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Abstract: A total of 205 COI sequences and 310 cyt b sequences of the threespine stickleback (Gasteros-
teus aculeatus) from basins of all seas throughout the vast range of this species were analyzed. Median
networks of haplotypes constructed in this study, combined with the results of reconstruction of
paleogeographic conditions, led to the conclusion that the threespine stickleback emerged as a species
in the Pacific Ocean basin and spread to Europe from the south, populating the system of water
bodies that existed in the Oligocene. The main water body was the Paratethys Ocean (Sea), which
existed 5–34 Mya. In the area of the modern North Sea, stickleback populations, part of which later
migrated to the eastern and western coasts of North America, gave rise to the group of haplotypes
that has the widest distribution in northern Europe. The stickleback populations belonging to the
lineage that dispersed along the Arctic and western coasts of North America displaced the carriers
of the haplotypes of the ancient phylogenetic lineage that inhabited the Pacific coast. The ancestors
of G. wheatlandi dispersed from the Pacific to the Atlantic Ocean via the Arctic to meet G. aculeatus,
which circled the globe from east to west.

Keywords: genetics; threespine stickleback; phylogeography; evolution; barcoding; origin; genetic
diversity

1. Introduction

Threespine stickleback (Gasterosteus aculeatus Linnaeus, 1758) is widely distributed in
various aquatic habitats, including sea, brackish water, and freshwater ecosystems [1–4].
However, the species is better known as a “supermodel” for evolutionary and behavior
studies. Many studies have been published on the mechanisms of adaptation of threespine
stickleback to various abiotic conditions, including varying salinities, as well as the inde-
pendent appearance of forms similar in their morphological and ecological characteristics
in different parts of the species’ distribution range [5–13] and references therein.

However, evolution in the genus Gasterosteus at the species level seems limited, com-
prising only three species. These are the aforementioned G. aculeatus, the vast range of
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which encompasses the northern part of the Pacific Ocean basin, eastern North Amer-
ica, almost all of Europe from the Mediterranean to the Barents Sea, the Black and Azov
Seas (and their basins), and the Mediterranean coasts of Turkey and Algeria [5]; and
two endemic species: G. wheatlandi Putnam, 1867, inhabiting the northeastern coast of
North America [14], and G. nipponicus Higuchi, Sakai & Goto, 2014, found in the Japanese
archipelago [15].

How and when the genus Gasterosteus dispersed is therefore highly relevant. The
earliest fossils of this genus date back to the middle Miocene (about 16 Mya); during this
period, threespine stickleback inhabited the Pacific Ocean basin, both in Asia and in North
America [5,14,16,17]. The oldest finds of G. aculeatus in the Atlantic Ocean basin date to
the Pliocene–Pleistocene, and the earliest discovery is about 1.9 Myr old (reviewed in [17]).
This suggests that the threespine stickleback entered the Atlantic Ocean basin no later than
that time.

The first large-scale study on the genetic diversity of G. aculeatus, which employed
allozyme analysis [18], revealed two genetically divergent groups of populations in the
species range. Later, two large clusters of haplotypes were found in a study wherein a
partial sequence of the mitochondrial gene encoding cytochrome b (cyt b) was used as a
marker. Carriers of the haplotypes of one of the clusters have been shown to be dominant in
the western Pacific basin and are not found in the Atlantic basin (this group of haplotypes is
currently referred to as the Trans-North Pacific clade). In contrast, the carriers of haplotypes
belonging to the other cluster (referred to as the Euro-North American clade) are common in
the Atlantic Ocean basin and predominate in the eastern Pacific Ocean basin [19].

Attempts to explain some of the peculiarities of the haplotype distribution over the
range were based on the “molecular clock” theory. Calculations using this model showed
that the most similar haplotypes identified in the threespine stickleback living in the
Atlantic and Pacific basins (both belonging to the Euro-North American clade) diverged about
260 kya. Therefore, it was suggested that threespine stickleback migrated to the Atlantic
Ocean from the Pacific Ocean via the Arctic during this period [19]. Estimates based on the
“molecular clock” theory were also made in a recent study, wherein 8079 SNP loci served
as markers [20]. As a result, the authors came to a similar conclusion that “divergence
between Pacific and Atlantic lineages occurred 29.5–226.6 kya” [20]. The latter study also
dealt with the lineages belonging to the Euro-North American clade.

In spite of agreement between the estimates based on the “molecular clock” theory
performed by two independent groups of researchers, the authors of both genetic stud-
ies [19,20] encountered a serious problem: there was an obvious discrepancy between
recent divergence of the lineages following from their data and the old age of the pale-
ontological finds of threespine stickleback in the Atlantic Ocean basin. As a result, these
authors had to assume that the stickleback originally inhabiting the Atlantic basin became
extinct and then repopulated the basin about 260 kya: “This confirms the hypothesis put
forth by Orti et al. [19], and later corroborated by Fang et al. [21], that extant Atlantic
populations originate from a recent re-colonization event from the Pacific, and the Late
Pliocene/Early Pleistocene Atlantic populations of G. aculeatus—for which there is fossil
evidence ( . . . )—had gone extinct before the Atlantic Ocean became re-colonized” [20].

The notion that the threespine stickleback populated Europe from the Arctic in a
north-to-south direction was formulated in the 19th century and has not been revised
since then. The famous ichthyologist Heincke [22] (p. 399) wrote: “Offenbar ist der Gast.
aculeatus ursprünglich ein nordischer Seefisch, der wahrscheinlich von den Küsten des
diluvialen Eismeeres aus in die süssen Gewässer Europas einwanderte” (“Apparently, Gast.
aculeatus is originally a northern sea fish that probably migrated to the fresh waters of
Europe from the coasts of the diluvial Arctic Ocean”); in this context, diluvialen/diluvial
means Quaternary. In line with these ideas, the authors of later studies dated the invasion
of stickleback to southern Europe to the glacial or postglacial times [23–26].
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The hypothesis that the threespine stickleback spread to the Atlantic coast of Europe
and America through the Arctic is also reflected in the interpretation of genetic data on
European populations of the species. For example, a number of studies on the phylogeogra-
phy of the threespine stickleback [20,21,27–31] have shown that there are several separate
phylogenetic lineages of the stickleback in southern Europe, specifically in the basins of
the Mediterranean and Black seas. The authors believe that these lineages resulted from
repeated migrations of representatives of this species from north to south during periods
of climate cooling in the Pleistocene.

Thus, we can identify three features of genetic differentiation and related character-
istics of the geographical distribution of G. aculeatus haplotypes over the range that are
poorly explained by the existing hypotheses on the formation of its modern species range:
(a) the existence of two strongly divergent phylogenetic lineages in the Pacific basin (the
western and eastern parts of this ocean have never been separated by a barrier impervious
to stickleback); (b) the discrepancy between paleontological and genetic datings related to
the appearance of threespine stickleback in the Atlantic basin; and (c) a number of endemic
phylogenetic lineages of stickleback in the Mediterranean and Black Sea basins that have
significantly diverged from one another.

The goals of our study are to: (1) clarify the order of origin of various phylogenetic
lineages of threespine stickleback; (2) analyze the patterns of distribution of various phylo-
genetic lineages over the species range; and (3) reconstruct the means by which threespine
stickleback dispersal formed the modern range of this species.

2. Materials and Methods
2.1. Sample Collection

Stickleback were caught with traps, hand nets, and minnow seines in fresh waters and
with beach seines in the sea [8]. Detailed information on sampling sites and the number of
specimens collected in each locality is presented in Supplement S1 (Table S1). Photographs
of typical habitats of threespine stickleback are shown in Figure 1. A total of 171 specimens
were caught during this study. Whole specimens were fixed in 96% ethanol at a ratio of 1:5,
with ethanol replaced the next day.

2.2. DNA Isolation

DNA was isolated from muscle tissue fragments using a DNK-Ekstran-2 commercial
reagent kit (Sintol LLC, Moscow, Russia) according to the manufacturer’s instructions.

2.3. Selection of Genetic Loci for Analysis

In order to determine the origin of phylogenetic lineages of the threespine stickleback,
the loci of two mitochondrial DNA (mtDNA) genes, cytochrome oxidase I gene (COI) and
cytochrome b gene (cyt b), were used. We used mtDNA loci because normally, mtDNA
does not recombine and therefore accumulates replacements sequentially [27]. Therefore,
analysis of mtDNA sequences makes it possible to trace the transformation of these se-
quences during the dispersal of the species over the range. In the GenBank international
database, partial sequences of the COI and cyt b mitochondrial loci are the most widely rep-
resented for G. aculeatus from various localities; therefore, we used these partial sequences
for analysis in the present study.
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Figure 1. Some sites of sample collection: (a) a stream near the Verkhne-Paratunskiye, where ther-
mal springs flow in the Paratunka River basin, Kamchatka (the Pacific Ocean basin); photograph by 
O.V. Aksenova; (b) the Sukko River, Caucasus (the Black Sea basin); photograph by V.S. Artamon-
ova; (c) the Kandalaksha Gulf, Guba Kislaya Bay, White Sea; photograph by D.L. Lajus. 
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Figure 1. Some sites of sample collection: (a) a stream near the Verkhne-Paratunskiye, where thermal
springs flow in the Paratunka River basin, Kamchatka (the Pacific Ocean basin); photograph by O.V.
Aksenova; (b) the Sukko River, Caucasus (the Black Sea basin); photograph by V.S. Artamonova;
(c) the Kandalaksha Gulf, Guba Kislaya Bay, White Sea; photograph by D.L. Lajus.
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2.4. Polymerase Chain Reaction (PCR) and Sequencing of PCR Products

Fish F1 (5′ TCAACCAACCACAAAGACATTGGCAC 3′) and Fish R1 (5′ TAGACTTC
TGGGTGGCCAAAGAATCA 3′) primers were used to amplify a fragment of the gene
COI [32], and the cyt b forward (5′ ATGAAACTTTGGTTCCCTCC 3′) and cyt b reverse
(5′ CGCTGAGCTACTTTTGCATGT 3′) primers were used to amplify the fragment of the
cyt b gene [27]. The amplification conditions were the same for both gene fragments. Ampli-
fication was carried out in 25 µL of buffer manufactured by Fermentas (Lithuania, Vilnius)
containing 75 mM Tris-HCl (pH 8.8), 20 mM (NH4)2SO4, 0.1% Tween 20, and 2 mM MgCl2.
The amplification mixture contained about 300 ng of total cell DNA, 200 nmol each of four
deoxyribonucleotides, 10 pmol of forward and reverse primers, and 0.5–0.7 polymerase
units (Bionem, Russia). The amplification program involved a stage of initial denaturation
of DNA at +95 ◦C for 4 min, 31 cycles of DNA fragment amplification at +95 ◦C for 30 s,
+50 ◦C for 30 s, and +72 ◦C for 50 s, as well as a final chain elongation stage at +72 ◦C
for 5 min. The obtained PCR products were sequenced from the forward and reverse
primers [33].

2.5. Analysis of the Sequenced COI and cyt b Fragments

The sequenced gene fragments were analyzed using a specialized BioEdit 7.2 editor.
As a result of this analysis, sets of the COI and/or cyt b haplotypes characteristic of the fish
collected in each geographical location were identified. The sequences corresponding to
these haplotypes were deposited in the GenBank international database (https://www.ncbi.
nlm.nih.gov/genbank/, accessed on 10 May 2022), where the COI sequences were assigned
the numbers MZ531736–MZ531778 and OK349512–OK349513, and the cyt b sequences
were assigned the numbers KR912169–KR912173, MZ584771–MZ584792, and OK482598–
OK482649.

We deposited 45 COI and 79 cyt b sequences in the GenBank database in the course of
this study. Details on all these sequences are presented in Supplement S1 (Table S1).

2.6. COI and cyt b Sequences Deposited in the GenBank by Other Researchers

In addition to our own data, we also used the data on the COI and cyt b nucleotide
sequences of threespine stickleback previously deposited in GenBank by other researchers.
We performed a search of the nucleotide section of the website of the National Insti-
tutes of Health, United States (https://www.ncbi.nlm.nih.gov/nucleotide/, accessed on
10 May 2022), using the keywords Gasterosteus and COI/cyt b. The COI and cyt b nucleotide
sequences of G. nipponicus were excluded from the subsequent analysis, and those of
G. wheatlandi were used as an outgroup.

A total of 155 cyt b sequences and 151 COI sequences of G. aculeatus, as well as 1 cyt b
sequence and 11 COI sequences of G. wheatlandi, were selected in this way. Details on the
sequences used in the analysis, including references to the studies in which they were first
identified, are presented in Supplement S1 (Table S2).

2.7. Construction of Median Networks of Haplotypes

Median networks of haplotypes for the COI and cyt b loci were constructed separately
with PopART 1.7 and Network 10.2.0.0 software, using a median-joining algorithm. In all
cases, the use of both software packages yielded the same results. When constructing the
networks for COI or cyt b, only one sequence of each haplotype from each locality was
used for analysis, even if several carriers of a given haplotype were found in a locality. This
ensured a unified approach in analyzing our own data together with the data from the
GenBank database.

According to an authoritative guidebook on molecular genetics [34] (p. 607), “Stan-
dard tree reconstruction is not appropriate for all DNA sequence datasets”. This guidebook
lists “problems when ancestral sequences still exist” among the issues that complicate con-
ventional tree building. As clearly observed in the networks presented in our manuscript,
the set of sequences studied here included many sequences that are ancestral for other

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/nucleotide/
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sequences in the networks. Therefore, we followed the recommendation of the cited guide-
book: “One solution to these problems is to use a network rather than a tree to illustrate
the evolutionary relationships between the sequences being examined” [34] (p. 608).

3. Results
3.1. Median Networks of Haplotypes and Haplotype Distribution over the Species Range

The lengths of the amplified fragments of the COI and cyt b genes were 707 and
1069 bp, respectively. For comparison with previously published sequences, we used a
609 bp fragment of the COI gene and a 963 bp fragment of the cyt b gene.

We used 151 COI sequences and 155 cyt b sequences available in the GenBank inter-
national database. We supplemented the data array on these sequences with our own
data on 54 COI and 155 cyt b sequences identified in this study (45 of these COI sequences
and 79 cyt b sequences were extremely rare: in each local population where any of them
was found, only one individual carried it). These data were used to study the distribu-
tion of different variants (haplotypes) of the COI and cyt b sequences over the species
range. Tables S1 and S2 in Supplement S1 show the characteristics of all the sequences
studied here.

Figures 2 and 3 show the haplotype networks for the partial COI and cyt b sequences,
respectively. The distributions of all variants of the partial COI and cyt b sequences over
the species range are shown in Figure 4a,b and Figure 5a,b, respectively.
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Figure 2. The haplotype network for partial sequences of the COI mitochondrial gene. The areas
of the circles are proportional to the number of localities where the given haplotype was found.
Haplotype color key: gray with shading, haplotypes of G. wheatlandi (WET); brown, haplotypes of
the Pacific cluster corresponding to the Trans-North Pacific clade (CP); yellow, the group of endemic
Mediterranean lineages (CM); orange, the Black Sea lineage (CBS); dark pink, the American lineage
(CWA); red, the transatlantic lineage (CTA); different shades of blue and green, phylogenetic lineages
of the European cluster (CE). The lineages of the European cluster (CE) form three main subgroups:
those associated with the Atlantic and Arctic Ocean basins (CEA, different shades of blue), the Baltic
Sea basin (CEB, green), and the Mediterranean Sea basin (CEC, mauve).
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Figure 3. The haplotype network for partial sequences of the cyt b mitochondrial gene. The areas
of the circles are proportional to the number of localities where the given haplotypes were found.
Haplotype color key: gray with shading, haplotype of G. wheatlandi (WET); brown, haplotypes of
the Pacific cluster corresponding to the Trans-North Pacific clade (P); yellow, the group of endemic
Mediterranean lineages (M); pale green, the endemic linage of the Bay of Biscay (EM); orange, the
Black Sea lineage (BS); dark pink, the American lineage (WA); red, the transatlantic lineage (TA); green
and different shades of blue, phylogenetic lineages of the European cluster (E). The lineages of the
European cluster (E) form three main subgroups: those associated with the Atlantic and Arctic Ocean
basins (EA, different shades of blue), the Baltic Sea basin (EB, green), and the Mediterranean Sea
basin (EC, mauve). The EAM haplotype found on the Atlantic coast of North America is designated
green because it belongs to the lineage included in the EB subgroup.

3.2. Comparison of the Haplotype Networks for the Partial COI and cyt b Sequences

The haplotype networks shown in Figures 2 and 3 have similar structures. In both
cases, the most striking feature is two large megaclusters separated by a considerable
distance: 13 and 30 nucleotide substitutions, respectively. One of them looks rather homo-
geneous and is represented only by the variants found in the fish of the Eurasian Pacific
coast (the CP and P clusters for the COI and cyt b sequences, respectively; these variants
are shown in brown in Figures 2 and 3). This cluster corresponds to the Trans-North Pacific
clade. The second megacluster comprises all other haplotypes, both European and North
American (it corresponds to the Euro-North American clade).

The latter megacluster consists of separate phylogenetic lineages, most of which
originate from a single common point. In the haplotype network for the partial COI
sequence (Figure 2), CME haplotype no. KJ553385.1 found in the basin of the ancient Lake
Skadar on the Balkan Peninsula [35] is located at this point. It provides an origin for two
separate phylogenetic lineages characteristic of threespine stickleback of the Mediterranean
region (CMS, the group of lineages marked in yellow in Figure 2), a group of Black Sea
haplotypes (CBS, orange), the so-called transatlantic lineage (CTA, red) found on both
sides of the Atlantic, and, finally, the American lineage (CWA, pink) typical of the North
American coast of the Pacific Ocean. As follows from the data shown in Figure 2, the
largest group of haplotypes (CE), which is widespread in Europe and includes three main
subgroups associated with the Atlantic and Arctic Ocean basins (CEA), the Baltic Sea
(CEB), and the Mediterranean Sea (CEC), also descended from this variant. In Figure 2, the
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haplotypes belonging to these groups are marked with different shades of blue, green, and
purple (see the caption of Figure 2).
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Figure 4. The distribution of haplogroups of the partial sequence of the COI mitochondrial gene over
the threespine stickleback species range: (a) in the Pacific part of the range; (b) in western Eurasia and
eastern North America. The areas of the circles are proportional to the number of haplotypes found in
fish from the given areas. Haplotype color key: gray with shading, haplotypes of G. wheatlandi (WET);
brown, haplotypes of the Pacific cluster corresponding to the Trans-North Pacific clade (CP); yellow,
the group of endemic Mediterranean lineages (CM); orange, the Black Sea lineage (CBS); dark pink,
the American lineage (CWA); red, the transatlantic lineage (CTA); different shades of blue and green,
phylogenetic lineages of the European cluster (CE). The lineages of the European cluster (CE) form
three main subgroups: those associated with the Atlantic and Arctic Ocean basins (CEA, different
shades of blue), the Baltic Sea basin (CEB, green), and the Mediterranean Sea basin (CEC, mauve).
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the threespine stickleback species range: (a) in the Pacific part of the range; (b) in western Eurasia
and eastern North America. The groups of haplotypes are marked with the same colors as in Figure 3.
The areas of the circles are proportional to the numbers of haplotypes found in fish from the given
areas. Haplotype color key: gray with shading, haplotype of G. wheatlandi (WET); brown, haplotypes
of the Pacific cluster corresponding to the Trans-North Pacific clade (P); yellow, the group of endemic
Mediterranean lineages (M); pale green, the endemic linage of the Bay of Biscay (EM); orange, the
Black Sea lineage (BS); dark pink, the American lineage (WA); red, the transatlantic lineage (TA); green
and different shades of blue, phylogenetic lineages of the European cluster (E). The lineages of the
European cluster (E) form three main subgroups: those associated with the Atlantic and Arctic Ocean
basins (EA, different shades of blue), the Baltic Sea basin (EB, green), and the Mediterranean Sea
basin (EC, mauve). The EAM haplotype found on the Atlantic coast of North America is designated
green because it belongs to the lineage included in the EB subgroup.

The haplotype network for the partial cyt b sequence (Figure 3) generally demonstrates
similar patterns of evolution of individual lineages distributed outside the Pacific coast
of Eurasia from a common ancestral haplotype. However, in contrast to COI haplotypes,
no ancestral variant has been detected in any study on the cyt b sequence. Nevertheless,



Water 2022, 14, 2484 10 of 23

as is the case with COI, two independent Mediterranean lineages (MS and MN, shown in
yellow), one Black Sea group (BS, orange), and one transatlantic group (TA, red), as well
as the American phylogenetic lineage, the representatives of which are distributed on the
North American coast of the Pacific (WA, pink), descended from the cyt b sequence.

Analysis of the haplotype network for the partial cyt b sequence allows for more
detailed tracing of the origin of the E haplotype group (which includes, by analogy with
COI, the EA, EB, and EC subgroups, marked with different shades of blue, green, and
purple in Figure 3; see the figure caption), which is most widely distributed in Europe.
Figure 3 clearly shows that this group is on the periphery of the network and appears to
have descended from one of the transatlantic haplotypes.

The other peripheral groups represent a series of strongly differentiated phylogenetic
lineages (MW, MV, and MR, marked in yellow) that descended successively from one
another and then evolved independently over a long period of time. The carriers of the
haplotypes belonging to these lineages live in different areas of the Mediterranean basin,
isolated from one another.

The EM phylogenetic lineage (shown in pale green), the representatives of which have
been found on the coast of the Bay of Biscay, may also belong to this group rather than hav-
ing descended from E1. Judging by its position in the network (Figure 3), both possibilities
seem equally likely; an unambiguous solution to this question requires additional data.

3.3. Distribution of Representatives of Different COI and cyt b Phylogenetic Lineages over the
Species Range

As shown in Figures 4a and 5a, representatives of only two phylogenetic lineages
are found in the Pacific basin: carriers of the haplotypes of the ancient CP/P megacluster
(COI/cyt b) and of the CWA/WA phylogenetic lineage (COI/cyt b). Threespine stickleback
with the CP/P haplotypes occur only on the Pacific coast of Eurasia, whereas the CWA/WA
lineage is found on the western coast of North America and, occasionally, in some Far
Eastern populations.

As evident in Figures 4b and 5b, representatives of all the other phylogenetic lineages
inhabit the Atlantic basin. The haplotypes belonging to the Mediterranean phylogenetic
lineages (CMS for COI and MS, MN, MW, MV, and MR for cyt b) only occur in small
localities, with the carriers of many haplotypes inhabiting only one freshwater system each
(Supplement S1, Table S2). Similarly, the haplotypes belonging to the Black Sea lineage
(CBS/BS) are found only in stickleback of the Black Sea basin.

The transatlantic phylogenetic lineage (CTA/TA) and the recent CE/E cluster derived
from it stand in complete contrast to the Black Sea and Mediterranean lineages; their
carriers are found on both sides of the Atlantic Ocean. A characteristic feature of the
transatlantic lineage is that its haplotypes dominate the North American populations of
the eastern coast and are common in the stickleback populations of the northern Europe
and Russia, inhabiting the basins of the White and Barents Seas. In addition, they occur in
stickleback populations of the British Isles and in the basin of the Seine River flowing into
the English Channel.

Fish with haplotypes belonging to the CE/E cluster reside predominantly in Europe,
but variants of the sequences are distributed unevenly over this part of the threespine
stickleback range. The structures of similar clusters for the two mitochondrial loci studied
are such that most COI haplotypes differ from CE and most cyt b haplotypes differ from E1
by only one nucleotide substitution (Figure 3). Therefore, it is not surprising that carriers of
the CE and E1 haplotypes are found in the majority of European threespine stickleback pop-
ulations (Supplement S1, Tables S1 and S2). Characteristically, in the case of cyt b, another
haplotype, E2, is also widespread and is found in the threespine stickleback populations
inhabiting the Northern, Baltic, and White Sea basins (Supplement S1, Table S2).

In Figure 4b, which shows the distribution of COI haplotypes of different phylogenetic
lineages over the range, the “basic” CE haplotype is shown in blue, as in the network for
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this gene (Figure 2), and the gray-blue color indicates the CEA2 haplotype, which, like the
Mediterranean CME haplotype, may theoretically be ancestral for the CE cluster.

Similarly, the E1 and E2 haplotypes, which occur in stickleback from different sea
basins and cannot be assigned to a specific subgroup, EA, EB, or EC, are shown in blue
in the network for cyt b (Figure 3) and the map of the distribution of haplotypes from
different phylogenetic lineages of this gene over the species range (Figure 5b). In the
network (Figure 3) and map (Figure 5b), the ETA haplotype is marked with bright blue
color. This haplotype is a link between the transatlantic (TA) lineage and the European (E)
cluster. This haplotype has been found in southern Portugal, in the Lake Ladoga basin,
and in the White and Barents Sea basin; hence, like the E1 and E2 haplotypes, it cannot be
included in the EA, EB, or EC subgroups.

3.4. Reconstruction of the Routes of Threespine Stickleback Dispersal within Its Range

Having studied the characteristics of the haplotype networks for the two mitochondrial
genes of the threespine stickleback, as well as the distribution of these haplotypes over
the modern range of the species, we attempted to determine in which periods of Earth’s
history the paleogeographic environment facilitated the formation of this range and which
waterways that existed at that time could have served as the routes of dispersal. By
comparing all of our own and available published data, we compiled a scheme of the
dispersal routes, which is shown in Figure 6. The rationale for this reconstruction is
presented in the Section 4.
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Figure 6. Reconstruction of the dispersal of various phylogenetic groups of the threespine stickleback
(an original scheme). The paleogeographic setting corresponds to the period of 30 Mya. Purple,
oceans and seas; blue, brackish water reservoirs; turquoise, freshwater reservoirs; yellow, plains;
brown, mountains. Dark lines mark the modern boundaries of large water bodies (based on [36]).
Green stars indicate the localities of fossil margaritiferid mussels (based on [37]). Shaded areas are
the presumed zones of the initial stages of differentiation of phylogenetic lineages. Haplotype color
key: brown, haplotypes of the Pacific cluster corresponding to the Trans-North Pacific clade (P);
yellow, the group of endemic Mediterranean lineages (M); pale green, the endemic linage of the Bay
of Biscay (EM); orange, the Black Sea lineage (BS); dark pink, the American lineage (WA); red, the
transatlantic lineage (TA); green and different shades of blue, phylogenetic lineages of the European
cluster (E). The lineages of the European cluster (E) form three main subgroups: those associated
with the Atlantic and Arctic Ocean basins (EA, different shades of blue), the Baltic Sea basin (EB,
green), and the Mediterranean Sea basin (EC, mauve).
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3.5. Haplotypes found in Nontypical Localities

Threespine stickleback with haplotypes belonging to the CE/E cluster are found
not only in Europe but also in North America, although less frequently than carriers of
transatlantic-lineage haplotypes. Regarding the partial sequence of the COI gene, the
CE haplotype, which is “basic” for the European cluster, is regularly found in various
stickleback populations of the eastern coast of North America. In addition, a unique
haplotype, CEA9, differing from CE by one nucleotide substitution, was also detected in
one of these populations (Supplement S1, Table S2). Regarding the partial cyt b sequence, a
unique haplotype, EAM, belonging to a branch of the EB subgroup of the European cluster,
was found in stickleback inhabiting the Atlantic coast of North America (Table S2).

Furthermore, cyt b haplotypes belonging to the EB group, carriers of which are common
in the Baltic Sea basin (EB5 and EB9; Supplement S1, Tables S1 and S2) were detected in at
least four threespine stickleback populations of the Black Sea basin. There is also evidence
that there was a carrier of the CWA5 haplotype characteristic of the American phylogenetic
lineage (KR862861.1) in a population of this basin; analysis of our own data also revealed a
haplotype belonging to this phylogenetic lineage in one specimen from the Sukko River
(no. OK349512).

4. Discussion
4.1. Direction of Threespine Stickleback Dispersal in the Course of the Formation of Its Modern
Range and Irregularity in the Rates of Evolution

As mentioned above, researchers agree that the threespine stickleback, as a species,
originated in the Pacific Ocean basin; this viewpoint is based, in particular, on paleon-
tological findings (reviewed in [5,16]). The haplotype networks for partial COI and cyt
b nucleotide sequences constructed in this study also support this hypothesis. In addi-
tion, these networks support the notion that the CP/P lineage (related to the Trans-North
Pacific clade) is the oldest of all currently existing phylogenetic lineages of the threespine
stickleback. The results of our study (Figures 4a and 5a) indicate that its carriers currently
inhabit the Pacific coast of Eurasia. However, according to published data, representatives
of this lineage are preserved in some resident populations on the western coast of North
America [19,38–42].

Taking the COI and cyt b nucleotide sequences of this lineage (the CP and P clusters
in Figures 2 and 3, respectively) as a “baseline”, we can thereby determine the direction
in which the stepwise transformation of these gene sequences occurred as the species
dispersed throughout its modern range.

Considering the patterns of the haplotype networks shown in Figures 2 and 3, the
idea of estimating the time of divergence of different threespine stickleback groups on
the basis of the “molecular clock” hypothesis mentioned in the Introduction is called into
question. The fact that the COI haplotype CME, ancestral to both European and American
phylogenetic lineages, still exists in the population of the ancient Lake Skadar in the Balkan
Peninsula, suggests an uneven rate of evolution of this sequence in different parts of the
threespine stickleback range.

4.2. Time and Routes of the Invasion of the Threespine Stickleback into Europe

We further analyzed the haplotype networks for the partial sequences of the two
mitochondrial genes, now taking into account that the CP/P cluster is the most ancient.
This should inevitably lead us to the conclusion that the differentiation of the threespine
stickleback resulting in the formation of the megacluster that corresponds to the Euro-North
American clade and includes all phylogenetic lineages, except for CP/P, began in a water
body covering, among other areas, parts of the modern Balkan Peninsula. It was from
this water body that threespine stickleback entered the Atlantic Ocean, spread along the
European coast, and then crossed the ocean; that is, a reasonable conclusion is that the
threespine stickleback originally invaded Europe from the south rather than the north.
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The conclusion with respect to the southern origin of European threespine stickleback
contradicts the point of view first published in the literature more than a hundred years
ago that has not been revised since then. A number of reputable ichthyologists [22–26]
assumed that the threespine stickleback first populated northern Europe and then spread
to the south. The notion that G. aculeatus spread from the Pacific Ocean to northern Europe
via the Arctic Ocean [19] is a further confirmation of this idea. However, only one fact that
actually deserves attention supports the hypothesis on the northern origin of European
stickleback: the absence of G. aculeatus in the Danube basin until the late 19th century.

Thus, the notions of both the northern origin of the threespine stickleback and its
dispersal through the Arctic are mere hypotheses. Although they were put forward by
prominent scientists and deserved the closest attention, evidence that could definitely prove
or disprove these statements was clearly insufficient, even in the mid-20th century. There-
fore, it is not surprising that a number of genetic, paleontological, and paleogeographic
data contradicting this hypothesis have appeared recently.

We would like to emphasize that our conclusion that the dispersal of stickleback in
Europe started from the south, specifically from the Black and Mediterranean Sea basins, is
not only based on our own data. For example, this theory is supported by the results of a
study wherein the median network for a partial sequence of the cyt b gene was constructed
using a different set of haplotypes [31]. The results showed that several variants of the
sequence found only in stickleback populations of the Adriatic Sea basin were most similar
to a stickleback haplotype from Japan. Unfortunately, Vila and coauthors [31] did not
discuss this interesting result in their paper.

By summarizing genetic and paleontological data and based on paleogeographic
reconstructions [36,43–45], we concluded that the threespine stickleback spread from the
Pacific Ocean to southern Europe as early as Oligocene, about 30 Mya, through a chain
of water bodies. This chain connected the modern Amur River basin with the ancient
Paratethys Sea (Ocean), which, in turn, was connected with the Mediterranean Sea. Pre-
cisely during this geological period, the conditions for the migration of the threespine
stickleback to the region of modern Europe were formed. The dispersal of hydrobionts via
this route is confirmed by paleogeographic data and findings of fossil shells of freshwa-
ter pearl mussels (Margaritifera) in the area of this chain of water bodies. Together with
pearl mussels, salmonid fish, which are hosts of mussel larvae, and, apparently, other
hydrobionts, including stickleback, also migrated through these water bodies (reviewed
in [37]).

In connection to the dispersal of the threespine stickleback, closest attention should
also be paid to the long debates on the place of origin of brown trout (Salmo trutta Linnaeus),
a coldwater species that, like the threespine stickleback, has been widespread in Europe
for a long time (reviewed in [46–48]). Our recent study showed that the most ancient COI
haplotypes of brown trout are common in the Ponto-Caspian and Mediterranean basins,
whereas the populations of central, western, and northern Europe appeared relatively
recently, when brown trout managed to enter the Atlantic Ocean through the Strait of
Gibraltar and spread from the modern Danube River basin to the modern Rhine River
basin through a system of paleo-water bodies [48].

The data reported in this study suggest that the dispersal of the threespine stickleback
also occurred from the south to the north of Europe. This conclusion allows us to explain the
long-known “zoogeographic anomaly”: in the G. aculeatus that inhabit the seas bordering
Denmark and northern Germany, the parasite Magnibursatus caudofilamentosa (Reimer, 1971)
Gibson & Køie (a species of Digenea) has been found, which is absent in other areas of
northern Europe [49,50]. Considering that other representatives of this genus occur in the
Black Sea, Mediterranean Sea, and Bay of Biscay [51,52], it can be assumed that the ancestor
of the parasite passed from the modern Mediterranean and/or Black Seas to the north,
together with its host, the threespine stickleback. Moreover, the finding of representatives
of the genus Magnibursatus in the Bay of Biscay confirms the assumption that the EM
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phylogenetic lineage (cyt b) is related to the Mediterranean phylogenetic lineages rather
than having descended from the lineage with the E1 haplotype.

4.3. Differentiation of the Main Phylogenetic Lineages of Threespine Stickleback in the Atlantic
Basin and the Spread of the Euro-North American Clade throughout the Range

Analysis of the distribution of different phylogenetic lineages of the threespine stickle-
back in the Atlantic basin (Figures 4b and 5b) shows that all of them descended, directly or
indirectly, from a common ancestor. In general, the nucleotide sequences of one American,
one transatlantic, one Black Sea, and at least two Mediterranean lineages directly originated
from a single ancestral sequence. The haplotype network for cyt b also clearly shows that
all other Mediterranean lineages successively descended from one another, and there is a
distinct trend toward gradual transformation of the cyt b gene sequence through successive
nucleotide substitutions in the westward direction, from the modern Black Sea region to
the Bay of Biscay. Furthermore, individual phylogenetic lineages of the Mediterranean
group became isolated from one another with no further contact.

This situation is reflected in the diagram of the Paleoeuropean dispersal of threespine
stickleback (Figure 6): at the time of Paratethys, modern Europe was a group of islands
that which were gradually merging with one another. The straits separating them became
freshwater lakes and river valleys in which threespine stickleback populations (previously
inhabiting salt waters) were isolated. This assumption is supported by the fact that all
the stickleback of the Mediterranean group belong to the low-plated morph [25,53]. The
stickleback of the Bay of Biscay basin also belongs to this morph [53], which serves as
another argument in favor of assigning it to the Mediterranean rather than European group.
The data presented in a classic study by Münzing [25] entirely support the concept that
stickleback colonized Europe from the south to the north, although the author assumed
that the low-plated morph entered the Mediterranean Sea from the Atlantic Ocean and that
the fully plated morph entered the Black Sea from the Baltic Sea basin. On the contrary, we
assume that Mediterranean stickleback, inhabiting highly desalinated biotopes, lost their
armor plates, as happens at present when freshwater populations are formed (reviewed
in [5,14]) and therefore could not spread further than the Bay of Biscay. In contrast, the
G. aculeatus that lived in the area of the modern Black Sea basin spread along the gulf of
Paratethys, which, in some periods, was connected with the North Sea in the region where
the Baltic Sea was later formed [36] (see Figure 6); therefore, these sticklebacks retained
their plates.

The American, transatlantic, and Black Sea lineages originated from the same common
ancestor as the group of Mediterranean lineages. However, whereas the endemic lineage
that is widespread in the Black Sea basin still inhabits approximately the same area where it
originated, the American and transatlantic lineages, which originated independently of each
other, as seen from the networks for both mitochondrial genes studied (Figures 2 and 3),
reached the western and eastern coasts of North America, respectively.

This distribution of two phylogenetic lineages with a common ancestor suggests
that both their COI and cyt b ancestral haplotypes were widespread in the stickleback
populations of the Paratethys. The fish with these haplotypes could inhabit a vast area
stretching to the region of the modern watershed between the Dnieper and Vistula River
basins, to which one of the largest gulfs of the Paratethys extended. Moreover, in some
epochs, particularly 30 Mya, the Paratethys and the Atlantic Ocean were separated only by
an area of shallow lagoons periodically flooded by the sea; i.e., Paratethys stickleback had
direct access to the Atlantic Ocean in the area of the modern North Sea [36].

Furthermore, we can conclude that the invasion of the American lineage of the three-
spine stickleback into the waters of the western coast of the North American continent
occurred in the period when Greenland was still part of North America. Only this as-
sumption can explain why the two phylogenetic lineages of stickleback distributed on
different sides of the continent have not intermixed. Moreover, the independent origin of
the CTA/TA and CWA/WA lineages from a common ancestor inhabiting the gulf of the
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North Sea that was once connected with the Paratethys indicates that the dispersal of the
threespine stickleback along the eastern and western coasts of North America occurred in
different periods.

4.4. Patterns of Geographic Location of the Haplotypes of the Transatlantic CTA/TA Lineage and
the European CE/E Cluster Marking the Routes of Spread of G. aculeatus

As clearly shown in Figures 4b and 5b, the European threespine stickleback lineage
distinctly predominates in the North Sea and Baltic Sea basins, with the “basic” CE and E1
haplotypes of COI and cyt b, respectively, being the most frequent haplotypes in this area.
This allows us to identify this region as the center of origin of the entire European cluster
(Figure 6). We believe that the populations of the North Sea and Baltic Sea basins are so
weakly differentiated because there was no Baltic Sea in the early Pleistocene, and a large
Baltic River flowed into the North Sea [43]; i.e., the two modern water systems were part of
a single basin.

The haplotypes of the transatlantic lineage are not found here; they inhabit somewhat
more western regions of the European part of the range, including the Faroe Islands, the
western coast of Scotland, and a tributary of the Seine River flowing into the English
Channel (Figures 4b and 5b). This leads to the conclusion that representatives of the
transatlantic lineage came to the Atlantic coast of North America having skirted the area of
the modern British Isles from the west, after which they became “trapped” between the
modern mainland and Greenland, the northern part of which was connected with North
America even 3 Mya [44]. It also cannot be ruled out that carriers of the haplotypes of
the transatlantic CTA/TA lineage were once abundant in the North Sea but were then
displaced by fish with haplotypes belonging to the CE/E cluster originating from the
transatlantic lineage.

In contrast, northeastern Greenland is likely to have been populated by the ancestors of
the carriers of the American lineage haplotypes, who, having subsequently passed through
the Arctic, spread along the Pacific coast of North America, which apparently occurred even
before the transatlantic lineage was formed. This assumption, based on analysis of genetic
data, is confirmed by paleontological findings; fossil remains of threespine sticklebacks have
been found in the far northeast of Greenland (Kap København) [54]. Bennike [17] (p. 902)
notes that the age of sediments where stickleback were found is 2–2.5 Myr, although the
author expresses some skepticism about this find: “ . . . but this find is questioned because
no more remains of the species have been recovered, in spite of intensive search.”

4.5. Invasion of Carriers of the American Lineage Haplotypes into the Pacific Basin

As mentioned above and as shown in Figures 4a and 5a, two strongly divergent
phylogenetic lineages of threespine stickleback are widespread in the Pacific basin. Carriers
of the Trans-North Pacific clade haplotypes dominate western coast populations and
have been found in some resident populations of the eastern Pacific coast. In contrast,
carriers of the haplotypes of a phylogenetic lineage belonging to the Euro-North American
clade dominate the populations of the eastern Pacific and are rarely found in the western
Pacific [19,38–42,55–60].

However, no haplotypes with “intermediate” nucleotide sequences have been found
in the Pacific basin, which indicates that neither of the two Pacific phylogenetic lineages
descended directly from the other one. Moreover, as evident in Figure 2, the American CWA
lineage (its haplotypes are marked in pink) originated from one of the haplotypes found in
the Mediterranean stickleback. The same haplotype is, directly or indirectly, ancestral to all
the phylogenetic lineages of stickleback, except CP/P (the Trans-North Pacific clade).

This structure of the haplotype network makes it improbable that the Atlantic basin
stickleback descended from the Pacific stickleback belonging to the Euro-North American
clade, as suggested by Orti et al. [19]. In contrast to these researchers, we believe that
the stickleback of the American lineage invaded the western North American continent
5–2 Mya from the area of modern Europe, which is confirmed by paleogeographic recon-
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structions [44]. As noted above, about 30 Mya, one of the largest gulfs of the Paratethys had
a direct connection with the Atlantic Ocean in the area of the modern North Sea. Apparently,
carriers of the CME haplotype of the COI gene, from which, directly or indirectly, all phylo-
genetic lineages of threespine stickleback originated in the Paratethys, were widespread
here. Greenland was part of the North American continent for a long time—until the end of
the Tertiary period [44]—and served as a geographical barrier separating the transatlantic
and American lineages of G. aculeatus.

Paleoclimatological studies have shown that warm waters from the Atlantic Ocean
were entering the Arctic Ocean during the mid-Pliocene Warm Period (3.025–3.246 Mya),
which led to a significant decrease in the amount of ice in the Arctic [61]. Thus, during
this period, the ancestors of the stickleback belonging to the American lineage could freely
migrate from the Atlantic Ocean to the Arctic Ocean, together with the waters forming the
warm current, reaching the Pacific Ocean. Subsequently, these fish dispersed along the
eastern Pacific coast, gradually displacing the stickleback of the ancient Trans-North Pacific
clade, which had previously inhabited this area. It is not a coincidence that the distribution
of the carriers of the Trans-North Pacific clade haplotypes on the North American continent
is characteristic of relic forms, i.e., they mainly occur in lakes [19,38–42].

It cannot be ruled out that stickleback belonging to the American CWA/WA lineage
are currently replacing carriers of the CP/P haplotype (the Trans-North Pacific clade) on the
Asian coast of the Pacific Ocean.

Our viewpoint is supported by the results of a study on the diversity of the mtDNA
gene COI of Gyrodactylus arcuatus Bychowsky, 1933 parasitizing threespine stickleback,
whereas 131 haplotypes of this gene have been identified in European samples, and all
samples from both western and eastern coasts of the Pacific Ocean carry the same single
haplotype. Lumme, Mäkinen et al. [62] (p. 552) write, “We assume that the parasite species
is originally European”. This assumption becomes especially realistic if we suppose that
G. arcuatus entered the Pacific Ocean from the Atlantic Ocean, together with its host, the
threespine stickleback.

Reviews [63,64] have demonstrated that migrations of hydrobionts from the Atlantic
Ocean to the Pacific Ocean occurred repeatedly during periods of climate warming in the
Arctic region, although they were less frequent than those in the opposite direction. For
example, the ancestor of the northern elephant seal (Mirounga angustirostris (Gill)) migrated
from the Atlantic Ocean to the eastern coast of the Pacific Ocean. Characteristically, the
ancestors of this species belonging to the genus Pachyphoca inhabited the Paratethys in the
Miocene [65].

Thus, threespine stickleback may have circled the globe for millions of years, moving
westwards before reached their homeland, the Pacific Ocean basin, which has long been
inhabited by carriers of the haplotypes of the Trans-North Pacific clade.

4.6. Secondary Contacts between Representatives of Different Phylogenetic Lineages

The distribution of haplotypes belonging to different phylogenetic lineages clearly
demonstrates that carriers of the haplotypes of formerly separated lineages have repeatedly
contacted one another during the complex geological history of Europe. These contacts were
mainly caused by displacement of watershed lines (in this case, parts of some freshwater
systems switched between basins, together with the fish populations inhabiting them) and
the processes related to glacial retreat (fish from different phylogenetic lineages took part
in the colonization of many water systems that were formed in the areas once occupied by
the glacier).

Threespine stickleback of the Rhône River. Figure 5b clearly shows that the threespine
stickleback populations of the basin of the Rhône River, which flows into the Mediterranean
Sea, are characterized by haplotypes of the E group (EC subgroup), although usually, no
carriers of the E haplotype are found in other populations of large rivers or lakes of the
Mediterranean basin. Furthermore, the haplotypes of the EC subgroup are also found in
stickleback from the basins of the Elbe and Weser rivers flowing into the North Sea, from
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where they apparently migrated into the Rhône River; paleogeographic reconstructions
show that during the period from 15 to 2 Mya, the area north of the Alps belonged
successively to several different basins, including those of the Rhône, Danube, and Rhine
rivers (reviewed in [66,67]), which provided the conditions for fish migration between
rivers belonging to different sea basins.

This hypothesis is supported by finds in the Rhône River basin of typically northern
fish from the genera Salvelinus and Coregonus, which are nontypical of the Mediterranean
region [68], as well as finds of COI haplotypes belonging to the same phylogenetic lineage
in the brown trout populations of the Danube, Rhine, and Rhône basins [48]. Similarly,
fish with COI haplotypes of the North-European clade, which are characteristic of the
stickleback populations of the Rhône River and Baltic Sea basins [69], are found in ninespine
stickleback (Pungitius pungitius (Linnaeus)) populations of the Rhône. In the European
grayling (Thymallus thymallus (Linnaeus)) population of the Rhône, the haplotypes of the
control region of mtDNA similar to the haplotypes identified in the population of this
species from the upper Rhine [70] have been found. Although no cyt b haplotypes of the EC
subgroup have been found to date in the threespine stickleback populations of the Rhine
itself, all of the above data suggest that threespine stickleback invaded the Rhône basin
from the Rhine basin, as did fish of a number of other species, some of which are nontypical
of the Mediterranean ichthyofauna.

Later (probably at the end of one of the glacial periods), when the waters of the
Mediterranean Sea were cooler and the inflow of the rivers running from the north consid-
erably increased, threespine stickleback were able to leave the river for the sea, reaching
modern Corsica (Figure 5b). After this, the fish spread further, passing along the Apennine
Peninsula as far as Sicily and the southern tip of the Peloponnesus, as judged from the
finds of stickleback with COI haplotypes belonging to the CEC subgroup of the CE cluster
in these regions (Figure 4b).

Haplotypes of the Transatlantic group in threespine stickleback of the White and
Barents seas. The transatlantic lineage haplotypes found in stickleback of the western
coast of Scotland, the Seine River basin, and the Faroe Islands apparently mark the an-
cient migration route of G. aculeatus across the Atlantic Ocean to the east of the North
American continent, which is currently dominated by the carriers of the haplotypes of this
phylogenetic lineage.

However, no haplotypes of this lineage have been found along the coast of Norway,
although they have been found and are even abundant in the northern European Russia,
namely in the populations inhabiting the basins of the Barents and White Seas. We attribute
this distribution of haplotypes to the characteristics of fish dispersal in this region during
the retreat of the last glacier.

Specifically, we previously showed that, during the postglacial colonization of this
region by Atlantic salmon (Salmo salar Linnaeus), fish from North American populations
were the first to migrate to the area of the modern Kola Peninsula [71]; only later did
Atlantic salmon, which had survived the glacial period in the refugium located in the
area of the British Isles, appear there and spread along the coast of modern Norway. On
this basis, we can conclude that threespine stickleback of the transatlantic lineage could
have also come to northwestern Russia from North America. Despite its small size, the
threespine stickleback is capable of long sea migrations; live specimens of this species have
been found hundreds of kilometers from the shoreline in both the Atlantic and Pacific
Oceans [72,73]. Carriers of the European haplotypes are likely to have appeared in this
region later, having entered the White Sea through the strait in the area of modern Lake
Imandra, which separated the “Kola Island” from modern Scandinavia.

Fish migrations in the opposite direction (from Europe to America) could have facili-
tated the appearance of haplotypes characteristic of European populations on the eastern
coast of North America.

Finds of Baltic haplotypes of the EB group of the E cluster and haplotypes of the
American CWA lineage in the Black Sea basin. In the Black Sea basin, cyt b haplotypes
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belonging to the Baltic EB subgroup were originally found in the threespine stickleback
population of the Alma River on the Crimean Peninsula, as well as in the stickleback
inhabiting the Teterev and Sluch tributaries of the Dnieper River [27]. The carriers of these
haplotypes, nontypical of the Black Sea basin, may have appeared here because the Dnieper,
which flows into the Black Sea, is currently connected with Baltic water systems by canals.

In other areas of the Black Sea coast, haplotypes of the European EB cluster of the E
subgroup were not found at that time; however, later, mtDNA screening of a large group of
fish from the Dyurso River on the Black Sea coast of the Caucasus identified two carriers
of haplotypes of this subgroup among 13 anadromous fish, whereas all the 18 fish of the
resident form from this river carried typical Black Sea haplotypes (Table S1). Thus, there
is reason to believe that the appearance of fish with Baltic haplotypes in the Black Sea
basin is related to human activities, and carriers of these haplotypes, which have entered
the Dnieper River through the canal system, are now successfully dispersing along the
northern Black Sea coast in the eastern direction.

We also cannot ignore a report [74] that a fish with the CWA5 haplotype (no. KR862861.1)
belonging to the American lineage was found in the Black Sea basin (the Bzyp River). Our
own data confirm that there are representatives of the American lineage in the Black Sea.
We found one specimen with the American haplotype CWA1 in the estuary of the Sukko
River (no. OK349512). On the other hand, finds of stickleback with CWA haplotypes in the
Black Sea basin are so rare that their appearance here seems more likely to be related to
human activity. The question requires additional study.

Haplotypes of the Euro-North American clade in threespine stickleback of Lake Kussharo,
Japan. To the best of our knowledge, one case of the appearance of CWA/WA haplotypes
belonging to the Euro-North American clade in populations of the Eurasian Pacific coast
can be explained by human activity. As shown in Figure 5a and as previously shown [75],
carriers of haplotypes of this lineage have been identified in Lake Kussharo on Hokkaido
Island, Japan. However, the threespine stickleback population of this lake is not native, and
it is quite possible that it was partly populated by descendants of fish brought there from
North America, together with artificially introduced salmonid fish [75].

4.7. Notes on the Origin of Gasterosteus wheatlandi

The CP/P phylogenetic lineage, which other researchers relate to the Trans-North
Pacific clade, is not only the oldest known haplotype group of G. aculeatus, from which
all other haplotypes of this species descended, but also the lineage most closely related
to the haplotypes of the sticklebacks G. nipponicus and G. wheatlandi. Specifically, the
haplotype network for the partial cyt b sequence shown in Figure 3 demonstrates that
this is the phylogenetic lineage to which the haplotypes of G. wheatlandi are most closely
related. The data on the partial COI sequence (Figure 2) do not contradict this conclusion,
indicating that the G. wheatlandi haplotypes did not directly descended from those of the
North Pacific clade of G. aculeatus; instead, these two groups of haplotypes share a common
ancestral sequence.

No hypotheses on the origin of the species G. wheatlandi, which exclusively inhabits
northeastern North America, have been published to date (reviewed in [14,76,77]). How-
ever, analysis of the median haplotype networks constructed in this study (Figures 2 and 3)
allows us to shed some light on the origin of this endemic species. Given that its haplotypes
for the partial sequences of the COI and cyt b mtDNA genes are related to the haplotypes
of the most ancient Trans-North Pacific clade of the threespine stickleback G. aculeatus, it
is likely that the ancestors of G. wheatlandi reached the northwestern Atlantic Ocean from
the Pacific Ocean, moving along the Arctic coast of North America (i.e., spreading in the
direction opposite to that of the spread of G. aculeatus) and that speciation was allopatric.

It should be noted that not only G. wheatlandi, but also a number of invertebrate species
from the Pacific Ocean inhabit the northwestern part of the Atlantic Ocean but not its other
areas [78]. This confined distribution is characteristic of many boreal species that have
crossed the Arctic Ocean [79].
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The species G. wheatlandi apparently underwent both abrupt environmental changes
and periods of significant decrease in numbers in the course of its evolution. This as-
sumption explains our finding of a significant acceleration of mtDNA evolution during the
formation of this species. Moreover, G. wheatlandi is characterized by rapid evolution of sex
chromosomes: “After the blackspotted lineage diverged, its sex chromosomes experienced
independent and more extensive recombination suppression, greater X–Y differentiation,
and a much higher rate of Y degeneration than the other two species” [80] (p. 4403). Ap-
parently, this greater differentiation is the reason why the hybrids of G. aculeatus and G.
wheatlandi are inviable [7], although it should be noted that the amino acid sequences of
cytochrome oxidase I and cytochrome b of G. wheatlandi have also been changed compared
to those of G. aculeatus; the COI gene has two non-synonymous replacements, whereas the
cyt b gene has four.

5. Conclusions

Analysis performed in this study has confirmed that the species G. aculeatus, as well
as the genus Gasterosteus in general, originated in the Pacific Ocean basin. The structure of
haplotype networks for the COI and cyt b mtDNA genes, combined with paleogeographic
data, convincingly indicates that the G. aculeatus spread to Europe by migrating from the
modern Far East in the Oligocene via a system of water bodies, the main body of which
was the ancient Paratethys Ocean (the present study is the first to posit this hypothesis).
Furthermore, the Paratethys stickleback inhabiting the area of the modern Black Sea basin
invaded the Mediterranean Sea, and the fish inhabiting a large gulf located in the northwest
of the ancient ocean migrated to the basins of the modern North Sea and Baltic Sea. From
the northern Atlantic Ocean, G. aculeatus spread to the western coast of North America via
the Arctic Ocean.

Analysis of our data has also shown that the endemic species G. wheatlandi is the most
similar to threespine stickleback of the oldest phylogenetic lineage currently found along
the Eurasian coast of the Pacific Ocean. This suggests that the ancestors of the endemic
species G. wheatlandi reached the northwestern Atlantic Ocean by passing through the
Arctic in the direction opposite to that of the spread of G. aculeatus.

The scheme of stickleback dispersal proposed in this study is consistent with both
paleontological and genetic data and, in contrast to the traditional viewpoint, explains
(1) the presence of two strongly divergent threespine stickleback lineages in the Pacific
Ocean basin, (2) the presence of several strongly divergent phylogenetic lineages of this
species in southern Europe, and (3) the fossil stickleback occurrences in Europe (1.9 Mya)
and Greenland (2–2.5 Mya). In addition, this hypothesis explains a “zoogeographic
anomaly”, namely the finding of Magnibursatus caudofilamentosa, a parasite of southern
origin, in representatives of G. aculeatus inhabiting seas off the coasts of Denmark and
northern Germany. This study is the first to propose the hypothesis that G. wheatlandi de-
scended from an ancestor that lived in the Pacific Ocean and that the ancestral populations
of this species dispersed along the Arctic coast of North America.
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Gasterosteus deposited in the GenBank database by other researchers [81–88].

Author Contributions: Conceptualization and methodology, V.S.A.; data analysis, N.V.B.; original
draft preparation, A.A.M.; field investigation and data curation, O.V.A., T.S.I., M.V.I., E.A.K., A.V.K.,
A.M.M., A.N.P. and S.I.R.; formal analysis, resources, and project administration, D.L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: Alexander Makhrov’s participation in the project was supported by the Russian Science
Foundation, grant no. 19-14-00066, https://rscf.ru/project/19-14-00066/, accessed on 11 July 2022.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/w14162484/s1
https://www.mdpi.com/article/10.3390/w14162484/s1
https://rscf.ru/project/19-14-00066/


Water 2022, 14, 2484 20 of 23

Informed Consent Statement: Not applicable.

Data Availability Statement: The initial data for the manuscript are included in the Supplementary
Materials.

Acknowledgments: We are grateful to J.A. Alekseeva, O.N. Bespaliy, D.I. Berman, I.N. Bolotov, R.
Ericksen, P.V. Golovin, J. Heron, O.L. Makarova, V.I. Petrashov, A.N. Reshetnikov, E.V. Rybkina,
V.M. Spitsyn, P.P. Strelkov, I.V. Vikhrev, and G. Wilson, as well as to Marakov Komandorsky State
Nature Biosphere Reserve for the assistance in collecting samples. We are grateful to V.L. Ushakov
for translation of the article. Fieldwork was carried out in accordance with Permit MRSU17-268747.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bergström, U.; Olsson, J.; Casini, M.; Eriksson, B.K.; Fredriksson, R.; Wennhage, H.; Appelberg, M. Stickleback increase in the

Baltic Sea—A thorny issue for coastal predatory fish. Estuar. Coast Shelf Sci. 2015, 163, 134–142. [CrossRef]
2. Yurtseva, A.; Lüskow, F.; Hatton, M.; Doucet, A.; Lajus, D. Finfish vs jellyfish: Complimentary feeding patterns allow threespine

stickleback Gasterosteus aculeatus and common jellyfish Aurelia aurita to co-exist in a Danish cove. Mar. Biol. 2018, 165, 148.
[CrossRef]

3. Lajus, D.L.; Golovin, P.V.; Zelenskaia, A.E.; Demchuk, A.S.; Dorgham, A.S.; Ivanov, M.V.; Ivanova, T.S.; Murzina, S.A.;
Polyakova, N.V.; Rybkina, E.V.; et al. Threespine Stickleback of the White Sea: Population Characteristics and Role in the
Ecosystem. Contemp. Probl. Ecol. 2020, 13, 132–145. [CrossRef]

4. Hudson, C.M.; Lucek, K.; Marques, D.A.; Alexander, T.J.; Moosmann, M.; Spaak, P.; Seehausen, O.; Matthews, B. Threespine
Stickleback in Lake Constance: The Ecology and Genomic Substrate of a Recent Invasion. Front. Ecol. Evol. 2021, 8, 611672.
[CrossRef]

5. Bell, M.A.; Foster, S.A. (Eds.) The Evolutionary Biology of the Threespine Stickleback; Oxford University Press: New York, NY, USA;
Tokyo, Japan, 1994; pp. 1–571.

6. Gibson, G. The synthesis and evolution of a supermodel. Science 2005, 307, 1890–1891. [CrossRef] [PubMed]
7. Hendry, A.P.; Bolnick, D.I.; Berner, D.; Peichel, C.L. Along the speciation continuum in sticklebacks. J. Fish Biol. 2009, 75,

2000–2036. [CrossRef]
8. Ivanova, T.S.; Ivanov, M.V.; Bakhvalova, A.E.; Polyakova, N.V.; Golovin, P.V.; Kucheryavyy, A.V.; Yurtseva, A.O.; Smirnova, K.A.;

Lajus, D.L. Homing ability and site fidelity of marine threespine stickleback on spawning grounds. Evol. Ecol. Res. 2019, 20,
297–315.

9. Terekhanova, N.V.; Barmintseva, A.E.; Kondrashov, A.S.; Bazykin, G.A.; Mugue, N.S. Architecture of Parallel Adaptation in
Ten Lacustrine Threespine Stickleback Populations from theWhite Sea Area. Genome Biol. Evol. 2019, 11, 2605–2618. [CrossRef]
[PubMed]

10. Fang, B.; Kemppainen, P.; Momigliano, P.; Feng, X.; Merilä, J. On the causes of geographically heterogeneous parallel evolution in
sticklebacks. Nat. Ecol. Evol. 2020, 4, 1105–1115. [CrossRef]

11. Ishikawa, A.; Kitano, J. Diversity in reproductive seasonality in the three-spined stickleback, Gasterosteus aculeatus. J. Exp. Biol.
2020, 223, jeb208975. [CrossRef] [PubMed]

12. Pavlova, N.S.; Neretina, T.V.; Smirnova, O.V. Dynamics of Prolactin Axis Genes in the Brain of Male and Female Three-spined
Stickleback Gasterosteus aculeatus (Gasterostaidae) during Short-Term Freshwater Adaptation. J. Ichthyol. 2020, 60, 299–304.
[CrossRef]

13. Artamonova, V.S.; Bardukov, N.V.; Golovin, P.V.; Ivanova, T.S.; Ivanov, M.V.; Lajus, D.L.; Makhrov, A.A. Determination of the
female-biased sex ratio in some young-of-the-year and spawner samples of the threespine stickleback Gasterosteus aculeatus by
environmental, not genetic, factors. Biol. Bull. 2021, 48, 577–587. [CrossRef]

14. Ziuganov, V.V. The Family Gasterosteidae of World Fish Fauna; Nauka: Leningrad, Russia, 1991; pp. 1–261, (In Russian, summary
in English).

15. Higuchi, M.; Sakai, H.; Goto, A. A new threespine stickleback, Gasterosteus nipponicus sp. nov. (Teleostei: Gasterosteidae), from
Japan Sea region. Ichthyol. Res. 2014, 61, 341–351. [CrossRef]

16. Nazarkin, M.V.; Yabumoto, Y.; Urabe, A. A new Miocene three-spined stickleback (Pisces: Gasterosteidae) from Central Japan.
Paleontol. Res. 2013, 16, 318–328. [CrossRef]

17. Bennike, O. Quaternary vertebrates from Greenland: A review. Quat. Sci. Rev. 1997, 16, 899–909. [CrossRef]
18. Haglund, T.R.; Buth, D.G.; Lawson, R. Allozyme variation and phylogenetic relationships of Asian, North American, and

European populations of the threespine stickleback, Gasterosteus aculeatus. Copeia 1992, 1992, 432–443. [CrossRef]
19. Orti, G.; Bell, M.A.; Reimchen, T.E.; Meyer, A. Global survey of mitochondrial DNA sequences in the threespine stickleback:

Evidence for recent migrations. Evolution 1994, 48, 608–622. [CrossRef]
20. Fang, B.; Merilä, J.; Matschiner, M.; Momigliano, P. Estimating uncertainty in divergence times among three-spined stickleback

clades using the multispecies coalescent. Mol. Phylogenet. Evol. 2020, 142, 106646. [CrossRef]

http://doi.org/10.1016/j.ecss.2015.06.017
http://doi.org/10.1007/s00227-018-3407-y
http://doi.org/10.1134/S1995425520020079
http://doi.org/10.3389/fevo.2020.611672
http://doi.org/10.1126/science.1109835
http://www.ncbi.nlm.nih.gov/pubmed/15790836
http://doi.org/10.1111/j.1095-8649.2009.02419.x
http://doi.org/10.1093/gbe/evz175
http://www.ncbi.nlm.nih.gov/pubmed/31406984
http://doi.org/10.1038/s41559-020-1222-6
http://doi.org/10.1242/jeb.208975
http://www.ncbi.nlm.nih.gov/pubmed/32034046
http://doi.org/10.1134/S0032945220020150
http://doi.org/10.1134/S1062359021050034
http://doi.org/10.1007/s10228-014-0403-1
http://doi.org/10.2517/1342-8144-16.4.318
http://doi.org/10.1016/S0277-3791(97)00002-4
http://doi.org/10.2307/1446203
http://doi.org/10.1111/j.1558-5646.1994.tb01348.x
http://doi.org/10.1016/j.ympev.2019.106646


Water 2022, 14, 2484 21 of 23

21. Fang, B.; Merilä, J.; Ribeiro, F.; Alexandre, C.M.; Momigliano, P. Worldwide phylogeny of three-spined sticklebacks. Mol.
Phylogenet. Evol. 2018, 127, 613–625. [CrossRef]

22. Heincke, F. Untersuchungen über die Stichlinge. Öfversigt at Kongl. Vetenskaps-Akademiens Förhandlingar. Stockholm. Arg.
1889, 46, 395–410.

23. Huitfeldt-Kaas, H. Ferskvandsfiskenes Utbredelse og Invandring i Norge; Centraltrykkeriet: Kristiania, Norway, 1918; pp. 1–106.
24. Thienemann, A. Die Süsswasserfische Deutschlands. Eine tiergeographische Skizze. In Handbuch der Binnenfisherie Mitteleuropas.

Band III. Lieferung; Demoll, R., Maier, H.N., Eds.; G.m.b.H.: Stuttgart, Germany, 1926; pp. 1–32.
25. Münzing, J. The evolution of variation and distributional patterns in European populations of the three-spined stickleback,

Gasterosteus aculeatus. Evolution 1963, 17, 321–332. [CrossRef]
26. Kosswig, C. Tethys and its relation to the peri-Mediterranean faunas of freshwater fishes. In Aspects of Tethyan Biogeography: A

Symposium; Adams, C.G., Ager, D.V., Eds.; The Systematics Association: London, UK, 1967; pp. 313–324.
27. Mäkinen, H.S.; Merilä, J. Mitochondrial DNA phylogeography of the three-spined stickleback (Gasterosteus aculeatus) in

Europe—Evidence for multiple glacial refugia. Mol. Phylogenet. Evol. 2008, 46, 167–182. [CrossRef]
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62. Lumme, J.; Mäkinen, H.; Ermolenko, A.V.; Gregg, J.L.; Ziętara, M.S. Displaced phylogeographic signals from Gyrodactylus arcuatus,
a parasite of the three-spined stickleback Gasterosteus aculeatus, suggest freshwater glacial refugia in Europe. Int. J. Parasitol. 2016,
46, 545–554. [CrossRef]

63. Vermeij, G.J.; Banker, R.; Capece, L.R.; Hernandez, E.S.; Salley, S.O.; Vriesman, V.P.; Wortham, B.E. The coastal North Pacific:
Origins and history of a dominant marine biota. J. Biogeogr. 2019, 46, 1–18. [CrossRef]

64. Laakkonen, H.M.; Hardman, M.; Strelkov, P.; Väinölä, R. Cycles of trans-Arctic dispersal and vicariance, and diversification of the
amphi-boreal marine fauna. J. Evol. Biol. 2021, 34, 73–96. [CrossRef] [PubMed]

65. Koretsky, I.A.; Rahmat, S.J. First records of fossil Cystophorinae (Carnivora, Phocidae): Middle miocene seals from the Northern
Paratethys. Riv. Ital. Paleontol. 2013, 119, 325–350.

66. Ziegler, P.A.; Fraefel, M. Response of drainage systems to Neogene evolution of the Jura fold-thrust belt and Upper Rhine Graben.
Swiss J. Geosci. 2009, 102, 57–75. [CrossRef]

67. Winterberg, S.; Willett, S.D. Greater Alpine river network evolution, interpretations based on novel drainage analysis. Swiss
J. Geosci. 2019, 112, 3–22. [CrossRef]

68. Berg, L.S. Übersicht der Verbreitung der Süsswasserfische Europas. Zoogeographica 1932, 1, 107–208.
69. Denys, G.P.J.; Persat, H.; Dettai, A.; Geiger, M.F.; Freyhof, J.; Fesquet, J.; Keith, P. Genetic and morphological discrimination of

three species of ninespined stickleback Pungitius spp. (Teleostei, Gasterosteidae) in France with the revalidation of Pungitius
vulgaris (Mauduyt, 1848). J. Zool. Syst. Evol. Res. 2018, 56, 77–101. [CrossRef]

70. Persat, H.; Mattersdorfer, K.; Charlat, S.; Schenekar, T.; Weiss, S. Genetic integrity of the European grayling (Thymallus thymallus)
populations within the Vienne River drainage basin after five decades of stockings. Cybium 2016, 40, 7–20.

71. Makhrov, A.A.; Verspoor, E.; Artamonova, V.S.; O’Sullivan, M. Atlantic salmon colonization of the Russian Arctic coast: Pioneers
from North America. J. Fish Biol. 2005, 67, 68–79. [CrossRef]

72. Jones, D.H.; John, A.W.G. A three-spined stickleback, Gasterosteus aculeatus L. from the North Atlantic. J. Fish Biol. 1978, 13,
231–236. [CrossRef]

73. Quinn, T.P.; Light, J.T. Occurrence of threespine sticklebacks (Gasterosteus aculeatus) in the open North Pacific Ocean: Migration or
drift? Can. J. Zool. 1989, 67, 2850–2852. [CrossRef]

74. Denys, G.P.J.; Geiger, M.F.; Persat, H.; Dettai, A. Invalidity of Gasterosteus gymnurus (Cuvier, 1829) (Actinopterygii, Gasterosteidae)
according to integrative taxonomy. Cybium 2015, 39, 37–45.

75. Adachi, T.; Ishikawa, A.; Mori, S.; Makino, W.; Kume, M.; Kawata, M.; Kitano, J. Shifts in morphology and diet of non-native
sticklebacks introduced into Japanese crater lakes. Ecol. Evol. 2012, 2, 1083–1098. [CrossRef]

76. Paepke, H.-J. Die Stichlinge: Gasterosteidae; Westarp-Wiss: Magdeburg, Germany, 1996; pp. 1–176.

http://doi.org/10.1007/BF00009786
http://doi.org/10.1007/s00436-006-0282-0
http://doi.org/10.14411/fp.2003.036
http://doi.org/10.1007/s11230-009-9214-6
http://www.ncbi.nlm.nih.gov/pubmed/19789999
http://doi.org/10.1038/s41467-019-12182-w
http://www.ncbi.nlm.nih.gov/pubmed/31534121
http://doi.org/10.1111/j.1502-3885.1982.tb00713.x
http://doi.org/10.1111/j.1095-8312.1999.tb01891.x
http://doi.org/10.2108/zsj.20.265
http://www.ncbi.nlm.nih.gov/pubmed/12655188
http://doi.org/10.1093/biolinnean/blx080
http://doi.org/10.1007/s10592-015-0706-4
http://doi.org/10.1007/s10592-014-0643-7
http://doi.org/10.1111/bij.12826
http://doi.org/10.1016/j.epsl.2020.116535
http://doi.org/10.1016/j.ijpara.2016.03.008
http://doi.org/10.1111/jbi.13471
http://doi.org/10.1111/jeb.13674
http://www.ncbi.nlm.nih.gov/pubmed/32671913
http://doi.org/10.1007/s00015-009-1306-4
http://doi.org/10.1007/s00015-018-0332-5
http://doi.org/10.1111/jzs.12178
http://doi.org/10.1111/j.0022-1112.2005.00840.x
http://doi.org/10.1111/j.1095-8649.1978.tb03430.x
http://doi.org/10.1139/z89-401
http://doi.org/10.1002/ece3.234


Water 2022, 14, 2484 23 of 23

77. Mattern, M.Y. Phylogeny, systematics, and taxonomy of sticklebacks. In Biology of the Three-Spined Stickleback; Ostlund-Nilsson, S.,
Mayer, I., Huntingford, F.A., Eds.; CRC Press Taylor & Francis Group: Boca Raton, CA, USA, 2007; pp. 1–40.

78. Nesis, K.N. Pacific elements in northwest Atlantic benthos. In Soviet Fisheries Investigations in the Northwest Atlantic; Marti, Y., Ed.;
Israel Program for Scientific Translations: Jerusalem, Israel, 1963; pp. 82–99.

79. Makhrov, A.A.; Lajus, D.L. Postglacial colonization of the North European seas by Pacific fishes and lamprey. Contemp. Probl.
Ecol. 2018, 11, 247–258. [CrossRef]

80. Sardell, J.M.; Josephson, M.P.; Dalziel, A.C.; Peichel, C.L.; Kirkpatrick, M. Heterogeneous histories of recombination suppression
on stickleback sex chromosomes. Mol. Biol. Evol. 2021, 38, 4403–4418. [CrossRef]

81. Roe, K.J.; Harris, P.M.; Mayden, R.L. Phylogenetic relationships of the genera of North American sunfishes and basses (Percoidei:
Centrarchidae) as evidenced by the mitochondrial cytochrome b gene. Copeia 2002, 2002, 897–905. [CrossRef]

82. Wilson, A.B.; Vincent, A.; Ahnesjo, I.; Meyer, A. Male pregnancy in seahorses and pipefishes (family Syngnathidae): Rapid
diversification of paternal brood pouch morphology inferred from a molecular phylogeny. J. Hered. 2001, 92, 159–166. [CrossRef]

83. Wang, C.; Shikano, T.; Persat, H.; Merilä, J. Mitochondrial phylogeography and cryptic divergence in the stickleback genus
Pungitius. J. Biogeogr. 2015, 42, 2334–2348. [CrossRef]

84. Lucek, K.; Roy, D.; Bezault, E.; Sivasundar, A.; Seehausen, O. Hybridization between distant lineages increases adaptive variation
during a biological invasion: Stickleback in Switzerland. Mol. Ecol. 2010, 19, 3995–4011. [CrossRef]

85. Takahashi, H.; Møller, P.R.; Shedko, S.V.; Ramatulla, T.; Joen, S.R.; Zhang, C.G.; Sideleva, V.G.; Takata, K.; Sakai, H.; Goto, A.; et al.
Species phylogeny and diversification process of Northeast Asian Pungitius revealed by AFLP and mtDNA markers. Mol.
Phylogenet. Evol. 2016, 99, 44–52. [CrossRef] [PubMed]

86. Hubert, N.; Hanner, R.; Holm, E.; Mandrak, N.E.; Taylor, E.; Burridge, M.; Watkinson, D.; Dumont, P.; Curry, A.; Bentzen, P.; et al.
Identifying Canadian Freshwater Fishes through DNA Barcodes. PLoS ONE 2008, 3, E2490. [CrossRef] [PubMed]

87. Mecklenburg, C.W.; Møller, P.R.; Steinke, D. Biodiversity of arctic marine fishes: Taxonomy and zoogeography. Mar. Biodiv. 2011,
41, 109–140. [CrossRef]

88. McCusker, M.R.; Denti, D.; Van Guelpen, L.; Kenchington, E.; Bentzen, P. Barcoding Atlantic Canada’s commonly encountered
marine fishes. Mol. Ecol. Resour. 2013, 13, 177–188. [CrossRef] [PubMed]

http://doi.org/10.1134/S1995425518030071
http://doi.org/10.1093/molbev/msab179
http://doi.org/10.1643/0045-8511(2002)002[0897:PROTGO]2.0.CO;2
http://doi.org/10.1093/jhered/92.2.159
http://doi.org/10.1111/jbi.12591
http://doi.org/10.1111/j.1365-294X.2010.04781.x
http://doi.org/10.1016/j.ympev.2016.03.022
http://www.ncbi.nlm.nih.gov/pubmed/26997522
http://doi.org/10.1371/journal.pone.0002490
http://www.ncbi.nlm.nih.gov/pubmed/22423312
http://doi.org/10.1007/s12526-010-0070-z
http://doi.org/10.1111/1755-0998.12043
http://www.ncbi.nlm.nih.gov/pubmed/23253798

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Isolation 
	Selection of Genetic Loci for Analysis 
	Polymerase Chain Reaction (PCR) and Sequencing of PCR Products 
	Analysis of the Sequenced COI and cyt b Fragments 
	COI and cyt b Sequences Deposited in the GenBank by Other Researchers 
	Construction of Median Networks of Haplotypes 

	Results 
	Median Networks of Haplotypes and Haplotype Distribution over the Species Range 
	Comparison of the Haplotype Networks for the Partial COI and cyt b Sequences 
	Distribution of Representatives of Different COI and cyt b Phylogenetic Lineages over the Species Range 
	Reconstruction of the Routes of Threespine Stickleback Dispersal within Its Range 
	Haplotypes found in Nontypical Localities 

	Discussion 
	Direction of Threespine Stickleback Dispersal in the Course of the Formation of Its Modern Range and Irregularity in the Rates of Evolution 
	Time and Routes of the Invasion of the Threespine Stickleback into Europe 
	Differentiation of the Main Phylogenetic Lineages of Threespine Stickleback in the Atlantic Basin and the Spread of the Euro-North American Clade throughout the Range 
	Patterns of Geographic Location of the Haplotypes of the Transatlantic CTA/TA Lineage and the European CE/E Cluster Marking the Routes of Spread of G. aculeatus 
	Invasion of Carriers of the American Lineage Haplotypes into the Pacific Basin 
	Secondary Contacts between Representatives of Different Phylogenetic Lineages 
	Notes on the Origin of Gasterosteus wheatlandi 

	Conclusions 
	References

