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Abstract Elucidating the mechanism shaping the spatial
variations of traits has long been a central concern of
evolutionary biologists. Geographic clines of allele/-
morph frequencies along environmental gradients are
suggested to be established and maintained by the bal-
ancing of two opposing evolutionary forces, namely
selection that generates spatial differentiation in morph
frequencies, and selection and/or stochastic factors that
lead to the coexistence of multiple morphs within a
population. Thus, testing for both selection and
stochastic factors is necessary for a comprehensive
understanding of the mechanism underlying clinal vari-
ation in morph/allele frequency in natural populations.
Here, I identified the evolutionary forces responsible for
clinal variation of color morph frequency in Ischnura
senegalensis by comparing the population divergence of
putatively neutral loci generated by high-throughput
next-generation sequencing (Fst,) with that of the
putative color locus (Fst.). No strong correlation was
observed between Fsr, and Fsr., suggesting that
stochastic factors contribute less to color-locus popula-
tion divergence. Fst. was less than Fg, between popu-
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lations exposed to similar environmental conditions, but
greater than Fst, between populations exposed to dif-
ferent environmental conditions, suggesting that both
balancing selection and divergent selection act on the
color locus. Therefore, two antagonistic selection factors
rather than stochastic and historical factors contribute
to establishing the clinal variation of morph frequency in
1. senegalensis.

Keywords Balancing selection - Cline - Damselfly -
Divergent selection - Stochastic factor

Introduction

Elucidating the factors that affect spatiotemporal vari-
ations of traits has long been a central concern of evo-
lutionary biologists (Endler 1977). Spatial variations of
genotype or allele frequencies may provide direct evi-
dence of the forces driving microevolution, that is,
selection and random genetic drift (Wright 1943; Endler
1977). In addition to these microevolutionary aspects,
increased phenotypic diversity has been suggested to
enhance population performance (e.g., population pro-
ductivity, stability, and sustainability), which can reduce
the risk of extinction and thereby influence macroevo-
lutionary dynamics (Forsman et al. 2008; Wennersten
and Forsman 2012; Takahashi et al. 2014a). The coex-
istence of multiple morphs can also promote the use of
diverse environmental resources and enhance population
stability and colonization success (Forsman et al. 2008).
Spatiotemporal variation in population processes is thus
partly explained by inter-population variation in phe-
notypic diversity. Elucidation of the nature and mech-
anisms of spatial variation in morph/allele frequency can
contribute to an understanding of the spatiotemporal
demographic dynamics of populations, communities,
and ecosystems, as well as their evolutionary potentials,
speciation processes, and macroevolutionary dynamics
(Wennersten and Forsman 2009, 2012).
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Spatial variation of neutral and nearly neutral genetic
variation typically results from genetic drift, migration,
and historical events, with genetic differentiation then
tending to increase with geographic distance, a phe-
nomenon referred to as ‘“isolation-by-distance.” In
contrast, spatial differentiation of fitness-related genetic
variation is mainly affected by selection associated with
an environmental gradient or heterogeneity. In practice,
morph frequency variations in visible polymorphisms
are strongly correlated with environmental conditions
such as temperature, humidity, and biotic factors
(Schemske and Bierzychudek 2007; Saccheri et al. 2008;
Brakefield and de Jong 2011; Takahashi et al. 2011,
2014b). Nevertheless, morph frequency variation in
these traits can be clearly affected by stochastic factors
such as genetic drift, gene flow, and historical events
(Iserbyt et al. 2010).

Geographic clines of allele/morph frequencies along
environmental gradients have been observed for many
species (Komai et al. 1950; Cook et al. 1986; Itoh 1991;
Schemske and Bierzychudek 2007; Hammers and Van
Gossum 2008; Hodgins and Barrett 2008; Cooper 2010;
Gosden et al. 2011; Cook and Saccheri 2012). Such
geographic clines are established and maintained by the
balancing of two opposing evolutionary forces, namely,
selection that generates spatial differentiation in morph
frequencies, and selection and/or stochastic factors that
lead to the coexistence of multiple morphs within a
population (Endler 1977). Selection that induces spatial
variation in morph frequencies is referred to as divergent
selection and is mainly derived from gene-by-environ-
ment interactions. In a situation where the fitness of each
morph changes differentially along an environmental
gradient, relative fitness changes and sometimes reverses
across a balancing point at which each morph shows
equal fitness (Slatkin 1973; Endler 1977). Such divergent
selection can lead to spatial differentiation in morph
frequency; however, the frequency does not change
smoothly along the environmental continuum because
only a single morph having the highest fitness should
dominate each population over an evolutionary period
of time (Endler 1977; Takahashi et al. 2011). Conse-
quently, divergent selection per se leads to an all-or-
nothing pattern in morph frequency across the balancing
point.

The evolutionary forces that enhance the mainte-
nance of multiple morphs within a population must
establish a smooth cline of morph frequency along the
environmental continuum. Gene flow among popula-
tions experiencing different environmental conditions
can lead to the coexistence of multiple morphs within a
population around a balancing point, with a morph
frequency cline established along the environmental
gradient (Slatkin 1973). This type of cline is maintained
on an evolutionary time scale by the balance between
local directional selection and immigration of mal-
adaptive alleles/morphs (i.e., migration—selection bal-
ance). Balancing selection, such as negative frequency-
dependent selection and overdominant selection, can

also lead to the coexistence of multiple morphs within a
population (Endler 1973). The balance between local
directional selection and balancing selection within a
population (selection—selection balance) can establish a
morph frequency cline in a certain geographic range
across the balancing point.

Alternatively, a morph frequency cline is potentially
observed after secondary contact among historically al-
lopatric populations with different alleles (Latta and
Mitton 1999; Whibley et al. 2006). When two popula-
tions without any reproductive barriers come into sec-
ondary contact, the boundary populations constitute
two morphs, and a morph frequency cline is thus tem-
porarily established around the hybrid zone. Most of the
clinal differences in morph frequency will be transient,
however, as the morph with the highest fitness in each
population will outcompete the other if there is a fitness
differential. Even if the two morphs have identical fit-
ness, variation in morph frequency will disappear over
evolutionary time unless there is a common morph
advantage preventing introgression (Mallet and Barton
1989).

To summarize, the potential evolutionary forces that
establish stable/temporal morph frequency clines are
divergent selection, balancing selection, gene flow, and
historical events, with the relative contributions of these
factors shaping clinal variation in morph frequency. In
some cases, population genetic analyses have demon-
strated the contribution of stochastic and historical
factors, but the presence of balancing selection has not
been tested (Cheviron and Brumfield 2009; Kazancioglu
and Arngvist 2013). In other cases, fitness analyses have
suggested the influence of two types of antagonistic
selection—divergent selection and balancing selec-
tion—and ruled out the contribution of historical events
(Takahashi et al. 2011). It is thus necessary to test for
selection factors, such as divergent and balancing
selection, as well as stochastic factors, such as stochastic
drift, gene flow, and historical events, to obtain a com-
prehensive understanding of the mechanism underlying
clinal variation in morph/allele frequency in natural
populations.

Comparison of the population differentiation of
neutral loci vs. loci governing a focal trait is a common
method of detecting the influence of selection and
stochastic factors on population divergence of traits in
nature (McKay and Latta 2002). To obtain insights into
the contribution of divergent selection, balancing selec-
tion, gene flow, and historical events to population
divergence of loci suspected of governing a focal trait,
the degree of genetic differentiation between populations
(e.g., Fsr) at those loci can be contrasted with the degree
of differentiation at neutral loci (Gillespie and Oxford
1998). For example, divergent selection, balancing
selection, and no selection are suggested to be acting if
log o[ Fst (focused)/Fst (neutral)] is greater than, smaller
than, or equal to 0, respectively (Takahashi et al. 2014b).
In addition, population pairwise Fst values for neutral
loci should strongly correlate with those for focal loci if
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Fig. 1 Study species and sampling sites. Male and gynomorph female (a) and male and andromorph female (b) of Ischnura senegalensis in
the wheel position engaged in copulation. ¢ Sampling sites of I. senegalensis in Japan

stochastic factors (e.g., stochastic drift, secondary con-
tact, and gene flow) predominantly determine the spatial
structure of morph frequencies (Runemark et al. 2010;
Sanchez-Guillén et al. 2011).

In the Japanese archipelago, a smooth latitudinal
cline of female-limited color polymorphism has been
observed in the common bluetail, Ischnura senegalensis.
Fitness analysis of natural populations of this species
has suggested that two antagonistic selection factors,
namely, divergent selection and balancing selection, are
responsible for the geographic cline of morph frequency.
A comparison of the population differentiation of six
microsatellite markers and the locus governing color
morphs has revealed that the population divergence of
color polymorphism in this system is shaped by two
antagonistic selective pressures rather than stochastic
factors (Takahashi et al. 2014b). Six markers, however,
may not be sufficient for inferring population differen-
tiation of neutral loci and consequently population his-
tory and demography with a high degree of accuracy.
Moreover, although the similarity of morph frequency
of two populations should be correlated with environ-
mental similarity rather than geographic proximity if
selection—selection balance determines the structure of
clinal variation, our previous study did not consider
environmental factors such as temperature when esti-
mating the contribution of selection factors, even though
morph frequency was correlated with temperature
(Takahashi et al. 2014b). The previous work used geo-
graphic distance as a proxy of environmental similarity
between populations, probably leading to over- or
underestimation of the contribution of divergent selec-
tion.

In the study reported here, I identified the evolu-
tionary forces responsible for clinal variation of color

morph frequency in 1. senegalensis using genome-wide
single-nucleotide polymorphism (SNP) markers gener-
ated by high-throughput next-generation sequencing.
Using the SNP marker data, I estimated population
structure and then compared the population divergence
of putatively neutral loci with that of the putative color
locus to infer the contribution of different types of
selection (divergent selection and balancing selection)
and stochastic factors (gene flow and historical events)
under the consideration of environmental distance
among populations.

Materials and methods
Study species

Ischnura senegalensis is a common damselfly inhabiting
the edges of ponds. Females of this species exhibit ge-
netic color dimorphism (Fig. 1a, b). One of the female
morphs is brown (gynomorph) and the other is blue-
green (andromorph). Similar to the situation in other
damselflies (Johnson 1964, 1966), this color dimorphism
is governed by two alleles at a single autosomal locus
showing sex-limited expression. The andromorphic al-
lele, 4, is expected to be recessive to the gynomorphic
allele, G (Takahashi 2011). Polymorphism is maintained
by negative frequency-dependent selection derived from
positive frequency-dependent male harassment (Taka-
hashi and Watanabe 2010b; Takahashi et al. 2010).
Empirical data suggest the occurrence of divergent
selection associated with the color of this species induced
by gene-by-environment interactions (Takahashi et al.
2011). In the southern portion of the range of I. sene-
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galensis, the relative fitness of andromorphs is lower
than that of gynomorphs; the reverse is true in the north.

Morph frequency and population structure

Morph frequencies within populations were estimated
during the spring generation by performing a line transect
survey along water edges in 2009-2013. Most of the data
points overlapped with those of our previous study
(Takahashi et al. 2014b), although one additional sam-
pling site in Shiga (35.257°N, 136.216°E) was included. A
total of 25 populations were analyzed (Fig. 1c). In each
population, color gene allele frequencies and the fre-
quencies of the three genotypes (44, AG, and GG) were
estimated based on phenotypic frequency under the
assumptions that the inheritance system of this species
matches that reported previously (Takahashi 2011) and
that each population was at Hardy—Weinberg equilib-
rium. To explore the mechanisms shaping the large-scale
clinal pattern of morph frequency in the Japanese archi-
pelago, the Hegura and Natori populations analyzed in a
previous study (Takahashi et al. 2014b) were excluded due
to their unusual characteristics. The former population
occurs in ponds with hot springs and the latter population,
which is located at the northern limit of the species, is the
isolated population in which gynomorphic females are
fixed, probably because of a bottleneck.

To estimate the population genetic structure, I used
and reanalyzed genome-wide SNP data reported by
Takahashi et al. (2016) (doi: 10.5061/dryad.pk30p). The
data include 231 SNPs (=loci), which were obtained by
multiplexed inter simple sequence repeat (ISSR) geno-
typing by sequencing (MIG-seq) (Suyama and Matsuki
2015). Most of these SNPs were assumed to be selec-
tively neutral and suitable for inferring population ge-
netic structure generated by neutral processes, such as
gene flow and genetic drift.

Population structure estimation and detection
of stochastic factors

Genetic population structure based on the MIG-seq loci
was assessed using STRUCTURE 2.3.4. The optimal
number of genetic clusters of individuals (K value) was
determined from the greatest AK value, an ad hoc
statistic based on the rate of change in the log proba-
bility of data between successive K values (Evanno et al.
2005).

I tested for isolation-by-distance patterns based on
both neutral and color loci. Geographic distances between
populations were calculated as great-circle distances (R
package ““fields’’). Population pairwise Fst values based
on the MIG-seq loci were calculated using the program
package Arlequin 3.5 (Ecoffier and Lischer 2010). Geno-
type frequencies at the color locus in each population were
estimated based on the phenotypic frequency (see Taka-
hashi et al. 2014b for details) and population pairwise Fst

values based on the color locus were also calculated using
Arlequin 3.5. As color morph frequencies are expected to
be identical (i.e., small pairwise genetic distances based on
the color locus) for two populations under similar envi-
ronmental conditions, I also tested for isolation-by-envi-
ronment patterns based on neutral and color loci. Because
a strong correlation between temperature and morph
frequencies of 1. senegalensis was previously reported
(Takahashi et al. 2014b), pairwise environmental dis-
tances between populations were calculated as differences
in mean annual temperatures between localities. To
examine the relative contribution of stochastic and
selection factors on color-locus population structure, I
analyzed the correlation between Fgt values of MIG loci
(Fstn) and the color locus (Fst.). A strong correlation
(i.e., a high correlation coefficient) would suggest that
morph frequency in local populations is largely affected
by stochastic factors such as genetic drift and historical
events, whereas a weak correlation is a signature of the
presence of selection (Runemark et al. 2010; Sanchez-
Guillén et al. 2011). Relationships between pairwise geo-
graphic or environmental distance and genetic distance
(Fst) were analyzed by the Mantel test with 10,000 per-
mutations (R package “ade4”).

Detection of selection

As mentioned above, a comparison of population differ-
entiation of neutral loci and loci governing a focal trait can
be used to detect the effect of selection and stochastic fac-
tors on population divergence (McKay and Latta 2002).
Detection of selection factors is difficult, however, when
two antagonistic selection factors, such as divergent selec-
tion and balancing selection, are simultaneously acting on a
given locus. Because divergent selection and balancing
selection should respectively increase and decrease popu-
lation pairwise Fgt values for the locus of interest, the
presence of selection may be inadvertently overlooked
when the effect of one type of selection masks that of the
other or the two selection forces counterbalance each other.
The selection factors detected by such comparisons will
consequently depend on the extent of environmental vari-
ation in populations used for the comparison, as the degree
of environmental variation determines the relative strength
of divergent selection. In this study, I therefore assessed the
importance of selection factors as well as genetic drift on
population divergence while taking environmental factors
into consideration. I examined Fgt. relative to Fgry, thatis,
R = logo(Fste/Fstn), In each of four classes defined
according to the differential of mean annual temperature
() between populations (i.e., 0 < ¢t <1, 1 £ ¢ < 3,
3 <t <6,and t =2 6 °C). The temperature ranges were
determined to avoid sample-size bias. Balancing selection
and divergent selection were respectively suggested if R was
smaller than or greater than 0. Mean annual temperature
data for each population were obtained from the Japanese
National Land Numerical Information database
(http://nlftp.mlit.go.jp/ksj/other/faq.html).
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Fig. 2 Estimated population structure based on neutral loci
estimated by Bayesian structure analyses using the program
STRUCTURE (a) and the putative color locus (b) of Ischnura
senegalensis. a Individuals are represented by thin vertical lines in
the bar graph in the inset, which are partitioned into K (=2)
segments representing each individual’s estimated membership
fraction. b Genotype frequencies in each population (pie chart)
were calculated from phenotype frequencies. Numbers above the
bar plot and in the pie chart indicate the numbers of individuals
used for population genetic analysis and those used to estimate
color morph frequency for each population

Results

Population genetic structure and contributions
of stochastic factors

STRUCTURE-based Bayesian clustering identified two
genetic clusters of individuals of /. senegalensis in Japan
(optimal K = 2) (Fig. 2a). That is, the highest AK value
was observed for K = 2 and the likelihood value for
K = 2 was higher than that for K = 1. Although the
estimated cluster membership coefficient (y-axis in
Fig. 2a) tended to change with latitude, no clear genetic
differentiation among populations was observed. On the
other hand, estimated genotype frequencies changed
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gradually along the length of the Japanese archipelago
(Fig. 2b), with a higher andromorph frequency observed
in the north. Isolation-by-distance patterns were de-
tected based on the color locus (Mantel test: r = 0.633,
P < 0.001), but not putatively neutral loci (MIG loci)
(r = 0.196, P = 0.065) (see also Fig. S1). An isolation-
by-environment pattern, that is, a correlation between
the differential of annual temperature and genetic dis-

tance (Fst), was found for the color locus (r = 0.680,
P < 0.001), but not for neutral loci (r = 0.271,
P = 0.155). Although a significant (r = 0.317,

P < 0.009) positive correlation was observed between
Fstn, and Fst, the value of the correlation coefficient
was quite low (Fig. 3). Mean Fst. (0.24 £ 0.24 [SD])
tended to be larger than mean Fst, (0.05 £ 0.01 [SD]).
These findings suggest that stochastic factors contribute
little to color-locus population divergence.

Contribution of selection factors

Diversification of the color locus relative to neutral loci
(i.e., logiolFstc/Fstn]) tended to increase with environ-
mental distance (Fig. 4). On the one hand, the relative
diversification of the color locus was less than 0 between
populations having an annual temperature difference of
less than 1 °C, which suggests the presence of balancing
selection acting on the color locus. On the other hand,
the relative diversification of the color locus was greater
than 0 between populations having an annual tempera-
ture difference greater than 1 °C. This suggests that
differences in the color locus among populations under
different environmental conditions are predominantly
due to divergent rather than balancing selection.

Discussion

In this study, I have demonstrated the contribution of
both balancing and divergent selection to the geographic
structure of female color morphs of I. senegalensis. 1
found no definitive evidence of any effects of stochastic
factors or historical events that can explain the geo-
graphic pattern of female color morphs. These patterns
are qualitatively the same as those uncovered in a pre-
vious study that used several microsatellite loci (Taka-
hashi et al. 2014b). My high-resolution analysis using
genome-wide SNPs with consideration of environmental
distance among populations has confirmed that the
geographic cline of female morph frequency in 1. sene-
galensis is due to a combination of two antagonistic
selection factors rather than stochastic events.

When two historically allopatric populations with
different alleles come into secondary contact, subsequent
admixture can transiently generate a spatial cline of
morph frequency, even though such a cline is not
maintained on an evolutionary time scale. Alternatively,
a spatial cline of morph/allele frequency can be estab-
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lished by a combination of two processes: divergent
selection generating spatial differentiation in morph
frequencies, and admixture among populations leading
to the coexistence of multiple morphs within a single
population, that is, migration—selection balance (Endler
1977). Nevertheless, I found that a combination of bal-
ancing selection and divergent selection can largely ex-
plain the Ilarge-scale geographic pattern of color

polymorphism in I. senegalensis, a finding expected from
a previous analysis of the fitness of natural populations
(Takahashi et al. 2010, 2014b). Balancing selection,
which can maintain polymorphisms in each population,
is indeed suggested to contribute to the establishment of
a large-scale cline of morph frequency (Endler 1973).
Because I. senegalensis is sedentary, similar to other
coenagrionid damselflies (Allen and Thompson 2010),
the idea that migration contributes relatively little to the
establishment of a smooth cline in I. senegalensis morph
frequency is plausible, even though the contribution of
stochastic factors has been suggested in some other
damselflies (Iserbyt et al. 2010; Sanchez-Guillén et al.
2011).

I found that both divergent and balancing selection
act on a color locus by taking into account the envi-
ronmental (temperature) distance between populations.
If environmental (temperature) distance were not con-
sidered, I would not detect both divergent and balancing
selection simultaneously by comparing neutral and tar-
get loci. For instance, for my dataset, balancing selection
would not be detected because the effect of divergent
selection on population divergence masks the relatively
small contribution of balancing selection at a large
geographic scale. Likewise, if populations only extend
over small spatial scales with small environmental vari-
ation, divergent selection would hardly be detected. In
fact, recent genetic analyses on polymorphic damselflies
did not consider environmental distance among popu-
lations, and thus detected only one of the two selective
factors (Andrés et al. 2000; Wong et al. 2003; Abbott
et al. 2008; Sanchez-Guillén et al. 2011; Inomata et al.
2015). In damselfly, female morph frequency is known to
change with latitude (Gosden et al. 2011; Takahashi
et al. 2011) and altitude (Cooper 2010). These findings
suggest that temperature differentially affects the fitness
of each female morph and determines the equilibrium
frequency of female morphs in each population, gener-
ating a morph frequency cline along the temperature
gradient. Takahashi et al. (2014b) have considered geo-
graphic distance among populations when detecting
selection, but geographic distance is just a proxy of
environmental (temperature) distance, possibly leading
to the failure to detect selective factors due to scaling
error. I actually found that environmental distance well
explained population pairwise Fgp. compared with
geographic distance. In the present study, I detected
both divergent and balancing selection by considering
environmental (temperature) distance between popula-
tions and found that environmental distance explains the
relative strength of divergent selection acting on a color
locus. The scaling of populations for comparison by
using environmental distance may be reasonable, espe-
cially when populations have wide distributions both
latitudinally and longitudinally.

Given that the geographic pattern of the color locus
happens to be similar to that of neutral loci, I cannot
detect the signatures of any selective forces shaping this
pattern. In my study system, isolation-by-distance pat-



terns were found for only color locus and thus success-
fully detected the deviation of Fgp. from Fgr,. This
means that the accurate detection of selection forces may
more or less depend upon the genetic population struc-
ture estimated by using neutral genetic markers. Al-
though no isolation-by-distance pattern was found by
using six microsatellite loci (Takahashi et al. 2014b), the
current genome-wide population genetic analysis de-
tected a relatively clear isolation-by-distance pattern (see
Fig. S1). The improvement of the estimation of popu-
lation structure by next-generation sequencing must
have contributed to the accurate detection of selection,
as well as the consideration of environmental distance.

In this study, I estimated allele/genotype frequencies
for the color locus on the basis of phenotype frequency
while assuming that each population was at Hardy—
Weinberg equilibrium (Takahashi and Watanabe 2010a)
and that the previously reported inheritance patterns
were accurate (Takahashi 2011). Although these
assumptions are reasonable, the direct use of the specific
gene(s) responsible for color morphs would improve the
accuracy of allele/genotype frequency estimation and the
detection of selection and stochastic factors acting on
the gene(s), since unknown genetic factors can poten-
tially affect female body color and segregation ratio
(Sanmartin-Villar and Cordero-Rivera 2016). Because
the color gene is autosomal, the availability of male
genotype data would facilitate the estimation of popu-
lation allele/genotype frequencies. Identification and
application of the color gene should facilitate a highly
accurate analysis of selection acting on this locus. Fi-
nally, a comparison of gene sequences among individu-
als may allow the signatures of selection forces acting on
the color locus to be detected (Nielsen et al. 2007).
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