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Salix koriyanagi is a deciduous shrub and native to Korea. The spatial distribution of multilocus allelic
frequencies and geographical distances of the natural population in upper swampy area at the Namgang
River in Korea were studied. The species showed a significant positive and negative spatial autocorrela-
tion according to geographical distances as measured by Moran's I. Genetic similarity of individuals
was found among subpopulations at up to a scale of a 12 m distance, and this was partly due to
a combination of allelic frequencies, and therefore, a significant spatial autocorrelation was composed
of a scale of 12 m intervals. Within S. koriyanagi in swampy area at the Namgang River, a strong spatial
structure was observed for allozyme markers, indicating a migration within subpopulations.
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Introduction

Genetic variation in plant populations are also non-
randomly distributed [8]. Fine-scale genetic structure is
evident within plant populations when the spatial dis-
tribution of genetic variation among individuals is random.
A number of evolutionary and ecological process affect the
development and maintenance of genetic structure within
plant populations [6,11,17].

In theory, genetic differentiation over short distances may
occur either as a result of spatially variable selection or lo-
calized genetic drift, provided that gene flow is sufficiently
restricted [6]. Indirect evidence for genetic correlations be-
tween neighboring plants has been obtained from data on
mating systems [9]. Localized seed and pollen dispersals
produce family clusters within these populations [7].

Salix koriyanagi Kimura ex Goerz is a deciduous shrub
and native to Korea, but is widely grown by the Japanese
for use in basketry [13]. S. koriyanagi is a large, upright,
multibranched shrub, which can reach a height of 2-3 m at
maturity. Young branches are slender, shiny, very flexible,
pale green in color and yellowish under the bark. Bark on
older stems is yellowish gray. Leaves are either opposite or
alternate, 2 to 4 inches long, narrow, and slightly toothed
along the edges. They will be shades of pale pink and

brown when emerging. Flowers are produced from

*Corresponding author
Tel : +82-51-890-1529, Fax : +82-51-890-1521
E-mail : mkhuh@deu.ac.kr

February to March. Male and female flowers are held in
separate densely flowered, cylindrical catkins. The stamens
of the male flowers are dark purple when the flowers first
open, becoming red, orange, and then yellow. S. koriyanagi
have been chosen to analyze a system to study habitat se-
lection in spatiotemporally fluctuating environments. It
will be assumed that the fitness of individuals in each hab-
itat is a linear function of population density in that hab-
itat and has a stochastic element that may or may not be
correlated with the other habitat. At the start of each year,
the adults will select habitat according to the expected fit-
ness rewards in each habitat. The swamp area is located
on upper part of the Namgang River. The area is less
prone to effects of drought in winter and flooded during
summer. It is expected to provide useful experimental con-
ditions because of the undisturbed and isolated sites.

The purpose of this paper was to describe a statistical
analysis for detecting a species association which is valid
even when the assumption of within- species spatial ran-
domness is violated. Two questions are addressed: 1) is
there a spatial genetic structure within this population?
and 2) if so, what is the spatial pattern of variation and is
it the same for all loci?

Materials and Methods

Sampling procedure
The study was conducted from May to September 2007,

on swampy area at the Namgang River, Mangi-ri,
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Fig. 1. Map illustrating geographical localities at swampy area
in the Namgang River. The collection sites or classes
are identified by code numbers.

Gonmyeong-myeon, Sacheon-shi, Gyeoungsangnam-do,
and involved mapping and sampling of a total of 160 in-
dividuals from eight subpopulations (Fig. 1). One leaf per
plant was sampled. tissues gathered from natural pop-
ulations were labeled and then refrigerated in plastic bags
for 1 to 2 days, until enzyme extraction was carried out.
The distance between selected individuals was about 1.0
m, to avoid including those with a common lineage by
vegetative reproduction.

Numerical simulations of previous analyses were per-
formed to investigate the significant differences at various
distance scales, i.e., 0.0-1.0, 0.0-2.0 m, and so on. However,
no significant population structure was found within the
6.0 m distance classes by means of Moran’s I, and a sig-
nificant population structure was revealed beyond 6.0 m.
Thus, the distance classes are 0.0-6.0 m (class I), 6.0-12.0 m
(class II), 12.0-18.0 m (class III), 18.0-24.0 m (class IV),
24.0-30.0 m (class V), 30.0-36.0 m (class VI), 36.0-42.0 m
(class VII), and 42.0-48.0 m (class VIII). The codes of classes
are the same as in the distance classes (Fig. 1) and are list-
ed Tables 1~3.

Allozyme analysis

Approximately 1.0 of 1.2 g biomass shoot tissues were
ground with a cold mortar and pestle in 300 to 400 ul of
extraction buffer (0.05 ml of 0.1% B-mercaptoethanol, 0.001
M EDTA, 0.01 M potassium chloride, 0.01 M magnesium
chloride hexahydrate, 4% w/v 1g PVP, 0.10 M Tris-HCl
buffer, pH 8.0).

Electrophoresis was performed using 12.0% starch gels
according to the methods by Soltis et al. [21]. Eight en-
zyme systems were assayed in this study. Glucose phos-
phate isomerase (GPI) and phosphoglucomutase (PGM)
were resolved on system 9 of Soltis et al. [21]. Isocitrate
dehydrogenase (IDH), malate dehydrogenase (MDH), and

6-phosphogluconate dehydrogenase (PGD) were resolved
on system 10 of Soltis et al. [21], Shikimate dehydrogenase
(SKD), leucine aminopeptidase (LAP), and peroxidase
(PER) were resolved on system Morpholine-citrate of
Clayton and Tretiak [4].

Statistical measures of genetic structure

All monomorphic and polymorphic allozyme bands visi-
ble by eye were scored, and only unambiguously scored
bands were used in the analyses.

The spatial structure of locus variations was quantified
by Moran’s I, a coefficient of spatial autocorrelation (SA)
[19,20]. As applied in this study, Moran’s I quantifies the
genetic similarity of pairs of spatially adjacent individuals
relative to the population sample as a whole. The value of
I ranges between +1 (completely positive autocorrelation,
ie, paired individuals have identical values) and -1
(completely negative autocorrelation). Each plant was as-
signed a value depending on the presence or absence of a
specific allele. If the ith plant was a homozygote for the al-
lele of interest, the assigned pi value was 1, while if the al-
lele was absent, the value 0 was assigned.

Pairs of sampled individuals [total number of pairs:
(120x119)/2=7,140] were classified according to the
Euclidean distance, dij, so that class k included djj satisfy-
ing k-1 < dij < k+1, where k ranges from 1 to 8. The inter-
val for each distance class was 6 m (see “Discussion”).

Moran’s [ statistic for class k was calculated as follows:
[(K)=n i Zj(i #j)WijZiZj /S Zi"

where Zi is pi - p (p is the average of pi); Wij is 1 if the
distance between the ith and jth plants is classified into
class k; otherwise, Wij is 0; n is the number of all samples
and S is the sum of Wij {21i2j(i#j)Wij} in class k. Under
the randomization hypothesis, I(k) has the expected value
ul=-1/(n-1) for all k. Its variance, u2, has been given, for
example, in Sokal and Oden [19]. Thus, if an allele is ran-
domly distributed for class k, the normalized I(k) for the
standard normal deviation (SND) for the plant genotype,
g(k)={I(k)-ul}/ u2'’?, asymptotically has a standard normal
distribution [5]. Hence, SND g(k) values exceeding 1.96,
2.58, and 3.27 are significant at the probability levels of
0.05, 0.01, and 0.001, respectively.

All pairwise comparisons of geographic and genetic dis-
tances among the analyzed individuals were used for the
definition of the so-called Fr function [22]. Like Moran'’s I,



this function provides a method for investigating spatial au-
tocorrelation, ie., the correlation between geographic and
genetic distances under isolation by the distance model. For
every distance class, r, the relative frequency of individuals
with an identical haplotype to x is calculated as {Ir(r)}. Then
it can be calculated values of the Fr function as:

Fr()={r(r)-Xpi’}/ (1-Zpi’)

where pi is the relative frequency of haplotype i for the
entire populations [3].

Results
Genetic diversity
The level of genetic variation was high in eight sub-
populations of S. koriyanagi (Table 1). Nine of 15 loci (60.0%)
showed polymorphism in at least one subpopulation, while
the remaining six (Idh-2, Lap-1, Lap-2, Mdh-1, Per-3, and

Table 1. Measures of genetic variation for allozymes generated
among eight classes of Salix koriyanagi used to detect
polymorphism among genotypes

Ofc‘éﬂgs Pp A Ae Ap Hop (SD)  Hep (SD)
I 533 173 156 238 0137(0.019) 0271(0.062)
M 467 173 155 257 0119(0.019) 0.254(0.063)
I 400 167 146 267 0108(0.017) 0.216(0.060)
IV 467 180 154 271 0116(0.017) 0.247(0.063)
V533 187 154 263 01450.019) 0.272(0.064)
VI 533 160 143 213 0130(0.020) 0.245(0.054)
VI 467 160 139 220 0.098(0.018) 0.180(0.054)
VII 467 160 139 229 0113(0.020) 0.215(0.056)
Mean 467 168 148 245 0121(0.007) 0.238(0.021)

1)Percentage of polymorphism (Pp), mean number of alleles per
locus (A), effective number of alleles per locus (Ae), expected
heterozygosity (Hep), and observed heterozygosity (Hop).
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Gpi-2) were monomorphic in all populations. Therefore, the
"Results"
"Discussion” in this paper. The majority of the polymorphic
loci expressed two (Skd-2, Idh-1, Gpi-1, and Pgm) or three
alleles (Skd-1, Mdh-2, Per-2 and Pgd-2). Per-1 was three. An

average of 46.7% of the loci was polymorphic within sub-

data on these loci were omitted from and

populations, with the values ranging from 40.0 to 53.3%.

In a simple measure of intraclass variability by the per-
centage of polymorphic bands, class XI exhibited the low-
est variation (40.0%). Three classes (I, V, and VI) showed
the highest value (53.3%) of the eight classes (Table 1).
Although the S. koriyanagi population was isolated, and
patchily distributed, it maintained a high level of genetic
diversity. For example, the average observed number of al-
leles (A) was 1.68 across classes, ranging from 1.60 for the
class, with the lowest mean number of alleles to 1.87 for
the class with the highest mean. The effective number of
alleles (Ae) was similar for all classes (1.39~1.56). The
mean gene diversity within populations (Hep) was 0.238.
Class V had the highest genetic diversity (0.272), while
class VII had the lowest (0.180). The mean Hep of S. kor-
iyanagi showed a significant difference among sub-
populations (by paired t-test).

Analysis of spatial autocorrelation

The coefficient of spatial autocorrelation, Moran’s I, for
polymorphic loci is presented in Table 2. Moran’s I of S.
koriyanagi significantly differed from the expected value in
only 34 of 72 cases (47.2%). Thirteen of these values
(38.2%) were negative, indicating a partial genetic dissim-
ilarity among pairs of individuals in the eight distance
classes. Twenty-one of the significant values (61.8%) were

positive, indicating genetic similarity among individuals in

Table 2. Spatial autocorrelation coefficients (Moran’s I) of nine loci among eight distance classes for S. koriyanagi

Distance classes

Loci

I I I % \% VI VII VIII
Gpi-1 04517 0.389" -0.135 -0.171 0.096 -0.187 0.037 -0.149
Idh-1 0.368" 0237 01827 0.013 0.022 0.204 0.042 0272
Mdh-2 03117 0257 0.241 0.042 0.068 0.289° 0.141 0.113
Per-1 0.390" 0277 -0.204" 0.124 0.149 0.334" 0222 0.163
Per-2 05117 0453 -0.002 0.119 0.179 0.252" 0.137 0112
Pgd 0448~ 04347 -0.061 0.075 0.224 -0.228" 0.033 0365
Pgm 0.365" 0.163 -0.203" -0.093 0.143 -0.222° 0134 0.050
Skd-1 0424~ 0.344" 0.266 0.121 -0.198° 0.107 0.177 0.201"
Skd-2 04397 0.102 0.250° 0.116 0.175 0232 0.121 0.062

* p<0.05 ** p<0.01 *** p<0.001.
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the first two distance classes (I and II) except for one locus
(Skd-1), i.e., pairs of individuals can separate by more than
12 m. Many Moran’s I values of IV and V distance classes
except for three locus (Skd-1, Gpi-1, and Pgm), were pos-
itive and Moran's I values of VI distance class except Skd-1
were negative. Thus, when Moran’s [ values started from
IV distance class, pairs of individuals can also separate by
more than 12 m. Namely significant aggregations of an
identical allele were partially observed at eight markers ex-
cept for the Skd-1 marker within these IV and V classes.

Separate counts for each type of joined alleles and for
each distance class of separation were tested for significant
deviation from random expectations by calculating the
SND. Figs. 2 and 3 show the distribution of SND for S. kor-
iyanagi across the distance classes. Skd-2, Idh-1, and Mdh-2
showed significantly positive SND values within distance
class 1I (Fig. 2). All loci except Skd-1 had negative SND
values beyond class IIl. As a matter of course. Skd-1 had
first negative SND value at class V. In S. koriyanagi, the
population structure of the distribution of allelic frequen-
cies consists of a scale of 12.0 m intervals. However, no

spatial structure of allelic frequencies was found for

4 . —e—Skd-1 Skd-2
5 L —&—Ildh-1  —¢—Mdh-2
2
1 L
S .
2L Vil
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4t Distance classes
Fig. 2. Correlograms for the swampy area at the Namgang
River of Salix koriyanagi using values of Moran's [ for
four loci (Skd-1, Skd-2, Idh-1, and Mdh-2).
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Fig. 3. Correlograms for the swampy area at the Namgang

River of S. koriyanagi using values of Moran’s [ for five
loci (Gpi-1, Per-1, Per-2, Pgd, and Pgm).

Table 3. Number of loci exhibiting significant differences in
allelic frequencies (upper diagonal) and genetic dis-
tances (low diagonal) between classes

Class 1 II I v Vv VI VI VI

1 - o 2 4 4 5 5 7
m 0003 - 1 3 4 2 5 6
m 003 0033 - 0 2 5 4 6
IV 0039 0007 000 - 3 2 5 5
V0038 0016 0016 0017 - 1 3 4
VI 0047 0027 0029 0033 0010 - 2 3
VI 0054 0.026 0.023 0025 0021 0018 - 0
VII 0042 0024 0023 0028 0017 0010 0007 -

2.5

20

1.5 F

1.0 f

0.5 |
Lt 0‘0 1 1 1 1 1 1 1
05 F | 1 VI VI
-1.0 F

.15 L

-2.0

Distance classes

Fig. 4. Genetic versus geographic distances of the swampy
area at the Namgang River in Korea. Values of the Fr
function are given.

one marker (Gpi-1) within the natural population of S.
koriyanagi. Gpi-1, Per-1, Per-2, Pgd, and Pgm showed sig-
nificantly positive SND values within distance class II (Fig.
3). Thus, genetic dissimilarity among pairs of individuals
could found by more than 12 m. This suggests that neigh-
boring patches in which there are different alleles are pre-
dominantly 12 to 18 m apart, on average. The comparison
of Fr values to a logistic regression indicated that a highly
significant percentage of genetic variation in the sub-
population could be explained by isolation by distance(Fig.
4). Tt is almost consisted the result of Moran’s I.

Pairwise comparison of regions was included in Table 3.
The numbers of loci exhibiting significant differences in al-
lelic frequencies between regions would be a good in-
dicator of differentiation if the sample sizes are equal.
There were not significant differences between classes I
and II, classes III and IV, and classes VII and VIIIL.

Discussion

S. koriyanagi (0.238) maintains a higher than average lev-
el of genetic diversity compared with other plant species:



temperate-zone species (0.146), dicots (0.136), species with
a sexual reproduction mode (0.151), and those with a
long-lived woody habit (0.177) [10]. Especially, For exam-
ple, its genetic diversity at 0.238 is higher than that of ear-
ly successional species (0.149), middle successional species
(0.141). The early successional stage is colonized by moss-
es, fireweed, and cottonwood and the willows (S. kor-
iyanagi) begin as prostrate plants but later grow into erect
shrubs [12].

A significant positive value of Moran’s I indicated that
pairs of individuals separated by distances that fell within
distance class k had similar genotypes (gene frequencies),
whereas a significant negative value indicated that they
had dissimilar genotypes. The overall significance of in-
dividual correlograms was tested using Bonferroni's cri-
teria [18]. The results revealed that genetic similarity was
shared among individuals within up to a scale of a 12 m
distance. Thus there were directly structured for the pres-
ence of genetic correlations between neighbors at this scale.

Although no distinct spatial structure of allelic frequen-
cies was found for either of the 3 loci (Skd-1, Gpi-1, and
Pgm) within the natural subpopulations of S. koriyanagi,
many significant aggregations of an identical allele were
partially observed at the six loci for some classes. The re-
sults from this study are consistent with the supposition
that a plant population is subdivided into local demes, or
neighborhoods of related individuals [14]. Previous reports
on the local distribution of genetic variability suggested
that microenvironmental selection and limited gene flow
are the main factors causing substructuring of alleles with-
in a population [7,9]. Local genetic differentiation at iso-
zyme or other marker loci caused by microenvironmental
heterogeneity has been observed in a variety of plant
species. Those loci showed significant aggregation of an
identical allele, which persists for generations, as long as
the same microenvironmental conditions continue. This
persistence was demonstrated, for example, in the Got-1 lo-
cus in lodgepole pine [9] and for the genetic variation in
quantitative traits of Impatiens capensis [1]. In the present
study, most loci (47.2%) showed significant aggregation in
the Korean S. koriyanagi population. This aggregation, how-
ever, did not persist at all loci, thereby excluding micro-
environmental selection as being the main cause for allelic
aggregation.

It is important to infer the genetic patch width because

it defines the spatial scale within which individuals have
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similar genetic backgrounds. The distance at which mean
Moran’s [ values first intercept the ul value provides a
measure of the shortest diameter of irregularly shaped
patches [5].

Possible contributing factors include differences in den-
sity and topography but not human interference. Most
populations in our study experience annual, severe demo-
graphic bottlenecks due to drought and floods. In addition,
reduce of populations are expected to diverge genetically
due to drift, the random loss of alleles having individuals
due to sporadically fishing. The topology of sub-
populations from class I to III is steep slopes, whereas, the
subpopulations in classes IV~VIII are flat or gently
sloping.

In simulations, Ohsawa et al. [15] and Epperson [7]
showed that local genetic differentiation is very sensitive
to the degree of actual gene dispersal. An indirect estimate
of gene flow, based on the mean Gst (the proportion of to-
tal genetic diversity partitioned among populations), was
moderate (Nm=2.85) in Korean classes. Levels of gene flow
calculated in the present study are of sufficient magnitude
to counterbalance genetic drift, thus playing a major role
in shaping the genetic structure of S. koriyanagi.

If drift were the only force structuring genetic variation,
it would not expect all of the markers to produce similar
correlograms, or to decline with increasing distance classes,
with the patch size for positive autocorrelation determined
by the neighborhood area, although the actual spatial pat-
terns would be uncorrelated among markers [20]. If the ob-
served differences in spatial structure among markers are
significant, these cannot be explained by drift alone.
Unfortunately, no precise statistical procedures exist for
testing the significance of differences among Moran’s [-cor-
relograms [1]. Moreover, since different markers displayed
different amounts of genetic determination, the power or
precision of the I-statistic may differ among markers.
Nevertheless, most correlograms showed significance at a
scale of 12~18 m.
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