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Abstract

Kichulchoia multifasciata, a small-sized loach (Family Cobitidae) inhabiting only the Nakdong River on the Korean Pen-
insula, is generally found around well-oxygenated minor tributaries. Despite the scarcity, this species is not yet a legally
protected species in South Korea, and the spatial pattern of genetic diversity, which is essential to create management strate-
gies, has never been studied. In this study, three mitochondrial loci and ten microsatellites were used to analyze the genetic
diversity and the structure among eight K. multifasciata populations collected from different tributaries. K. multifasciata
populations showed a high level of mitochondrial variability, with above 0.9 of average haplotype diversity in all three loci
analyzed. A substantial microsatellite polymorphism was also found. Weak genetic structuring among populations and
isolation by distance were clearly revealed in both mitochondrial and microsatellite data, indicating the high levels of gene
flow among the tributaries. However, a few of the populations exhibited a genetic signature that they have experienced the
historical size decline. Our data suggest that unequal gene flow might be one of the causes; nevertheless, the possibility of
effective population size reduction by other factors could not be completely excluded. Our genetic evidence can be the criti-
cal information needed to protect the populations from the genetic erosion in the Nakdong River that has been destroyed and
fragmented with increasing anthropogenic interferences.
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Introduction

The freshwater fish provides excellent model systems for
studying historical processes of geographic isolation and
population genetic differentiation, since the habitats are
generally composed of physically disconnected water bod-
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The second factor is adaptive divergence under variable
selection pressures. In a species that have a favorable trait in
a particular environment, residents tend to have higher fit-
ness than dispersers do (e.g. Hecht et al. 2015; Brauer et al.
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2004). Assuming this, for example, it may be uncommon for
species inhabiting an upstream region to migrate through
the main stem into other upstream regions. In such species,
thus, the level of historical gene flow between populations
in different tributaries are expected to be correlated with
the length of the main stem connecting the tributaries, and
genetic differentiation among populations is likely to occur
in the pattern of isolation by distance (e.g. Griffiths et al.
2009; Crookes and Shaw 2016). It should also be noted that
gene flow may occur due to fusion between headwaters (e.g.,
Schonhuth et al. 2011, 2012). In such case, genetic differ-
entiation between populations becomes correlated with the
straight distance between headwaters or populations.

The Korean Peninsula is a small area located in the south
tip of East Asia, but it contains an extremely high endemic
freshwater species (67 species only in South Korea; approxi-
mately 35%) probably due to its geographical complexity
reflecting the past geological history (Yoon et al. 2018).
Kichulchoia multifasciata is also one of the representative
endemic species on the Korean Peninsula (Kim and Lee
1995; Kim and Yang 2016). K. multifasciata, the member
of 15 South Korean cobitids, is endemic to the Nakdong
River, a 510 km long drainage system running through the
south eastern corner of South Korea (Kim and Lee 1995;
Kim and Yang 2016). This species is generally found around
well-oxygenated upstream areas in minor tributaries, char-
acterized by pool-riffle sequences with substrates being
composed of small rocks and gravels (Kim and Yang 2016).
The physical feature observed in the main stem of this river
is drastically different from that of the upstream areas. For
example, the main stem is substantially wider, normally
consists of fine sandy bottoms, and has extremely slower
water flow. Assuming that this species is well adapted to
the environmental features of upstream areas in tributaries,
the migration among populations in different tributaries is
expected to be scarce, even though there is no big natural
landscape structure that restricts the movement of individu-
als in the main stem of this river. However, the genetic diver-
sity and structure of this species has not yet been studied.

In this study, we used three mitochondrial and ten
microsatellite loci to determine the intrapopulation genetic
diversity and the level of spatial genetic structure of eight
K. multifasciata populations collected from different tribu-
taries in the Nakdong River. In particular, we attempted
to test whether the spatial distance affected the historical
level of gene flow between K. multifasciata populations.
In addition, we attempted to investigate whether popula-
tions showed signatures that had undergone historical or
contemporary changes in size. Given that this species is
native to this river all over the world, the genetic diversity
of this species is expected to be very low, and systematic
management plans should be established for the conser-
vation. The genetic results of this study are anticipated
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to provide an important insight into the establishment of
conservation strategies for this species as well as other
endemic freshwater species restricted to a single drainage.

Materials and methods
Sampling and DNA extraction

Sampling of Kichulchoia multifasciata was performed at
eight spots (populations) throughout the Nakdong River
(Fig. 1) according to the Inland Water Fisheries Act and
Wildlife Protection and Management Act of the Republic
of Korea. Each spot was located in different tributaries
from the Nakdong drainage. A total of 256 adults were
caught between September 2013 and July 2015 using a
kick-net (0.5 mm X 0.5 mm mesh). The whole procedure
of collection, tissue sampling and experimental process
was approved by the Yeungnam University Institutional
Animal Care and Use Committee (Protocol # 2015013).
The tip of caudal fin (1 X 1 mm) was briefly cut from each
individual and stored in 95% ethanol, and all individu-
als collected were released back to the original collec-
tion sites. Genomic DNA was isolated from the fin tissues
using Wizard Genomic DNA Purification Kit (Promega,
Madison, WI) according to manufacturer’s instructions.

Mitochondrial sequencing

Three mitochondrial loci, cytochrome oxidase subunit
I (COI), cytochrome b (cyt b) and control region (CR)
were analyzed for all collected K. multifasciata individu-
als. Three previously reported primer sets were used for
the amplification of each locus (COI: Folmer et al. 1994;
CR:; Liu et al. 2002; cyt b:; Xiao et al. 2001; Table S1 in
Supplementary material). For the PCR amplification, Piko
Thermal Cycler (Finnzymes, Espoo, Finland) was used
with a 25 pL reaction mixture containing 1 yL. genomic
DNA (10-50 ng), 1X Tagq buffer, 5 pmole of dANTP, 5
pmole of each primer and 2.5 unit of Prime Tag DNA
polymerase (GenetBio, Daejeon, South Korea). Thermal
cycling was composed of denaturation at 94 °C for 10 min
followed by 35 cycles of 94 °C for 30 s, 54-58 °C for 30 s
and 72 °C for 30 s and final extension at 72 °C for 10 min.
The PCR products were purified using Primeprep PCR
Purification Kit (GenetBio, Daejeon, South Korea) and
were commercially sequenced using the PCR primers on
an ABI 3730XL DNA Analyzer with BigDye terminator
system (Applied Biosystems, Foster City, CA) at Biomedic
Inc (Bucheon, South Korea).
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Fig. 1 a The sampling sites of Kichulchoia multifasciata populations
analyzed in this study. The Nakdong River was highlighted by blue
colored line and each sampling site (population) was represented with
solid circle; YR, 128°00"29.9"E, 36°35'45.2"N; GA, 128°53'51.0"E,
36°26'37.3"N;  WR,  128°46'44.0"E,  36°07'44.0"N;  GH,
128°57'50.0"E, 35°57'56.5"N; NR, 128°43'32.2"E, 35°47'26.5"N;
HR, 127°54'43.6"E,  35°41'042"N; CD,  128°45'53.6"E,
35°35"21.5"N; YA, 127°59"26.2"E, 35°17'26.9"N. The location of the
Korean Peninsula was indicated in the map placed on the left above.
b The photo of K. multifasciata. (Color figure online)

Microsatellite genotyping

All collected fin-clip samples were also used in micros-
atellite genotyping with ten previously published primer
sets (CL: Kwan et al. 2014; Cota: De Gelas et al. 2008;
IC: Bang et al. 2009; Table S1 in Supplementary material).

Each forward primer was fluorescently labeled with FAM,
HEX, NED or PET (Applied Biosystems). Amplification
protocols were the same as described above (Mitochon-
drial sequencing). The fluorescently labeled PCR products
were genotyped at Biomedic Inc using an ABI 3730 XL
Genetic Analyzer. Alleles were scored using GeneMapper
3.7 (Applied Biosystems).

Mitochondrial analyses

All mitochondrial sequences obtained were confirmed
through BLAST searches and aligned using MEGA 6.06
(Tamura et al. 2013). The coding loci, cyt b and COI were
rechecked against the inferred reading frame for the cor-
responding protein. All haplotypes obtained in this study
were deposited in NCBI GenBank with Accession NOs
KY423874 to KY424053. The intrapopulation genetic diver-
sity was quantified based on the number of haplotypes (h),
haplotype diversity (hy; Nei 1987), and nucleotide diversity
(m; Nei 1987) estimated using DnaSP 5.10 (Librado and
Rozas 2009).

Three different approaches were applied to obtain the
best approximation regarding the demographic history of
K. multifasciata populations. First, two neutrality indices,
Tajima’s D (Tajima 1989) and Fu’s F's (Fu 1997) were cal-
culated using DnaSP to examine whether our haplotype
data deviated from the expected values obtained under the
neutral model and the assumption of demographic equilib-
rium. A significant negative value in each index signifies a
demographic expansion, whereas a significant positive value
signifies a recent demographic decline or a strong popula-
tion structure. Second, the observed distribution of pairwise
differences between sequences was visualized for the major
clades obtained (mismatch distribution analysis) under a
model of population expansion (Rogers and Harpending
1992) using Arlequin 3.5 (Excoffier and Lischer 2010). Uni-
modal distribution is usually shown for populations that have
recently experienced a demographic expansion, whereas
ragged or multimodal distributions are typically shown for
populations at stationary demographic equilibrium for a long
time. Finally, Bayesian skyline plot was reconstructed using
BEAST 1.8.0 for every population (Drummond et al. 2012)
to evaluate the shape of demographic growth over time.

The level of genetic divergence between populations was
estimated by the calculation of genetic differentiation index
(@gr) between each pair of populations using Arlequin. The
significance of each @qr value was tested using 1000 per-
mutations of the data. GenAlEx 6.5 (Peakall and Smouse
2012) was used to statistically evaluate the relationship
between pairwise-@gr and the interpopulation geographic
distance along the length of the main stem. Haplotype net-
work was constructed for each mitochondrial locus and for
the combined data, based on median-joining algorithm using
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PopART 1.7 (Leigh and Bryant 2015), to analyze the distri-
butional pattern of haplotype diversity.

Microsatellite analyses

The level of microsatellite genetic diversity was evaluated
by computing the mean (for each population) or total (for
each locus) number of alleles per locus (A), allelic richness
(AR), observed (H,) and expected (Hg) heterozygosity and
fixation index (Fig) for each population and locus using
Arlequin and Fstat 2.9.3.2 (Goudet 2001). The deviation
of observed genotype proportion from that expected under
Hardy—Weinberg equilibrium (HWE) was tested for each
locus-population pair based on the Fisher’s exact test follow-
ing Markov chain parameters with 1000 batches and 10,000
iterations per batch (Guo and Thompson 1992), which was
implemented in the Genepop 4.2 (Raymond and Rousset
1995). The relative proportion of family relationship (full-
sib, half-sib and parental-offspring) was calculated for all
pairs of individuals within each population to check the level
of inbreeding using ML-Relate (Kalinowski et al. 2006) and
COLONY 2.0 (Jones and Wang 2010).

The signature of recent bottleneck was examined by
testing the significant excess of expected heterozygosities
under the mutation-drift equilibrium relative to those under
HWE in Bottleneck 1.2.1 (Piry et al. 1999). The signifi-
cance was determined based on the Wilcoxon signed-rank
test under two-phase model (TPM; 70% stepwise mutation
model (SMM) + 30% infinite allele model (IAM)). The sig-
nature of population bottleneck was also checked using the
same software based on a mode-shift away from the typical
L-shaped distribution of allelic frequencies (Luikart et al.
1998). The signature of historical bottleneck was tested by
the calculation of M-ratio, the mean ratio of the number of
alleles to the size range of alleles (Garza and Williamson
2001) in Arlequin. Critical_M (Garza and Williamson 2001)
was used to estimate the threshold value of M ratio (M) for
each population; the population that has experienced histori-
cal decline in their size are expected to display lower M ratio
than the M. For each population M was estimated with two
different values of 6 (=4 N), 1 and 10, representing 500
and 5000 of population size before decline, respectively, and
default options for other values (Ag, the mean size of non-
one-step changes =3.5; P =0.9).

To estimate the level of genetic structure among K. mul-
tifasciata populations, we attempted to use two different
methods. First, the calculation of pairwise-Fgr and -Rgy
values was implemented in Arlequin. The significances of
pairwise-Fgr and -Rgy values were determined through 1000
permutations. GenAlEx was used to statistically evaluate
the relationship between pairwise-Fgp and -Rgp values and
the interpopulation geographic distance along the length
of the main stem. Not only the length of the stream, but
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also the linear distance between the populations and the
headwater distance were also measured. The distance was
estimated using Googlemap’s ‘Measure Distance’ function.
Second, the existence of genetic cluster was predicted based
on Bayesian framework on Structure 2.3.4 (Pritchard et al.
2000). This analysis was performed under the admixture
model for cluster (K) from one to eight, with 20 independ-
ent runs, each consisting of 4 x 10° MCMC generations
after burn-in of 10° MCMC generations. The most reliable
number of genetic clusters was estimated using the delta
K method described by Evanno et al. (2005), which was
implemented in Structure Harvester 0.6.94 (Earl and von
Holdt 2012).

Results

Kichulchoia multifasciata populations showed a high level
of mitochondrial diversity, with above 0.9 in average haplo-
type diversity of all three loci analyzed (Table 1); a total of
180 mitochondrial haplotypes (COI: 40; cyt b: 60; CR: 80)
were found from 256 individuals. Populations HR, WR and
YA displayed a slightly lower level of haplotype diversity
than other populations, with ranging from 0.723 to 0.738,
from 0.797 to 0.843 and from 0.695 to 0.812 in COI, cyt b
and CR, respectively (Table 1). The nucleotide diversity was
also lower in these three populations than in other popula-
tions (Table 1). The sequences of COI and cyt b showed
significant deviations from the neutral expectation estimated
based on both Tajima’s D and Fu’s Fs, while CR showed
the significance only in Fu’s F's (Table 1), indicating the
signature of drastic demographic expansion following the
colonization of this species. At the population level, the sig-
nature of drastic demographic expansion was only found
in populations GA, GH and YR (Table 1). Our Bayesian
skyline plots showed that the effective population sizes of K.
multifasciata greatly increased around 0.2-0.6 My (Fig. 2).
A noticeable increase was found in all populations except for
populations HR, WR and YA (Fig. 2).

A substantial microsatellite polymorphism was also
observed from the 10 loci examined with the number of
alleles per loci ranging from 10 (IC654) to 43 (CL0O02) and
the observed and expected heterozygosities ranging from
0.561 (CL372) to 0.920 (CL002) and from 0.569 (CL372) to
0.934 (IC248), respectively (Table 2). CLOI0 was the only
locus showing the significant deviation (p =0.002) from
HWE expectation following Bonferroni adjustment (n = 10;
a=0.005; Table 2). However, this locus was included in the
subsequent analyses, because the deviation seemed to be
caused from the deficit of observed heterozygosity only in
populations NR, HR and YA. Similarly to the results from
mitochondrial analyses, the allelic diversity of microsatel-
lites was lowest in populations HR, WR, and YA (Table 3).
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Table 1 Summary of YR GA WR  NR GH CD HR YA  Total
mitochondrial diversity
estimates at both population COI
il L w o om o om om o w m o owm x
populations h 14 16 7 11 11 11 6 5 40
hy 0.925 0.893 0.729  0.897 0.836  0.877 0.738 0.723  0.904
7 0.0040  0.0038 0.0031 0.0037  0.0035 0.0035 0.0032 0.0039 0.0039
Tajima’s D —0.755 —1.024 -0.530 -0.715 -0.669 -0.346 0.604 1.016 —1.679*
Fu’s Fs —5.335% —-9.668%* —0.744 —3.025 -—3.192 -3.525 0.646 1.749 —26.483*
cytb
n 38 32 26 38 32 32 32 26 256
h 16 20 8 16 11 11 7 8 60
hy 0.936 0.958 0.797  0.906 0.887 0.810 0.810 0.843  0.939
z 0.0038  0.0035 0.0027 0.0035  0.0031 0.0027 0.0022 0.0022 0.0032
Tajima’s D —0.965 —1.512 -0367 —-1.230 -0.862 —1.029 -0.245 —-0.461 -1.975*%
Fu’s Fs —-3.969 —11.192*% —0.187 —4.451* —1416 —1.930 0401 —0.849 —25.633*
CR
n 38 32 20 38 32 30 30 26 246
h 18 21 7 20 14 14 7 8 80
hy 0.949 0.921 0.695  0.945 0.893 0.899 0.795 0812 0.962
7 0.0071  0.0070 0.0052 0.0054  0.0050 0.0051 0.0042 0.0035 0.0058
Tajima’s D 0.251 -0.211 -0.147 -0936 -0951 -0.271 0813 —1.395 -0.867
Fu’s Fs —-3.713 —-8.836* 1.158 —7.238* —-2718 -3.389 1.396 —0.384 -—25.115*
Combined
n 38 32 20 38 32 30 30 26 246
h 24 28 8 24 18 20 9 9 117
hy 0.973 0.992 0.747  0.954 0946 0966 0.816 0.849  0.987
z 0.0049  0.0047 0.0036 0.0041  0.0039 0.0037 0.0031 0.0030 0.0042
Tajima’s D —0.508 —0.991 —-0.404 -1.089 —0.928 —-0.650 0.334 —0.656 —1.674*
Fu’s Fs —-3.662 —12.734*% 3172 —4.651 —1511 —-4.273 3.333 2553 —24.003*

Data comprise the total number of individuals analyzed (n), number of haplotypes (%), haplotype diversity
(hy), nucleotide diversity (), Tajima’s D and Fu’s F's

Our maximum likelihood analyses of relatedness using ML-
Relate and Colony showed consistently low levels of fam-
ily relationship in all populations (ML-Relate: 7.9-17.6%;
COLONY: 6.3-8.7%; Table 3). No evidence of contempo-
rary population bottleneck could be found from the test with
mode-shift in allele class distribution (Table 3). However,
population WR showed a significance in Wilcoxon signed-
rank test in Bottleneck following Bonferroni adjustment
(n=8, a=0.00625; Table 3). M-ratio values of K. multifas-
ciata populations varied between 0.650 and 0.823. Popula-
tions HR and WR showed the M-ratio values significantly
less than M, (Fig. 3), indicating the signature of historical
demographic decline in these populations.

Haplotypes of K. multifasciata (from the combined data
of three mitochondrial loci) could likely be allocated into
four different clades in our median-joining network analy-
sis, though the level of divergence was not large between
any pair of clades (Fig. 4). No geographic pattern was
observed, because each clade was represented by most of

the populations examined (Fig. 4). In the mismatch analy-
ses, clade 1 and 4 exhibited clear unimodal distribution,
whereas multimodal distribution was observed in clade 2
and 3 (Fig. 4). In pairwise comparison of @¢r, no population
structure was found (Table 4). However, population HR dis-
played relatively greater genetic differentiation from others
(0.093-0.201; Table 4). Pairwise values of @g; were posi-
tively correlated with the (main stem) geographic distances
between populations (Fig. 5a).

The pairwise comparisons of Fgp and Rgp were very low
and many of them were not statistically significant (Table 4).
Similarly to our mitochondrial results, isolation by distance
was also observed in our pairwise-Fgp and -Rgp estimates
(Fig. 5b). However, straight distances between headwaters
or populations did not show any significant correlation with
pairwise @gr values (headwater: R*=0.0026; populations:
R*=0.0006) or pairwise comparisons of Fgr (headwater:
R?=0.0070; populations: R*=0.0051) and Rg; values (head-
water: R>=0.0002; populations: R*=0.0048). Our Bayesian
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Fig.2 Extended Bayesian skyline plots (EBSPs) implemented in BEAST to evaluate the shape of each population growth over historical time

Table 2 Diversity estimates of

ten microsatellite loci analyzed Locus Size (bp) Na A Fs Ho He Fsr Rer Prawe
from eight Kichulchoia CLOOI 198-277 11 7587  —0070 0736 0739 0036 0003 0311
multifasciata populations CL002 108211 43 23704 —0.045 0920 0933 0023 0021 0359
CLOI1 149-255 27 14.825 0038 0854 0887 0028 0017 0034
CLOI0 248-268 15 9.187 0282 0720 0809 0035 0054  0.002
Cotalll  212-268 24 15524 0067 0870 0906 0018 0042  0.030
1C248 107-177 35  20.867 0033 0914 0934 0014 0004 0012
1C372 56-98 18 9.276 0129 0561 0569 0075 0246  0.927
1C487 168-193 15 9271 0046 0803 0829 0036 0071  0.663
1C654 139-161 10 6.654 —0034 0750 0744 0029 0016 0232
1C839 81-128 23 14047 —0054 0846 0887 0031 0004  0.88

Bold values indicate the significant deviation from HWE expectation following Bonferroni adjustment

Data comprise amplified product size range (bp), total number of alleles per locus (N,), allelic richness
(Ag), inbreeding coefficient (Fig), observed (Hg) and expected heterozygosity (Hg), Fgr, Rgp and Fisher’s
exact test for the deviation from HWE (Pywg)

clustering analysis using Structure revealed the absence of
a strong genetic structuring among K. multifasciata popula-
tions (Fig. 6). The delta K method implemented in Struc-
ture Harvester indicated that the optimal number of clus-
ters might be two or six (Fig. 6a). At K=2, the assignment
histogram was displayed as a completely admixed pattern,
whereas populations HR and WR were slightly separated
from others at K=6 (Fig. 6b).
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Discussion

The basic aim of this study was to estimate the level of
genetic diversity and historical gene flow among popula-
tions in Kichulchoia multifasciata. A considerable genetic
polymorphism was detected at microsatellite loci exam-
ined. According to a meta-study performed by DeWoody
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Table 3 Genetic diversity,

Populations N, Hy Hyg HWE  Relatedness Bottleneck

relatedness and bottleneck

signature of eight Kichulchoia ML-Relate Colony Wilcoxon P Mode-shift

multifasciata populations

calculated based on YR 12.600 0.790 0.815 0.0371 9.211 7.310 0.423 Normal L-shape

microsatellite loci GA 13.000 0.822 0.820 0.7921 12.708 6.250 0.042 Normal L-shape
WR 10400 0.815 0.843 0.1193 14.103 8.654 0.003 Normal L-shape
GH 13.800 0.808 0.840 0.2775  7.895 6.871 0.216 Normal L-shape
NR 12,700 0.824 0.829 0.1153  8.542 6.667 0.116 Normal L-shape
HR 10.100 0.748 0.804 0.0284 13.542 6.875 0.385 Normal L-shape
CD 12200 0.792 0.826 0.0496  8.333 6.458 0.080 Normal L-shape
YA 10.400 0.780 0.806 0.0005 17.628 8.654 0.161 Normal L-shape

Bold values indicate the significance following Bonferroni adjustment

Data comprise mean number of alleles per locus (N,), observed (Hg) and expected heterozygosity (Hg),
relateness (calculated based on ML-Relate and COLONY) and the bottleneck signature (calculated based
on Wilcoxon signed rank test (Wilcoxon P) and mode-shift)

1.00 indicated the process of rapid genetic differentiation and
population expansion that occurred after the early establish-
0.90 { ment of this species to the Nakdong River. Expansion and
® genetic differentiation were observed to occur intensively in
080 T | ol l ___________ o the haplotype clades 1 and 4, suggesting that these clades
[ [ ] were probably more common alleles rather than 2 and 3 in
070  _____{ Q. | ___-  J ____._ ________________ _. the early stage. This pattern was strongly supported by our
o ] ® results of mitochondrial demographic statistics (mismatch
0.60 J distribution analysis). Since each clade contains the haplo-
types of almost all populations, these four clades may have

0.50

YR GA WR GH NR HR CcDh YA

Fig.3 M ratio values calculated from microsatellite genotyping. Each
circle indicates the average M ratio of each Kichulchoia multifasciata
population with standard deviation. The dashed line indicates the M
threshold (max and min) calculated from parameter e = 1 to o = 10

and Avise (2000), the mean number of alleles per locus
and the mean heteozygosity in microsatellites of freshwa-
ter fish species are 0.46 and 7.5, respectively. However,
the overall genetic diversity estimates of K. multifasciata
populations were substantially higher than these values,
with 0.82 of observed heterozygosity and 11.9 of mean
allele number per locus. Such a high degree of polymor-
phism was also present in the mitochondrial loci examined
in this study. Total number of haplotypes and mean hap-
lotype diversity were 114 and 0.99, respectively, when all
three loci were combined. It is uncommon to expect for a
species living only in a river that is not very large in the
world to exhibit such a high genetic diversity.

The fact that this species with a limited distribution has
such a considerable level of polymorphism suggests that
new alleles have been generated at a fairly rapid rate since
its colonization, and/or that the natural conditions allowing
the populations to maintain their size well were established
in this river. The results of the haplotype network analysis

existed from the time of colonization or differentiated at
the very beginning of the expansion. Although we can not
exclude the hypothesis that these clades were rather later
created by spatial isolation and then mixed by active gene
flows, no signature of spatial variation was observed in our
clade distribution data.

Considering the conditions of the region where K. mul-
tifasciata is presently found, the most plausible reason for
the rapid expansion of the early colonized population is that
there was no competitor of this species occupying similar
ecological niche and that there were not many predators
directly targeting this species. However, since the behav-
ior of this species has not yet been examined in the natural
ecosystem, such a speculation requires further cautions.
Although not as a direct concern of this study, investiga-
tion regarding the phylogenetic placement of this species
among its congeneric or cofamilial taxa and the biogeodis-
persal process of this species may provide insight into the
initial colonization process. Since congeneric species and
the closely related genus (e.g. Niwaella) are sporadically
distributed throughout East Asia (Kim and Lee 1995; Chen
and Chen 2005; Kim and Yang 2016), a fairly wide range
of work will be required to examine the phylogeographic
processes. However, according to a recent phylogenetic
study, Kichulchoia seemed to be more closely associated
with Tksookimia than Niwaella (Perdices et al. 2016), and
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Fig.4 Median-joining network reconstructed based on the haplotypes
of three mitochondrial loci (COI, cyt b and CR) obtained from the
eight Kichulchoia multifasciata populations. The results of mismatch
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analyses showing the past population demographics were added for
the four clades identified in this network

Table 4 Summary of genetic

i Su YR GA WR GH NR CD HR YA

differentiation parameters

among eight Kichulchoia Mitochondrial

multifasciata populations YR
GA  0.006
WR  0.047 0.034
GH  0.055 0.048 0.077
NR  0.054 0.094 0.101 0.026
CD 0054 0.068 0.068 0.051 0.049
HR  0.110 0.177 0.201 0.160 0.093 0.116
YA  0.069 0.106 0.140 0.082 0.058 0.068 0.134

Microsatellites

YR 0.010 0.048N  0.003 0.007 0.007 0.020  0.062 NS
GA  0.008™ 0.060N  0.013 0.002 0.012 0.024  0.091N8
WR  0.047N 0,048 NS 0.075 N8 0.101N  0.086N  0.139N 0.181 NS
GH  0.018N  0.010N  0.045N8 —-0.010 0.001 —0.013  0.028N8
NR 0017  0.014™ 0053  0.003 -0.005 —-0.010  0.032NS
HR  0.039N 00328 00658  0.034N 0.044 NS 0012  0.069NS
CD  0.023N  0011™ 00528 0015 0.023N  0.036 N8 0.030 NS
YA 0.047N  0.033N  0.065N  0.033N 0.045N5  0.049N5  0.026 NS

Pairwise @®g; calculated based on combined three mtDNA sequences (Mitochondrial) and pairwise-Fgr
(below) and -Rgr (above) calculated based on 10 microsatellite loci (Microsatellites)

NS not significant
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Fig.5 Plots of the isolation by distance (IBD) analysis of the eight
population of Kichulchoia multifasciata. a Regression between mito-
chondrial genetic differentiation index (pairwise-@gr) and interpopu-
lation geographic distance (km). b Regression between microsatellite
pairwise-Fgr or -Rgp values and interpopulation geographic distances
(km)

there is also a need to pay attention to the relationship with
other cofamilial species inhabiting the Korean Peninsula.

It is conceivable that K. multifasciata populations might
not have experienced any significant reduction or allelic loss,
simply given that all populations examined had substantially
high genetic diversity. Our analytical results also provided
evidence supporting this proposition. First, our extended
Bayesian skyline plots showed that the effective size of all K.
multifasciata populations has increased, though the degree
of increase was different among populations. Second, all
populations showed quite low frequency of family relation-
ships among individuals. Finally, no population showed a
complete signature of drastic decline in our genetic bottle-
neck analysis. Based on the weak spatial genetic structuring
and isolation by distance among populations in our results,
active gene flows among populations may have played a role,
at least in part, in maintaining population size.

As mentioned in Introduction, however, active gene
flows were not much expected among populations located
in different tributaries past deep and sandy main stem of the
river. Even if this species is strongly adapted to the upstream
environment, our results claimed that it may not be right to
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|—YR—|—GA GH—— NR HR CD— YA

Fig.6 Population structure of Kichulchoia multifasciata estimated
from microsatellite genotyping. a The estimation of most reliable
number (2 or 6) of cluster based on the delta K method. b The popu-
lation structure patterns obtained based on K=2 (above) or 6 (below).
Each cluster was denoted by different colors. (Color figure online)

assume that migrating through the main stem is not feasi-
ble. K. multifasciata spends most of the time dragging on
the floor and does not swim often. This locomotion habit
may serve as a good strategy to avoid predation in an open
environment of main stem area. This suggests that the Nak-
dong River, which has little natural landscape structure that
interrupts the migration, provides a suitable condition for
this species to maintain gene flow among the populations
and expand the habitat area.

Populations HR, WR and YA exhibited relatively lower
levels of genetic diversity than others in the mitochondrial
loci analyzed. A similar distributional pattern of genetic
diversity appeared in our microsatellite data. Specifically,
populations HR and WR showed a signature of historical
size decline, since they had average M ratios lower than the
critical values calculated for the individual populations.
These two populations were also distinctly prominent in the
Structure analysis. The mean mitochondrial &gy values of
the populations HR, WR and YA with other populations
were remarkably greater than those of other populations
(Table 4), suggesting that the populations were relatively
isolated in the gene flow network. This comparison was
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not possible in microsatellites, because most of the pair-
wise Fgr and -Rgr values were not statistically significant.
It is difficult to conclude that the gene flow reduction of
these populations is necessarily due to distances from other
populations. None of the populations were distantly isolated.
Therefore, we suggest that ecological studies are needed to
see if the waterways into these populations differ from other
areas in the river. Other factors besides gene flow can also
be considered to explain the unequal distribution of genetic
diversity. The size of the effective populations has been pos-
sibly reduced, due to the lack of environmental conditions to
sustain large populations, and that the resulted genetic drift
has reduced the genetic similarities with other populations.

Only considering the distribution of K. multifasciata in
the world, it is absolutely not too much to designate this
species as a species under special protection. Probably, this
species seems to have not been included in the protected
species list of the South Korean government, only because it
is a species commonly observed in the Nakdong River. How-
ever, as our results showed, the population size and genetic
diversity of this species could have been maintained due to
the various factors conditioned by the natural environment
of the river. However, this river has been completely cut off
due to artificial structures constructed over the last decades
and gene flow among different tributaries is not possibly
achieved any more. Under this circumstance, some popula-
tions, which were noted in our study, are likely to suffer from
the genetic erosion even in a short period of time (Reed and
Frankham 2003; Laroche and Durand 2004). Our genetic
data can provide the critical information on the timing when
individual translocation is required or when the naturaliza-
tion of the river system needs to be performed.
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