pelvic reduction and the associated genetic mechanisms (if known) are

labelled.

Mainland Alaskan populations in our study likely
dispersed from the Bering refugium (Fig. 5). These pop-
ulations formed two clades (Nome and Mat-Su Valley)
in the mtDNA and microsatellite analyses, with an esti-
mated divergence time of 110 000 years ago (95% CI:
66 400-173 700). This extended separation time suggests
that the ancestors of the Mat-Su Valley population
might have survived Wisconsin times in an unglaciated
area near Cook Inlet (McPhail 1963a; Lindsey & McP-
hail 1986), whereas the Nome population originated
from a more northern Bering population. Subsequently,
ninespine sticklebacks probably began invading new
freshwater habitats in the Mat-Su Valley about
9000 years ago (Karlstrom 1964), and this invasion
would have been contemporaneous with the incursion
of threespine sticklebacks (Bell & Orti 1994). An inland
migration at or near Cook Inlet was the only access
point for these fish as high mountains surround the val-
ley. The region around Nome attained its current topog-
raphy beginning 11 000 years ago (Elias et al. 1996), as
the Bering land bridge became inundated as the sea
level rose. Bering ninespine sticklebacks also dispersed
westward along the Arctic coast beginning 8000 years
ago (McPhail 1963a), but apparently did not reach the
East Coast, at least not as far south as the St Lawrence
River or PEL

Anadromous ninespine sticklebacks are widespread
on the East Coast, so postglacial dispersal probably
did not originate from an exclusively freshwater refu-
gium. Anadromous sticklebacks could have dispersed
northward from an Atlantic refugium (sensu Bernat-
chez 1997) when the ice began to melt ~18 000 years
ago (Curry 2007) (Fig. 5). Alternatively, or perhaps in
addition, they also might have survived in the Aca-
dian refugium located on the Grand Banks and dis-
persed in a route similar to that of the anadromous
rainbow smelt (Osmerus mordax) (Bernatchez 1997). We

cannot currently distinguish among these possibilities,
but additional sampling of East Coast freshwater pop-
ulations could help resolve this uncertainty. The lone
East Coast freshwater population in our study (OK) is
from PEI This island was probably colonized by anad-
romous fish ~11 000-8000 years ago following deglaci-
ation, with lake fish becoming isolated ~6000 years
ago when the land mass rose and limited access to the
sea (Curry 2007). The mtDNA relationship of the East
Coast populations with those from Europe shows a
common history between these regions until a split
occurred ~250 000 years ago (95% CI: 162 000-
340 000); however, we cannot currently determine in
which direction movement between these two groups
occurred. This trans-Atlantic association was also
found in the threespine stickleback (Orti et al. 1994;
Maikinen & Merila 2008), a close relative of the nine-
spine stickleback.

Ninespine sticklebacks also survived the Wisconsin
glacial period in the upper Mississippi Valley and dis-
persed to the east to colonize the Great Lakes region
and to the northwest to colonize the continental interior.
The phylogenetic affinities of presumptive Mississippi
populations from the Great Lakes, Manitoba, and NWT
were confirmed by analysis of mtDNA (Fig. 2) and mi-
crosatellites (Figs 3 and 4). Notably, these populations
are more closely related to fish from Alaska than to
Atlantic populations, with a vicariance time of up to
260 000 years ago (95% CI: 180 000-342 500). These
relationships suggest that preglacial populations dis-
persed from the Pacific, where this genus has been
present for at least 7 Myr (Rawlinson & Bell 1982).
However, the topology of these relationships in the
mtDNA tree is also puzzling. We expected a close rela-
tionship among only the NWT, Manitoba, and Great
Lakes populations because of the geographical proxim-
ity and presumed shared ancestry of these regions;
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indeed, this prediction is supported by the microsatel-
lite analyses (Figs 3 and 4). In contrast, the mtDNA tree
shows a close relationship between the geographically
distant Alaskan and Great Lakes groups. Based on
known routes of dispersal between the Bering and Mis-
sissippi refugia, as well as the current distribution of
ninespine sticklebacks, we cannot surmise a feasible
route for interchange between these two regions that
bypasses the NWT. Briefly, northwestward dispersal of
ninespine sticklebacks into the vast interior of North
America probably originated from glacial Lake Agassiz.
From there, they could disperse northward to the Mac-
kenzie River via the Agassiz-Clearwater corridor from
9.9-9.5 Kya (Smith & Fisher 1993; Rempel & Smith
1998), or possibly earlier (McPhail 1963b). This would
provide a clear route to glacial Lake McConnell, which
covered most of our NWT collection sites at that time
(Craig 1965). Ninespine sticklebacks also dispersed east-
ward to the Great Lakes region, possibly through Lake
Kelvin (Leverington & Teller 2003), and as far east as
the salinity border at the Champlain Sea ~10 Kya (Un-
derhill 1986). We suspect that the large distances
between our sampling sites and the low number of
samples from the Great Lakes region might have a mis-
leading effect on our mtDNA tree topology. We expect
that additional sampling in the interior and along the
northern coasts of North America will further elucidate
the mtDNA relationships among the populations in
question.

The inclusion of the Manitoba haplotypes in both the
Great Lakes and NWT clades is also intriguing. It is
possible that at least two major mitochondrial lineages
of ninespine sticklebacks occurred in Lake Agassiz, and
both are still present in Manitoba. Alternatively, the
Great Lakes and NWT populations could have radiated
from two different refugia, the Missouri and Missis-
sippi, and their dispersal routes overlapped in Mani-
toba. However, the modern distribution and inferred
postglacial dispersal routes of this species cast doubts
on their survival in the Missouri Valley (van Houdt
et al. 2005).

The close relationship between fish from Attu Island,
a western island in the Aleutian Islands chain, to the
Kuril Islands populations indicates that (i) these two
groups split ~47 000 years ago (95% CI: 14 800-86 900)
(Fig. 2) and (ii) the Attu population originated from
East Asia, not from North America (Fig. 5). Neverthe-
less, this does not rule out the Bering refugium as the
source of colonization for the other islands in the Aleu-
tian chain. Additional sampling will help determine the
pre- and postglacial history of fish from the Aleutian
Island, including identification of the eastern extent of
colonization from the Bering refugium and the western
extent of colonization from Asia. However, our data

© 2010 Blackwell Publishing Ltd

already suggest that the Aleutians represent the bound-
ary between the eastward radiation of the Asian nine-
spine sticklebacks and the westward movement of the
North American group.

Mitochondrial DNA and nuclear microsatellite
phylogenies are complementary

We generated phylogenetic hypotheses for ninespine
sticklebacks using both mtDNA and nuclear microsatel-
lite data. While we found that the trees constructed
from each type of data were statistically indistinguish-
able, we also note that these separate analyses are com-
plementary. Our mtDNA tree utilizes relatively slow
changing sequence data and shows strong support for
more ancient divergence events (for example, between
the trans-Atlantic group and other North American
populations), but weaker support for more recent splits
(for example, among NWT haplotypes) (Fig. 2). In con-
trast, size polymorphisms in nuclear microsatellites
evolve rapidly and provide much more data to confi-
dently resolve recent divergences (Fig. 3). Nevertheless,
such rapid changes can also result in homoplasy, ren-
dering microsatellites less informative for deeper diver-
gences. As a result, our microsatellite tree shows strong
support for the relationships among recently diverged
populations within a geographical region, but not nec-
essarily among populations in different geographical
regions. In summary, our complementary phylogenetic
analyses provide strong statistical support for both
ancient and recent divergences among ninespine stickle-
back lineages.

A notable difference between the mtDNA and micro-
satellite trees concerns populations from the Baltic Sea
coast of Sweden (AS and OS). In the mtDNA tree, hapl-
otypes from both populations group with haplotypes
from central and northwestern North America and Rus-
sia, but two haplotypes from the AS population group
with Irish haplotypes in the trans-Atlantic clade. How-
ever, the microsatellite tree shows strong support
(100% of trees) for the close alliance of these two Swed-
ish populations. Why do the two methods produce such
seemingly different results? One possibility is that two
major lineages of ninespine sticklebacks are admixed in
the Baltic Sea. Our mtDNA tree provides evidence that
one Swedish population (AS) includes fish from the
trans-Atlantic clade and another eastern lineage. This
latter lineage also includes a previously reported haplo-
type from Russia (Takahashi & Goto 2001) (Fig. 2B).
Nuclear microsatellite markers, on the other hand, do
not show wide separation between the two Swedish
populations because of relatively recent gene flow
between these two putative mitochondrial lineages. This
interpretation is consistent with the admixture between
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eastern and western European lineages inferred by a
recent phylogeographical study of northern European
ninespine sticklebacks (Shikano et al. 2010). Unfortu-
nately, our study and the northern European study uti-
lized different microsatellites and sequences from
different parts of the mtDNA, making a comprehensive
analysis impossible at this time. Additional sequencing
and genotyping with common markers will help eluci-
date the global phylogeography of ninespine stickle-
backs, including the possible admixture of trans-
Atlantic and Eurasian lineages in the Baltic Sea.

Molecular clock rate and divergence dates

Mitochondrial DNA CR clock rates vary greatly among
major taxonomic groups of bony fishes (Liu et al. 2006).
The clock rate in this study was determined to be 5.6%
(difference/Myr), which is faster than that determined
in a study of East Asian ninespine sticklebacks
(~2.71%) (Takahashi & Goto 2001). However, our rate
is similar to another northern hemisphere fish affected
by glaciation, Arctic charr (Salvelinus alpinus), at 5-10%
(Brunner et al. 2001). In our study of the ninespine
stickleback, calibration dates based on fossil data were
much more ancient than all of our intraspecific diver-
gence times. If we had a more recent calibration point,
the substitution rate might have appeared faster, result-
ing in more recent divergence estimates (Ho & Larson
2006); therefore, divergence times reported here may be
overestimated. However, if our estimate is reasonably
accurate, then most major lineages of P. pungitius
diverged from a common ancestor during the Pleisto-
cene, with major clades in place well before the most
recent Wisconsin glaciations. The high degree of diver-
gence, combined with the absence of shared haplotypes
from geographically distant fish, suggests that little or
no intermixing of these lineages occurred between
major glaciation events.

Phylogenetic origins of adaptive traits

A previous hypothesis for the postglacial dispersal of
North American ninespine sticklebacks focused on
shared—and presumably derived—morphological traits,
especially the numbers of dorsal spines and gill rakers
(McPhail 1963a), which vary with latitude as well as
between marine and freshwater populations. These
observations led to the reasonable conclusion that popu-
lations with high numbers of gill rakers and dorsal
spines probably shared a common ancestry in one glacial
refugium, while modern populations with fewer spines
and rakers likely had a different origin (Fig. 5). How-
ever, our phylogenies contradict this interpretation,
instead suggesting that similar morphological changes

occurred independently in different lineages. For exam-
ple, Alaskan and East Coast populations from McPhail’s
presumptive Bering group actually belong to different
mitochondrial and nuclear genetic lineages and probably
originated from separate Bering and Atlantic ancestors
(Fig. 5). These results highlight the widespread conver-
gent evolution of quantitative morphological traits in
ninespine sticklebacks that might be linked to ecological,
rather than phylogenetic factors (Ostbye et al. 2006).

Our phylogeny also suggests widespread convergent
evolution of pelvic reduction, another important adap-
tive phenotype. The pelvic skeleton shows robust devel-
opment in marine and most freshwater populations, but
has been lost in several freshwater populations of both
threespine and ninespine sticklebacks as an adaptation
to local predators or water chemistry (Nelson 1971;
Reimchen 1980; Giles 1983; Blouw & Boyd 1992; Bell
et al. 1993; Ziuganov & Zotin 1995; Shapiro et al. 2004;
Hunt ef al. 2008; Marchinko 2009). Under appropriate
selection conditions, this phenotype can be rapidly
driven to high frequency in a population (Ziuganov &
Zotin 1995). To date, two genomic regions have been
implicated in the evolution of pelvic reduction in nine-
spine sticklebacks. The probable involvement of PitxI in
a NWT population was inferred through complementa-
tion crosses and expression studies, while a locus on
LG 4 was detected in a genetic mapping study of an
Alaskan population (Shapiro et al. 2006, 2009). Based on
our new phylogenetic information, we can now see that
these two populations, each with a potentially unique
genetic change leading to this adaptive phenotype, also
have different phylogenetic histories and may have
diverged over 300 years ago.

Pelvic reduction has also evolved in the trans-Atlantic
lineage, including two populations in our analysis (OK
and Lough Ennell (LE)) (Nelson 1971; Blouw & Boyd
1992). Is pelvic reduction in these populations con-
trolled by genetic mechanisms that are similar or differ-
ent to the NWT and Alaskan populations? While we
have not yet genetically mapped the origins of reduc-
tion in the trans-Atlantic lineage, we can use our phylo-
genetic and molecular clock results to make predictions
about shared versus de novo mutations leading to this
derived phenotype. One possibility is that one or both
of the OK and LE populations share a common pelvic
reduction haplotype with either the Alaskan or NWT
pelvic-reduced populations. For example, an ancestral
(presumably marine) population might have maintained
pelvic reduction alleles at a low frequency, and multiple
populations subsequently selected on this standing
genetic variation. This scenario has striking precedent
in threespine sticklebacks, in which the derived haplo-
types of Eda and Kitlg that underlie variation in bony
armour and pigmentation, respectively, probably spread
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from marine fish to multiple freshwater populations
where they were swept to high frequency (Colosimo
et al. 2005; Miller et al. 2007). However, a key aspect of
these traits in threespine sticklebacks is that their geo-
graphical distribution is essentially continuous in fresh-
water populations along the west coast of North
America (Kitlg, pigmentation) or the northern hemi-
sphere (Eda, armour). Interbreeding of anadromous fish
with resident freshwater populations provides an
annual mechanism for flow of derived alleles back into
marine populations and maintenance of allelic variation
(Colosimo et al. 2005). In contrast, pelvic reduction in
ninespine sticklebacks occurs in relatively few popula-
tions with a geographically sporadic distribution and
with limited opportunities for gene flow.

A second possibility is that different mutations, either
in the same or different genes, underlie pelvic reduction
in different ninespine stickleback lineages. This scenario
parallels the repeated evolution of pelvic reduction in
threespine sticklebacks by de novo mutations in a cis-
regulatory element of Pitx1 (Chan et al. 2010). Similarly,
other studies of natural populations of vertebrates
implicate different mutations in the same gene, or
mutations in different genes, in the convergent evolu-
tion of adaptive traits (e.g., Protas ef al. 2006; Steiner
et al. 2007; Gross et al. 2009). Collectively, these exam-
ples demonstrate that different lineages, even those in
geographical proximity, repeatedly converge on similar
phenotypes by different mutations in the same or differ-
ent genes.

Based on available phylogenetic and molecular clock
evidence, as well as the sporadic geographical distribu-
tion of pelvic reduction in ninespine sticklebacks, we
predict that this derived trait probably arose by different
mutations in the Alaskan, NWT, and trans-Atlantic lin-
eages. (Indeed, based on the aforementioned examples,
we should not be surprised to find that different muta-
tions or genes control pelvic reduction in different popu-
lations within each of these clades.) These lineages are
widely separated phylogenetically, geographically, and
temporally. Moreover, high pairwise Fgr values argue
against widespread gene flow among the pelvic-reduced
populations from these three regions. It is possible that
allele(s) underlying pelvic reduction arose before the
major North American lineages split over 300 Bp and
remained at a low frequency in each of the clades and
that some cases of pelvic loss resulted from selection on
standing genetic variation; however, the genetic origins
of this trait already appear to be different in the Alaskan
and NWT populations studied thus far. Our prediction
of independent mutations remains to be confirmed by
genetic linkage mapping studies and identification of
mutations in East Coast and European populations, and
these experiments are under way.
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In summary, we used mitochondrial and nuclear
genetic data to examine the phylogeography of nine-
spine sticklebacks. Our analyses suggest that modern
populations in North America originated from at least
three glacial refugia, and these results challenge a long-
standing hypothesis of two refugia based on morpho-
logical traits. Based on our phylogenetic analysis and
molecular clock estimates, we also predict that pelvic
reduction likely evolved independently in multiple
clades. This study provides a robust phylogeographical
framework for future evolutionary genetic studies of
this emerging model organism.
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