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Abstract Genetic variation associated with Picea jezo-

ensis populations of South Korea was investigated using

chloroplast (cp), mitochondrial (mt) and nuclear DNA

markers. In South Korea, P. jezoensis is distributed across

a very restricted area, being found on the summits of

three mountains: Mts. Jiri, Dokyu and Gyebang. Exami-

nation of five region restriction enzyme combinations for

mtDNA and four for cpDNA revealed haplotypes ende-

mic to South Korea. The Gyebang population, the most

northerly and most isolated, was genetically distinct from

the other populations. Nuclear microsatellite markers

indicated, overall, a low level of genetic diversity

(He = 0.406) in South Korea; this could be attributed to

genetic drift and/or founder effects associated with his-

torical events. The Wilcoxon sign-rank test did not

indicate a recent bottleneck in any of the populations

irrespective of the model considered (infinite allele model,

two-phased model of mutation, and stepwise mutation

model). Microsatellite markers also demonstrated that the

Gyebang population was distinct from the others. The

results of this study could be used as the basis for con-

servation guidelines for the management of this species in

South Korea.
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Introduction

Picea jezoensis (Sieb. et Zucc.) Carr. is a common and

widespread tree species in the cold temperate and boreal

forests of east Russia, northeast China, Japan and Korea. P.

jezoensis has three varieties based on geographical distri-

bution: P. jezoensis var. jezoensis; P. jezoensis var.

hondoensis; and P. jezoensis var. koreana (synonymous with

P. jezoensis var. komarovii). Picea jezoensis var. jezoensis is

distributed across northern Korea, northeast China, Sakha-

lin, Kamchatka, the Kuriles and Hokkaido Island in Japan.

Picea jezoensis var. hondoensis is restricted to high eleva-

tions in the central region of Honshu Island, Japan. Picea

jezoensis var. koreana is found on the Korean peninsula and

in the southern part of China (Yamazaki 1995). In this study

we do not refer to a named variety, since no P. jezoensis

variety has been associated with the species in South Korea

(Lee 1982, 1985). In South Korea, P. jezoensis has a very

limited distribution, growing only on three mountain sum-

mits: those of Mts. Jiri, Dokyu and Gyebang. Because of its

restricted distribution and ecological value, P. jezoensis is of

great conservation importance in South Korea.

Genetic diversity is necessary to facilitate evolutionary

responses to environmental change. As such, the World

Conservation Union (IUCN) classifies genetic variation as

one of the key aspects of biodiversity to be conserved. In

addition, information pertaining to genetic variation is

essential when planning both in situ and ex situ gene

conservation strategies.

In the Pinaceae, the mitochondrial genome is inher-

ited maternally and the chloroplast genome is inherited
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paternally (Neale and Sederoff 1989; Sutton et al. 1991;

Hipkins et al. 1994; Chen et al. 2002). The DNA in these

organelles can be used to investigate genetic differentiation

among populations. Maternally inherited mitochondrial

DNA (mtDNA) is more useful for determining genetic

differentiation than is biparentally inherited nuclear-rDNA

or paternally inherited chloroplast DNA (cpDNA) (Neale

and Sederoff 1988). However, nuclear microsatellites are

suitable for investigating genetic diversity since they are

co-dominant markers and have relatively high poly-

morphism even in populations with low allozyme

polymorphism (Hughes and Queller 1993; Sugaya et al.

2003).

In the present study, using chloroplast (cp), mitochon-

drial (mt) and nuclear DNA markers, we investigated the

genetic variation in the extant P. jezoensis populations in

South Korea. The results of this study could be used to

inform the gene conservation program of this species in

South Korea.

Materials and methods

Study sites, plant materials and total DNA extraction

The locations of the four natural populations of P. jezoensis

that we studied are shown in Fig. 1. Of the four popula-

tions, Gyebang is the smallest and the most northerly; it is

over 200 km away from the other three populations. The

Jiri-Chunwang and Jiri-Banya populations are located at

the most southerly extent of the range of P. jezoensis, and

occupy two separate peaks of the Jiri Mountains. These two

populations are 10 km apart. The Dokyu population is

located between the Gyebang and Jiri populations, but is

closer to the latter.

We collected needles from four populations of P. jezo-

ensis in South Korea between late February and mid May

2007. Within each population, we tried to sample needles

from more than 30 trees, separated by a minimum distance

of 30 m in order to avoid the risk of sampling closely

related individuals. Although, we aimed to sample at least

30 trees, this was not possible in the Gyebang population

because of its small size (Table 1).

Total genomic DNA was isolated from 25 mg needle

tissue following the protocol described by Qiagen (DNeasy

plant mini handbook; Qiagen, Hilden, Germany).

Organelle DNA PCR-RFLP analysis

The five region restriction enzyme combinations for

mtDNA, nad1/Hin6I (HhaI), nad1/HinfI, nad1/HpyF3I

(DdeI), nad1/Eco32I (EcoRV) and mh02/Tru1I (Tru9I),

and the four for cpDNA, trnK/DraI, trnC-trnD/DraI,

trnC-trnD/RsaI and trnD-trnT/TaqI, that were used in this

study had showed polymorphism in a previous study

(Aizawa et al. 2007).

Polymerase chain reactions (PCR) were performed in a

volume of 15 lL with final concentrations of 15 ng

genomic DNA; 0.1 mM of each of the four dNTPs; 2 mM

MgCl2 (ABgene, Epsom, UK); 19PCR buffer (ABgene);

0.3 U Taq DNA polymerase (ABgene) and 0.2 lM of each

primer. The PCR thermal profile was as follows: an initial

denaturing step of 5 min at 94�C followed by 35 cycles of

45 s at 94�C (denaturation), 45 s at 53–62�C (annealing),

and 2 min 30 s at 72�C (extension) before final elongation

at 72�C for 5 min in a PTC-200 thermal cycler (MJ

Research, Waltham, MA) or a Tetrad 2 thermal cycler

(Bio-Rad, http://www.bio-rad.com/).

To confirm the presence of amplification, 5 lL of the

PCR products were separated on a 1% agarose gel stained

with ethidium bromide in 19 TBE buffer. After checking

the successful amplification of the mtDNA and cpDNA

regions, the PCR products were digested separately with

the restriction enzymes. These restriction reactions were

carried out for 2 h at 37�C (65�C for TaqI and Tru1I) by

Fig. 1 The location of the studied populations of Picea jezoensis.

Numbers represent each population sampled (1 Jiri-Chunwang, 2
Jiri-Banya, 3 Dokyu, 4 Gyebang)
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adding 10 lL PCR product to a mixture containing 1.1 lL

109 enzyme buffer (Fermentas, St. Leon-Rot, Germany)

and 3 U of the enzyme. The restriction fragments were

separated on a 1% agarose gel containing 0.005% ethidium

bromide in 19 TBE buffer at 200 V for 0.5–1 h then

visualized and photographed under UV light. The haplo-

type name and the restriction fragment length of each of

the region restriction enzyme combinations followed Aiz-

awa et al. (2007).

Analysis of data obtained from organelle

DNA PCR-RFLP analysis

The FST values (Weir and Cockerham 1984) of all mtDNA

and cpDNA loci were calculated using Arlequin (Schneider

et al. 1997).

To determine the phylogenetic relationships between the

mtDNA haplotypes, a median-joining network was con-

structed using NETWORK software (http://www.fluxus-

engineering.com; Bandelt et al. 1999). Haplotype data for

populations from Japan, Russia and China were obtained

from Aizawa et al. (2007) and were combined with the

data from the current study to construct the haplotype

network.

Nuclear DNA microsatellite analysis

We used six microsatellite primer pairs developed in Picea

species (SpAGG3, SpAGD1 and SpAGC1, Pfeiffer et al.

1997; UAPgAG150A, UAPgAG105 and UAPgAC/AT6,

Hodgetts et al. 2001; see details in Results). PCR reactions

were performed in a volume of 10 lL with final concen-

trations of 5 ng genomic DNA; 0.2 mM of each of the four

dNTPs; 2 mM MgCl2 (ABgene); 19 PCR buffer (AB-

gene); 1 U Taq DNA polymerase (ABgene) and 0.2 lM of

each primer. The PCR thermal profile was as follows: an

initial denaturing step of 5 min at 94�C followed by 35–40

cycles of 30 s at 94�C (denaturation), 30 s at 60–66�C

(annealing), and 30 s at 72�C (extension) before final

elongation at 72�C for 5 min in Tetrad 2 thermal cycler

(Bio-Rad). The genotypes of each microsatellite marker

were determined using ABI PRISM 3130 genetic analyzers

(Applied Biosystems, Foster City, CA).

Analysis of data obtained from nuclear

DNA microsatellite analysis

For each nuclear microsatellite locus, the total number of

alleles detected (A), the observed heterozygosity (Ho), the

unbiased expected heterozygosity (He; Nei 1987), FST

(Weir and Cockerham 1984) and the pairwise FST between

each pair of populations were calculated using the FSTAT

program (Goudet 2001). The differences in FST between

each pair of populations were tested based on 1,000

permutations.

For each population, we estimated the average number

of alleles per locus (Na), the allelic richness, which was

calculated using a fixed sample size of 26 individuals

(Ag[52]; El Mousadik and Petit 1996), the observed heter-

ozygosity (Ho) and the unbiased expected heterozygosity

(He; Nei 1983). We also estimated that the unbiased

expected heterozygosity (He; Nei 1983) using four loci,

namely SpAGG3, SpAGD1, SpAGC1 and UAPgAC/AT6, to

compare the genetic diversity of P. jezoensis in this study

with that found by Aizawa et al. (2008b). These parameters

were calculated using POPGENE (Yeh and Boyle 1999)

and FSTAT software (Goudet 2001).

Population structure was inferred using STRUC-

TURE 2.1 (Pritchard et al. 2000). This program was

designed to identify the optimal value of K, i.e., the number

of populations from which the samples originated, and

simultaneously to assign individuals to the populations

Table 1 Geological information relating to the studied populations and their population genetic parameters revealed by nuclear microsatellite

markers

Population No. of individuals investigated Na
a Ag[52]

b Ho
c He

d He
e

Mt. Jiri-Chunwang 40 8.0 6.947 0.417 0.427 0.522

Mt. Jiri-Banya 35 7.3 6.681 0.452 0.437 0.494

Mt. Dokyu 33 6.3 6.069 0.394 0.408 0.504

Mt. Gyebang 26 4.2 4.167 0.410 0.353 0.492

Average 6.5 5.966 0.418 0.406 0.503

a Average number of alleles per locus
b Allelic richness based on a sample size of 26 diploid individuals
c Observed heterozygosity
d Unbiased expected heterozygosity using six nuclear microsatellite markers
e Unbiased expected heterozygosity using four selected nuclear microsatellite markers
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(clusters). We performed 13 independent runs (K = 1–4)

with 105 Markov chain monte carlo (MCMC) repetitions

after a burn-in period of 104 interactions, using an

admixture ancestral model and a model in which allele

frequencies were correlated. We calculated the posterior

probability for each K value using the estimated log-like-

lihood of K to select the optimal K.

To investigate the relationship between the census

population size and the allelic richness based on a sample

size of 26 diploid individuals (Ag[52]), we calculated

Spearman’s q rank correlation coefficients. The census

population size of each population was estimated visually.

Spearman’s q values were computed with the JMP4 soft-

ware package (SAS Institute, Cary, NC).

We used the BOTTLENECK program (Piry et al.

1999) to determine whether effective population size had

been restricted in the recent past. We employed the infi-

nite allele model (IAM), the two-phased model of

mutation (TPM) and the stepwise mutation model

(SMM); TPM generally provides the best fit for micro-

satellite data (Piry et al. 1999). Wilcoxon sign-rank tests

were also performed.

Nei’s DA distance (Nei 1983) was calculated between

each pair of populations using the POPULATIONS pro-

gram (Langella 2007). The genetic relationships between

populations were visualized by constructing a neighbor-

joining (NJ) tree based on the DA distance. To assess the

confidence limits associated with the topology of the NJ

tree, bootstrap proportions were estimated on the basis of

1,000 replicates.

Results

Organelle DNA PCR-RFLP variation

Of the five region restriction enzyme combinations for

mtDNA that exhibited polymorphism in Asian P. jezoensis

populations (according to Aizawa et al. 2007), only one,

mh02/Tru1I (Tru9I) exhibited no variation in this study

(Table 2a). Combining all PCR-RFLP band patterns

detected by each marker allowed the identification of four

mtDNA haplotypes (hereafter referred to as ‘mitotypes’)

(Fig. 2; Table 2a). While only one mitotype (V) was found

in Dokyu, Jiri-Banya and Jiri-Chunwang, three different

mitotypes VIII, IX and XII [mitotypes X and XI are already

used in P. alcoquiana (Aizawa et al. 2008a)] were found in

Gyebang. Thus, only the Gyebang population exhibited

intra-population variation on the basis of mtDNA.

Similarly, out of four region restriction enzyme combi-

nations for cpDNA, only one, trnC-trnD/RsaI, was

monomorphic in this study. By combining all PCR-RFLP

band patterns detected by each marker, we identified six

cpDNA haplotypes (hereafter referred to as ‘chlorotypes’)

(Fig. 2; Table 2b). All of the populations except Gyebang

contained chlorotypes F and K. However, chlorotype L was

found only in the Jiri-Chunwang population.

The overall genetic differentiation among populations

based on mtDNA was remarkably high (FST = 0.921), but

the FST value for cpDNA was low (FST = 0.056).

As described above, mtDNA readily conserves genetic

differentiation. Therefore, we constructed a network of

Table 2 Haplotypes with restriction fragment length polymorphism (RFLP) band patterns detected in Picea jezoensis in South Korea

Mitotype nad1/HhaI nad1/HinfI nad1/DdeI nad1/EcoRV mh02/Tru9I

mtDNA PCR-RFLPa

V 1,200; 600 1,200; 400; 320; 220 1,100; 800; 200 1,200; 1,050 320; 280; 150

VIII 1,300; 600 1,300; 400; 320; 200 1,350; 750; – 1,300; 1,050 320; 280; 150

IX 1,250; 600 1,250; 400; 320; 220 1,250; 750; – 1,200; 1,050 320; 280; 150

XII 1,400; 600 1,400; 400; 320; 200 1,400; 750; – 1,350; 1,050 320; 280; 150

Chlorotype trnK/DraI trnC-trnD/DraI trnC-trnD/RsaI trnD-trnT/TaqI

cpDNA PCR-RFLPb

A 1,370; 820 1,200; 1,100 840; 740; 660 600; 200; 470; 400

B 1,370; 820 2,300 840; 740; 660 600; 200; 470; 400

F 2,190 1,200; 1,100 840; 740; 660 600; 200; 470; 400

G 2,190 2,300 840; 740; 660 600; 200; 470; 400

K 1,370; 820 2,300 840; 740; 660 600; 200; 470; 500

L 2,190 1,200; 1,100 840; 740; 660 600; 200; 470; 500

a RFLP band patterns detected in mitochondrial DNA
b RFLP band patterns detected in chloroplast DNA
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mitotypes to determine the migration route of P. jezoensis

across Korea. The constructed network of mitotypes indi-

cated that endemic mitotypes VIII, IX and XII had

diverged from mitotype IV (Fig. 3). Mitotypes IV and V

were derived from mitotype III as reported by Aizawa et al.

(2007).

Nuclear DNA microsatellite variation

The total number of alleles detected (A) at each locus

ranged from 4 to 24 (Table 3). The observed heterozy-

gosity (Ho) ranged from 0.076 to 0.856 (average over all

loci was 0.418) and the unbiased expected heterozygosity

(He) ranged from 0.074 to 0.857 (the average over all loci

was 0.406). The values of FST ranged from 0.005 to 0.320

with a mean of 0.102, indicating that most genetic variation

(about 90%) occurred within populations. The FST values

for each pair of populations varied between 0.008 and

0.229 (Table 4) with an average of 0.111. All the pairwise

FST values were statistically significant with the exception

V VIII

IX XII

A B G

F K L

a)mt-1

b)mt-2

c)mt-3

d)mt-4

a)cp-1

b)cp-2

c)cp-3

d)cp-4

Fig. 2 Chloroplast (cp) and mitochondrial (mt) haplotypes revealed

by organelle DNA polymerase chain reaction-restriction fragment

length polymorphism (PCR-RFLP) analysis. Numbers represent each

population sampled (1 Jiri-Chunwang, 2 Jiri-Banya, 3 Dokyu, 4
Gyebang)

I

II

III

IV

V

VI

VII

VIII IX

XII

Fig. 3 Haplotype network of the mitotypes obtained using the

median-joining method (Bandelt et al. 1999)

Table 3 Characteristics of six nuclear microsatellite loci

Primer Aa Ho
b He

c FST
d

SpAGG3 7 0.339 0.339 0.023

SpAGD1 24 0.856 0.857 0.078

SpAGC1 21 0.703 0.687 0.025

UAPgAG150A 4 0.395 0.351 0.320

UAPgAG105 4 0.076 0.074 0.005

UAPgAC/AT6 5 0.142 0.129 0.064

Over all loci 10.83e 0.418 0.406 0.102

a Total number of detected alleles
b Observed heterozygosity
c Unbiased expected heterozygosity
d FST (Weir and Cockerham 1984)
e Average number of detected alleles

Table 4 Nei’s DA distance (Nei 1983) between populations (above

the diagonal) and FST (Weir and Cockerham 1984) between popu-

lations (below the diagonal)

Population Mt.

Jiri-Chunwang

Mt.

Jiri-Banya

Mt.

Dokyu

Mt.

Gyebang

Mt. Jiri-Chunwang 0.0563 0.1004 0.1964

Mt. Jiri-Banya 0.0082 0.0910 0.1771

Mt. Dokyu 0.0216* 0.0246* 0.1956

Mt. Gyebang 0.2096* 0.1724* 0.2268*

Values were calculated based on data from nuclear microsatellites

* P \ 0.001
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of that between the Jiri-Chunwang and Jiri-Banya

populations.

In the STRUCTURE analysis (Pritchard et al. 2000), a

value of K = 2 resulted in the maximum log-likelihood

value. This result suggests that there were probably two ori-

ginal populations, from which the 134 individuals in the

current four populations were derived. The frequency of

cluster one individuals was high in Jiri-Chunwang, Jiri-Banya

and Dokyu populations. In contrast, the frequency of cluster

two individuals was high in the Gyebang population (Fig. 4).

The intra-population genetic diversity measures are

presented in Table 1. The mean number of alleles per locus

(Na) varied from 4.2 to 8.0 (average 6.5). The Ho and He

values ranged from 0.394 to 0.452 (average 0.418) and

from 0.353 to 0.437 (average 0.406), respectively. The

allelic richness based on the sample size of 26 diploid

individuals (Ag[52]) varied between 4.167 and 6.947

(average 5.966). The He value, estimated using four loci,

ranged from 0.492 to 0.522 (average 0.503). In the present

study, a statistically significant correlation was found

between the census population size and allelic richness

(Ag[52]) based on the sample size of 26 diploid individuals

(Spearman’s q = -1.00; P \ 0.0001).

The Wilcoxon sign-rank tests indicated that there had

been no significant bottlenecks in any of the four populations

under any of the models considered (IAM, TPM and SMM).

Nei’s (1983) DA distance ranged from 0.0563 to 0.1964,

with a mean of 0.1361 (Table 4). The NJ dendrogram

based on the DA distance is presented in Fig. 5. The den-

drogram revealed a clear geographic structure among

populations: pairs of populations from geographically close

locations clustered together. The isolated northern popu-

lation, Gyebang, was distinct from the other three

populations, whereas the two populations from Jiri (i.e.,

Jiri-Chunwang and Jiri-Banya) were the most similar.

Discussion

Genetic variation within populations

The average expected heterozygosity of P. jezoensis in

South Korea using four loci (He = 0.503; Table 1) was

somewhat lower than that recorded for other P. jezoensis

populations in Japan, Russia and China, which ranged from

0.41 to 0.83 (Aizawa et al. 2008b). On the basis of the

fossil data, Kong and Watts (1993) suggested that spruces

in Korea appeared in the Miocene and became the domi-

nant species during the Quaternary. Subsequently, spruce

forests retreated northwards, fragmented, and shifted to

high elevations (over 1,000 m above sea level) during the

Holocene warming (about 6,000 years ago). Accordingly,

the level of genetic diversity in the P. jezoensis populations

of South Korea may have been reduced because they were

the subject of elevated levels of genetic drift. Recent

habitat loss and/or a reduction in population size appear to

have contributed relatively little to the low genetic vari-

ability in the P. jezoensis populations of South Korea. We

found no evidence that any of the four populations have

been through a recent bottleneck causing a reduction in

numbers. Thus, the low level of genetic diversity in the

P. jezoensis populations of South Korea may represent a

more ancient restriction in population size.

It is widely assumed that a small population size sig-

nificantly affects population dynamics. In theory, smaller

populations are more at risk of genetic drift, which may

result in reduced genetic variation. In the present study, the

Gyebang population, the smallest census population,

exhibited the lowest values of Ag[52], Ho, and He.

Level of genetic differentiation among populations

The level of genetic differentiation among the populations

of P. jezoensis in South Korea (FST = 0.102) was higher

than that of other anemophilous and widespread species

determined on the basis of nuclear microsatellites, e.g.,
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Fig. 4 Genetic relationship

between the four populations

(including 134 individuals)

surveyed in this study, estimated

from six microsatellite loci

using STRUCTURE (Pritchard

et al. 2000)

1. Mt. Jiri-Chunwang

2. Mt. Jiri-Banya

3. Mt. Dokyu
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Fig. 5 Neighbor-joining (NJ) dendrogram for the four populations of

P. jezoensis based on Nei’s DA distance (Nei 1983)
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Pinus contorta (0.028; Thomas et al. 1999), Fraxinus

excelsior (0.076; Heuertz et al. 2004), Cryptomeria

japonica (0.028; Takahashi et al. 2005) and Cercidiphyl-

lum japonicum (0.043; Sato et al. 2006). The somewhat

higher estimated FST value in the present study might be

the result of the genetic distinctness of the Gyebang pop-

ulation. The FST value obtained from mtDNA was notably

higher than those based on nuclear microsatellites and

cpDNA. This is due to maternal inheritance retaining

ancient genetic structures for a long time.

The NJ dendrogram based on nuclear microsatellite

variation showed that the Gyebang population was genet-

ically distinct from the other three populations. Even at the

individual level, individuals in the Gyebang population

were different from those in the other three populations.

The organelle DNA variation also showed clear differen-

tiation of the Gyebang population. The Gyebang

population contained unique mtDNA haplotypes, including

mitotypes VIII, IX and XII, which were not found in the

other populations from South Korea. In contrast, chloro-

types F and K were detected in the Dokyu and Jiri

populations, but not in the Gyebang population.

Phylogeographical implications

The mitotype network constructed here supports the results

obtained by Aizawa et al. (2007), adding weight to their

hypothesis that P. jezoensis from Honshu Island, Japan

(mitotypes VI and VII) colonized this region from the

Asian continent (mitotype III) via the Korean peninsula

(mitotype V). The endemic mitotypes VIII, IX and XII in

the Gyebang population diverged from mitotype IV. This

result implies that there may be an unknown or extinct

population with mitotype IV in northeast China or North

Korea.

Aizawa et al. (2007) detected four haplotypes, i.e., mi-

totype V and chlorotypes B, F and K, in P. jezoensis trees

from Jiri. Of the four haplotypes, mitotype V and chloro-

type K were not observed in any of the other 32

populations sampled from Russia, China and Japan. In

addition to these haplotypes, we found mitotypes VIII, IX

and XII endemic to Gyebang and chlorotype L endemic to

Jiri-Chuwang. Therefore, the residual populations in South

Korea are very valuable because of their rarity and the

presence of their endemic haplotypes.

Species with low levels of genetic variability are known

to be at risk from new threats and to be more vulnerable to

extinction. Changing climate conditions, such as global

warming, would render the current mountaintop habitat of

P. jezoensis unsuitable for this species. Therefore, both the

low level of genetic diversity and the unique organelle

DNA variation in P. jezoensis in South Korea must be

given serious consideration in ex situ and in situ

conservation programs. In particular, priority should be

given to the Gyebang population since it holds unique

organelle DNA variations and is genetically distinct from

the other P. jezoensis populations occurring in South

Korea.
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