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Abstract Microbiota decussata Kom. (Cupressaceae) is a
subalpine species endemic to the Sikhote Alin Mountains
with populations scattered throughout the range. We used
sequence data for four noncoding regions of chloroplast
DNA to characterize the genetic diversity in populations
sampled from different parts of M. decussata natural range.
No variation was observed in the trnT—trnF region,
whereas the trnH—psbA, trnS—trnfM, and trnS—trnG regions
showed polymorphisms. At the species level, we found a
low nucleotide diversity (= = 0.0009) and high haplotype
diversity (h = 0.981) as well as high differentiation
(Ost = 0.420). Ngt and Ggr values suggested the exis-
tence of a phylogeographic structure in M. decussata. The
observed patterns of diversity could be explained in part by
ecological features of the species and its long-term per-
sistence throughout the range with population expansion,
successive fragmentation and isolation.
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Introduction

Microbiota decussata Kom. is a coniferous shrub of the
family Cupressaceae (sensu lato). This ancient group is

E. V. Artyukova (B<) - M. M. Kozyrenko - Y. N. Zhuravlev
Institute of Biology and Soil Science, Far East Branch of Russian
Academy of Sciences, 690022 Vladivostok, Russia

e-mail: artyukova@biosoil.ru

P. G. Gorovoy
Pacific Institute of Bioorganic Chemistry, Far East Branch
of Russian Academy of Sciences, 690950 Vladivostok, Russia

known in the fossil record since the Jurassic, which
diversified to fill diverse ecological niches and achieved a
wide distribution throughout the world during the Creta-
ceous and Palacogene (Stockey et al. 2005). The fossil
twigs with leaves or/and reproductive organs of Cupress-
aceae sensu stricto often occur in the Cretaceous/Tertiary
deposits of Sikhote Alin (e.g. Akhmetiev 1973, 1988S;
Pimenov 1990; Volynets 2005), but there is no evidence of
Microbiota Kom. The Sikhote Alin palynofloras also con-
tain pollen of Cupressaceae (e.g. Bolotnikova 1979; Pav-
lyutkin et al. 2005), but the cupressaceous pollen grains
could not be distinguished beyond the family level. Our
knowledge of the palaeontological history of M. decussata
is restricted only to the fossil woods. The fossil species
Cupressinoxylon microbiotoides Blokhina from the
Eocene/Oligocene deposits of Yuri Island of the Kurils is
most similar to M. decussata in the wood structure and is
supposed to be a member of the genus Microbiota
(Blokhina 1988). The only fossil record of M. decussata is
the well-preserved wood found in the Pliocene Pavlovka
lignite field (Bondarenko 2006). Pavlyutkin et al. (2005)
however, are of opinion that the age of this lignite field is to
be late Eocene through late Oligocene. Based on both
molecular and morphological data, Microbiota appears
most closely related to another monotypic genus Platy-
cladus Spach (=Biota D. Don), with P. orientalis native to
northwestern China and North Korea (Blokhina 1988; Jagel
and Stiitzel 2001; Little et al. 2004), however, its wood
anatomical features are more primitive than those of the
genera Platycladus, Thuja L., Thujopsis Sieb. et Zucc., and
Libocedrus Endl. (Blokhina 1979). The fossil wood of
M. decussata was found at Pavlovka together with the
woods of Platycladus orientalis (Bondarenko 2006),
indicative of their co-occurrence in the Pliocene/Oligocene
plant associations of Sikhote Alin. Climatic fluctuations in
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the Pleistocene caused extinction of many species and
restriction in the ranges of the taxa that survived through-
out Quaternary glacial cycles (Davis and Shaw 2001;
Hewitt 2000, 2004; Manchester et al. 2009). Today many
genera are monotypic with disjunct or relictual
distributions.

M. decussata is the sole species in Microbiota, which is
the only Cupressaceae genus endemic to the Sikhote Alin
Mountains. M. decussata is cited as endangered in the Red
Data Book of the Primorsky Kray (2008), and as least
concern in IUCN 2008 (IUCN Red List of Threatened
Species; available from http://www.iucnredlist.org). First
described from Mt. Livadiiskaya (Komarov 1923), this
species is very restricted in distribution with the natural
range stretching from 43°00' N to 48°50' N, from the
subalpine zone of the southeast Primorskii Krai (=Pri-
morye) to the mountains in the Anyuy River basin in the
Khabarovskii Krai (Fig. 1). The known locations of
M. decussata populations have been described in several
summaries, indicative of the habitat positions, which are
often barely accessible (Gorovoy and Gurzenkov 1974;
Koropachinskii 1989; Vyshin 1990). M. decussata has a
strongly disjointed distribution; the greatest disjunction of
about 300 km occurs between the northern populations
growing on the western slope of Mt. Ko in the Chor River
basin and on the mountains in the Anyuy River basin. In
the southern and middle Sikhote Alin, the populations of
M. decussata occur mainly at the distinct mountain heights
separated by forest habitats. In 1998, one of the authors of
the present study (PGG) has found populations of Micro-
biota at the summit of Mt. Snezhnaya of the middle
Sikhote Alin (Fig. 1), and a new population has been
recently detected in the Chor River basin (Melnikova and
Machinov 2004).

M. decussata is a heliophilous prostrate shrub that
inhabits the steep stony slopes and screes at altitudes from
ca. 300 to 1,700 m above sea level (mainly the timberline
or above it). Often forming monodominant communities
(Krestov and Verkholat 2003), the species is an ane-
mophilous monoecious plant (Zamyatnin 1963) with ovu-
late cones containing only a single 2 mm long naked seed.
The seeds are able to disperse to a very short distance
dropping near the parent plant and germinating within
populations almost exclusively after the fires (Urusov
1979). It has been supposed that such traits, as a long life
span, long pre-reproductive phase, long-term survival of
seeds in soil seed banks, a capability to spread by layering
and creeping at free habitats, as well as a broad range of
drought and temperature resistance and soil-forming
capacity might facilitate the persistence of M. decussata
throughout the range from the Oligocene (Kurentsova
1968; Urusov 1979). However, it was predicted that
ongoing global climate changes would result in the upward
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Fig. 1 Distribution of Microbiota decussata and collection sites for
this study. Small circles, population locations according to Urusov
(1979) and Koropachinskii (1989); sampled populations: LIT, LIV,
SN1, SN2, SN3, KOL (for codes, see Table 1); F, fossil record of the
species at Pavlovka
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shifts of the timberline and the species movement upward
in elevation (Walther et al. 2005) that might lead to loss in
habitats and reduce M. decussata to a more endangered
state.

The analyses of plant cell genomes with different modes
of inheritance allow the estimation of forces that have
shaped the population structure and can provide informa-
tion about the evolutionary history of plant populations
(Ouborg et al. 1999; Hwang et al. 2003; Zhang et al. 2005).
The knowledge of the species history is necessary for
evaluating species responses to ongoing climate change
(Petit et al. 2008). To reconstructing the species history,
evidences from fossil data are desirable. In Microbiota,
fossil records are poor; and the study of genetic variation in
disjunct populations of M. decussata can help to verify the
putative history of the species and to predict how popula-
tions will respond to future environmental changes. In
earlier study, we have detected the high level of genetic
variation in M. decussata using random amplified poly-
morphic DNA (RAPD) markers that usually represent
nuclear genome (Pos = 64%, H, = 0.254; Artyukova et al.
2006). In this study, we used sequence data for four non-
coding regions of chloroplast DNA (cpDNA) to charac-
terize the genetic variation of plastid genome, for which
paternal inheritance has been demonstrated in some other
Cupressaceae species studied (e.g. Neale et al. 1989;
Kondo et al. 1998; Hwang et al. 2003). We addressed the
following questions: (1) what level of genetic variability is
in this species; (2) how genetic variation is distributed
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within and among populations; (3) what forces have shaped
the population structure; and (4) how the species will
respond to ongoing climate change. Our results indicate
two main phases in the evolution of the species. At first, the
ancestral population expanded the range throughout the
Sikhote Alin area during dry, cool climate and glaciations
of the Pleistocene. Within the Holocene, this population
had been fragmented in consequence of shifting climatic
zone and supplanting by temperate flora that resulted in the
disjunct present-day distribution. Durative invasion of the
natural M. decussata habitats by temperate species
enhanced by the climate warming can bring about rapid
contraction of the extant populations and extinction of the
species before its genetic collapse.

Materials and methods
Population sampling

Six populations of Microbiota decussata were sampled
from different parts of the Sikhote Alin Mountains (Fig. 1).
The two samples from populations of the southern Sikhote
Alin were sampled from Mt. Litovka (LIT) and Mt. Liva-
diiskaya (LIV) of the Livadiiskii Range, approximately
10 km distant from each other. The three small populations
(SN1, SN2 and SN3) sampled in the middle Sikhote Alin
are located on Mt. Snezhnaya, only about 0.3 km from
each other. The northernmost population (KOL) grows at
the steep slopes of the Bolshaya Kolomi River valley (Chor
River basin) in the northwestern branches of the Sikhote
Alin (Melnikova and Machinov 2004). Randomly selected
plants approximately 100 m apart were sampled in each
population. Sample size and the geographic coordinates for
each population are given in Table 1.

DNA amplification and sequencing

Total DNA was extracted from leaves according to the
protocol described by Isabel et al. (1993). To investigate
cpDNA variation in M. decussata, we sequenced four
noncoding intergenic spacer regions of the chloroplast
genome: the trnHGUG—psbA, the #nSYSA_trnf AU, the
trnSGCU—trnGUUC, and the trnTVSY—snFSA2. Double-
stranded templates for direct sequencing were amplified on
a thermal cycler UNO II 48 (Biometra, Germany) using the
PCR parameters and universal primer pairs (Table 2) that
were recommended for the regions tested by Shaw et al.
(2005). The PCR products were sequenced using a BigDye
terminator v. 3.1 sequencing standard kit (Applied Bio-
systems, USA). Sequencing was carried out in both
directions under cyclic sequencing conditions described by
Shaw et al. (2005) and with the same pairs of primers as

Table 1 Sampling site locations, codes, sample size (n) and voucher specimens of Microbiota decussata populations

Voucher specimens®

n

Longitude (E) Altitude (m)

Latitude (N)

Code

Population

Region

VLA148552-VLA148561

10

1,100-1,200

132°45'58"

43°07'12"

LIT

Litovka Mountain, screes
near the summit

South Sikhote Alin

VLA148562-VLA148571

43°04'00" 132°41'00" 700-800 10

LIV

Livadiiskaya Mountain,

screes at the west slopes

VLA148594-VLA148599

134°26'40" 1,600

43°44'10"

SN1

Snezhnaya Mountain,

Middle Sikhote Alin

screes near the summit

VLA148582-VLA148587

134°26'40" 1,600

43°44'19"

SN2

Snezhnaya Mountain,

screes near the summit

134°26'40" 1,600 6 VLA148588-VLA148593

43°44/38"

SN3

Snezhnaya Mountain,

screes near the summit

340 10 VLA148572-VLA148581

135°58' 00”

47°16'00"

KOL

Bolshaya Kolomi River,

Northern Sikhote Alin

steep slopes of the valley

# All voucher specimens are deposited at the Herbarium of Institute of Biology and Soil Science, Far Eastern Branch of Russian Academy of Sciences (IBSS FEBRAS), Vladivostok
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GenBank accession number

Fragment size, bp

Reverse primer

Nucleotide sequence (5" — 3')

Forward primer

Table 2 Primers cited from Shaw et al. (2005), fragment size, and GenBank accession numbers for sequences of the four chloroplast regions used in this study

CpDNA region

@ Springer

AMB87665-AM887666, FM205067-FM205112

512

GTTATGCATGAACGTAATGCTC?

GCGCATGGTGGATTCACAATCC*

trnHSYS—psbA

AMB87668-AMS887682, FM205156-FM205188

1,640-1,645

GTAGCGGGAATCGAACCCGCATC?
TTTTACCACTAAACTATACCCGC®

CCGTCCCTTACCTTGTTG"*

AGATAGGGATTCGAACCCTCGGT?

trnS9V—1rnGVVC

GGCGGGTATAGTTTAGTGGTAAAA®
AAGGTAAGGGACGGAGTG"*

AMB887660-AM887665, FM205113-FM205155

862

CATAACCTTGAGGTCACGGG*

GAGAGAGAGGGATTCGAACC?

trnSUGA—trnfMC AU

GTAGCGGGAATCGAACCCGCATC®
ATTTGAACTGGTGACACGAG?
TCTACCGATTTCGCCATATC®

AMB887667, FM205189-FM205235

1,338

CATTACAAATGCGATGCTCT?
TCTACCGATTTCGCCATATC
GGTTCAAGTCCCTCTATCCC®

trnTYCV_grnFOAA

GGGGATAGAGGGACTTGAAC?

 Primer both for PCR amplification and for cyclic sequencing

® Internal primer for cyclic sequencing only

¢ Primer designed for this study

those used for amplification. In addition, internal primers
were used for sequencing the all regions except for the
trnH—psbA (Table 2). The sequences were analyzed on an
ABI PRISM 310 sequencer (Applied Biosystems, USA).
Complete sequences were assembled using the Staden
Package v. 1.4 (Bonfield et al. 1995) and aligned manually
with the program SeaView (Galtier et al. 1996). All DNA
fragments that contained substitutions and/or microsatellite
variants were retested (reamplified and resequenced) to
verify that our results were repeatable.

Data analysis

For each individual, sequence data for the four regions
were combined. Two mononucleotide repeats revealed
within the trnS—trnG region were included in the data set
since repeatability tests allowed us to exclude PCR errors.
Site mutations and indels were assumed to evolve with
equal possibility although they may exhibit different
mutation rates. Rate of plastid DNA evolution is very slow,
and differences between site and indel mutation rates are
unlikely to affect the resolution of intraspecific phyloge-
netic relationships. We treated indels as a fifth state inter-
preting each increase or decrease of a single repeat unit as a
single mutational event (Simmons and Ochoterena 2000).
The analyses of molecular variation were carried out using
the software Arlequin v. 3.11 (Excoffier et al. 2005) and
DnaSP v. 4.5 (Rozas et al. 2003). We computed numbers of
haplotypes and values of haplotype diversity (h) and
nucleotide diversity per site (). To detect departures from
the standard neutral model of evolution, we performed
Tajima’s D (Tajima 1989) and Fu’s Fg (Fu 1997) tests
using Arlequin and Fu and Li’s (1993) D* and F* tests
using DnaSP. These tests show different degrees of sensi-
tivity to deviation from neutrality caused by demography
or selection. However, their inferences may be ambiguous
because different processes can produce the same patterns
(Fu 1997). The significance levels of the tests were asses-
sed by generating 10,000 random samples and using
model-based simulations (Excoffier et al. 2005). Significant
positive values of Tajima’s D, Fu and Li’s D* and F* tests
and insignificant values of Fu’s Fg test would suggest
either balancing selection, or a reduction in population size
in the recent past while significant values only for Fu’s Fg
suggest population growth or hitchhiking (Fu 1997). To
test for population demographic changes, a mismatch
pairwise distribution analysis (MDA) was also performed
using Arlequin. We tested the fit of the observed mismatch
distributions to a model by coalescent simulations of
10,000 samples with the sum of squared deviations
between observed and expected mismatch distributions
(SSD) and raggedness index (r) as test statistics. The dis-
tribution is multimodal in populations of constant size



Genetica (2009) 137:201-212

205

while unimodal patterns with the low insignificant values
of SSD and r are typical for expanding populations (Rogers
and Harpending 1992).

An analysis of molecular variance (AMOVA; imple-
mented in Arlequin) was computed to estimate the partition
of the genetic variation within and between populations
and the values of pairwise genetic distances (Fst) between
populations. The significance of the variance components
was determined with a permutation test (10,000 replicates).
Thresholds of significance for pairwise Fsr were estimated
with the Bonferroni correction for multiple tests. We used
Mantel test with 10,000 permutations to analyze the rela-
tionships between the matrices of genetic differentiation
defined as Fgr or the linear function Fgr/(1 — Fgt)
(Rousset 1997) and geographic distances using Arlequin.
To compute and compare the differentiation indices Ngr
and Ggr, we used the software Permut v. 2.0 (available
from http://www.pierroton.inra.fr/genetics/labo/Software)
with a permutation test (10,000 permutations). Ngr takes
into account the similarities of haplotypes whereas Ggr is
based solely on the haplotypes frequencies. The higher
value for Ngr than Ggt would be indicative of a phyloge-
ographic structure (Pons and Petit 1996; Petit et al. 2005).

To determine relationships among haplotypes and fac-
tors that may have influenced these relationships, we
employed nested clade analysis (NCA) using the program
ANeCA v. 1.1 (Panchal 2007). Networks are considered
the most appropriate way to represent the relationships
within a species (Schaal et al. 2003). To construct a net-
work of haplotypes and a cladograph showing the nesting
structure of the haplotypes, we carried out statistic parsi-
mony analysis with a 95% confidence limit for parsimony
using the TCS program (Clement et al. 2000) as imple-
mented in the software package ANeCA. This software
package also includes GeoDis v. 2.2 (Posada et al. 2000)
for calculating the various nested clade analysis distance
measures and their statistical significances; and the infer-
ence key dated November, 2005 to interpret the results in
an automated fashion. There has been recent discussion
about the validity of nested clade analysis and its tendency
to false positives (Beamont and Panchal 2008; Garrick
et al. 2008; Petit 2008; Templeton 2008). However, it
remains one of the common methods to describe an asso-
ciation between haplotype variation and geography and
infer possible species history especially in conjunction with
other analytical approaches (e.g. Zhang et al. 2005; Bartish
et al. 2006; Garrick et al. 2008; Sosa et al 2009).

Results

The trnH-psbA, the trnS—trnfM, the trnS—trnG and the
trnT—trnF regions of cpDNA were successfully sequenced

for 48 plants from different populations of M. decussata. A
total of 4,357 bp of aligned chloroplast sequences were
obtained, comprising 512, 862, 1,645, and 1,338 bp for the
trnH—psbA, the trnS—trnfM, the trnS—trnG, and the trnT—
trnF, respectively. All regions studied were rich in adenine
and thymine, with contents between 65.1% (trnT—trnF) and
70.3% (trnS—trnG). In total, 14 polymorphic sites were
detected (Table 3). We found one polymorphic site within
the trnH-psbA (position 487) and three nucleotide substi-
tutions within the trnS—trnfM region (positions 10, 122 and
770), while ten sites showed polymorphism for the trnS—
trnG region: two nucleotide substitutions (positions 381
and 525); a two base-pair indel (between sites 1610 and
1613); and two mononucleotide repeats: a poly-A motif,
repeated 10 or 11 times (position 568) and the poly-T
repeat, which varied in length between 11 and 16 bp
(positions 305-309). For the trnT-trnF region, all the
individuals we analyzed had the same sequence. Sequences
of the four regions for each individual studied are deposited
in GenBank (See Table 2 for accession numbers).
Preliminarily, we analyzed two data sets (with and
without poly-A and poly-T repeats) to evaluate the
robustness of the results. Most analyses showed consistent
results with the lower values of some parameters for data
set without the mononucleotide repeats. Such mononucle-
otide repeats had been shown to provide valuable infor-
mation in intraspecies studies (Rendell and Ennos 2003;
Walter and Epperson 2005; Nagiri and Gaudeul 2007).
Therefore, only the results based on data with poly-A/T,
which increased the distance between haplotypes, are
presented here. In the combined data set of four noncoding
regions, the 14 polymorphic site combinations produced 34
haplotypes among the 48 individuals studied (Table 3).
Twenty seven haplotypes were only represented in single
individuals, and only three haplotypes were found in more
than one population. SN1 and LIV shared haplotype H3,
haplotype H4 was shared by SN1, SN2 and KOL, and
haplotype HI11 was shared by SN2 and LIT. Genetic
diversity estimates at population and species levels are
summarized in Table 4. In M. decussata, the high level of
haplotype diversity along with the low nucleotide diversity
was observed at the species level and within populations
with a higher value of haplotype diversity in KOL and
higher values of nucleotide diversity in SN1 and KOL.
The network construction by TCS yielded a single net-
work with one mutational step between any two haplotypes
(except S2 and S7), and only three missing haplotypes
(Fig. 2). The network showed the presence of loops due to
more than one parsimonious connection of a haplotype to
the rest of the network that could indicate homoplasy
caused by recurrent mutations at the same sites, but
recombination could not be ruled out also. Haploid and
uniparentally inherited cpDNA is usually thought to be a
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Table 3 Variable sites in the trnH-psbA, trnS—trnG and trnS—trnfM chloroplast spacer regions and the distribution of haplotypes in Microbiota

decussata populations

Haplotype® Nucleotide position

Haplotype distribution®

trnH-psbA  trnS—trnG

trnS—trnfM

487 305 306 307 308

309 381 525 568

1611 1612 10 122 770 LIT LIV KOL SNI SN2 SN3

S1
S2
H3
H4
S5
S6
S7
S8
S9
S10
H11
S12
Ltl13
Lt14
Lt15
Ltl6
Lt17
Lt18
Lt19
Lv20
Lv21
Lv22
Lv23
Lv24
Lv25
K26
K27
K28
K29
K30
K31
K32
K33
K34
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* Haplotypes private to populations LIT, LIV, KOL and three populations from Snezhnaya Mt. are denoted as Lt, Lv, K, and S, respectively;

haplotypes shared by several populations are denoted as H

® For code of populations, see Table 1

single ‘locus’ that is nonrecombining (Petit et al. 2005).
However, recombination events have been detected in the
cpDNA of some plants (Marshall et al. 2001; Shiraishi et al
2001; Hamilton et al. 2003; Hale et al. 2004; Nagiri and
Gaudeul 2007). After resolving one loop according to the
published rules (Crandall and Templeton 1993), the
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network was partitioned into 17 one-step clades, seven
two-step clades, and three three-step clades using ANeCA.
Clade 3-1 was formed mainly by haplotypes of the popu-
lations SN1, SN2 and SN3 (except for H3), and clades 3-2
and 3-3 comprised the majority of haplotypes from LIV
and LIT, respectively, whereas all the haplotypes from
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Fig. 2 Statistical parsimony (95%) network showing nested clades
for cpDNA haplotypes identified in Microbiota decussata. Haplotypes
are designated by names defined in Table 3. Small empty circles
indicate missing haplotypes that were not sampled in our study. Solid
line connecting haplotypes represents a single mutational change.
Thin lines represent the alternative ambiguous connections, and
dotted lines indicate connections had been resolved as per Crandall
and Templeton (1993). Thin-lined boxes enclose one-step clades,
thicker-lined boxes enclose two-step clades, which are designated by
“2-n” and three-step clades (“3-n"), where n is a number assigned to

Table 5 Analyses of molecular variance (AMOVA) for Microbiota
decussata populations based on the four chloroplast intergenic spacers
combined sequences

Source of variation d.f. cv % Total Fixation index
Among populations 5 0.877 41.99 gt = 0.420%
Within populations 42 1.256 58.01

Total 47 2.133

d.f. degrees of freedom, CV variance-component estimates, % Total
percentage of total variance contributed by each component, ®gr
correlation within populations relative to the total

* P < 0.0001. Significance levels are based on 10,000 permutations

from zero (P > 0.05) due to less power of Fu’s Fg test for
small sample sizes (Ramos-Onsins and Rozas 2002). For
the other populations and for the entire data set, Fu’s Fg
was strongly significant (P < 0.0001) suggesting popula-
tion growth or hitchhiking (Fu 1997). The results of MDA
were consistent with the population expansion model. The
entire data set showed a clearly unimodal distribution
pattern fitting a model of population growth (Fig. 3).
Mismatch distribution plots for all populations also had

@ Springer

identify the clade. The numbers in parentheses after the haplotype
names (except for those that occurred in a single individual) indicate
the number of individuals representing a given haplotype/the number
of populations in which this haplotype occurred. Stars indicate the
clades in which geographic associations are significant with the
nested contingency analysis (P < 0.05) and for which the chains of
inference are shown: /-2 IO—inconclusive outcome; /-2-3-4 NO—
restricted gene flow with isolation by distance; /-2-11-12 NO—
contiguous range expansion

unimodal patterns and SSD and r-index values that did not
reject an expansion model (Table 4).

Discussion

In general, plants with fragmented ranges show low levels
of genetic variation within populations and high levels of
divergence of populations. Population isolation leads to
low gene flow between populations, which increases the
effects of genetic drift in small populations and might
result in reduction of genetic diversity which in turn leads
to a decrease in its hardiness and fitness to adapt to envi-
ronmental changes (e.g. Reed and Frankham 2003; Jump
and Pefiuelas 2006). Previously using RAPD markers
(Artyukova et al. 2006), we detected the high level of
genetic variation in M. decussata that was similar to the
levels found in some woody plants with fragmented or
restricted ranges by studying dominantly inherited markers
(Hwang et al. 2001; Bekessy et al. 2002; Allnutt et al.
2003; Renau-Morata et al. 2005; Hao et al. 2006). By
studying the sequences of four cpDNA noncoding regions,
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Table 6 Pairwise Fst values between populations of Microbiota decussata

Population LIT LIV KOL SNI1 SN2

LIV 0.64419%*

KOL 0.12243* 0.49149%*

SN1 0.39204%** 0.40892%* 0.11008 ns

SN2 0.30992%%* 0.69912%* 0.12500% 0.11698 ns

SN3 0.49504%* 0.66267+* 0.27805%** 0.13333 ns 0.23256 ns

Significance levels are based on 10,000 permutations

ns not significant (P > 0.05)

* Significant at P < 0.05 and not significant after Bonferroni multiple test corrections (P > 0.008)

** Significant after Bonferroni multiple test corrections (P < 0.001). For code of populations, see Table 1

04 -

03

02

Relative frequency

01

0 2 4 6 8 10
Pairwise differences

Fig. 3 Mismatch distribution of pairwise nucleotide differences
between haplotypes observed in Microbiota decussata (open square).
The distributions fitted to the data under a model of population
expansion (open triangle) and model of constant population size
(filled square) are also represented

we found that there is the considerable level of haplotype
diversity along with the low level of nucleotide diversity in
M. decussata (Table 4). The level of cpDNA variation in
M. decussata is congruous to that in some other woody
species, such as Pinus sylvestris (h, 0.950-0.987; Provan
et al. 1998), Cyclobalanopsis glauca (m, 0.00065; h,
0.68; Huang et al. 2002), Cunninghamia konishii and
C. lanceolata (m, 0.00190 and =, 0.00176, respectively;
Hwang et al. 2003), and Pinus nigra (h, 0.939-1.00; Afzal-
Rafii and Dodd 2007). A large number of haplotypes with
low nucleotide diversity found in M. decussata may be a
consequence of homoplasy or may result from rapid pop-
ulation growth of an ancestral population with a low
effective population size (Abramson 2007).

Our analyses show that genetic diversity in M. decussata
is partitioned among the population sites. High differenti-
ation of populations in M. decussata is similar to those of
some long-lived, wind-pollinated species with fragmented
distributions (Huang et al. 2002; Petit et al. 2005;

Jaramillo-Correa et al. 2006; Provan et al. 2007). The
significantly higher value for Ngt than Ggr indicates that
closely related haplotypes are more likely to co-exist in the
same populations (Pons and Petit 1996; Petit et al. 2005).
On the other hand, we found the lack of a relationship
between genetic and geographic distances, which suggests
that the differentiation had not occurred under the isola-
tion-by-distance model. Differentiation in M. decussata
appears to be associated with historical events and complex
mountain topography of the range. In fact, the genetically
similar populations (LIT and KOL, and SN1 or SN2 and
KOL) are geographically distant that may reflect a footprint
of historical, rather than contemporary, gene flow and slow
genetic drift. The presence of the same substitutions and
shared haplotypes in populations from the opposite parts of
the range indicates that at one time, ancestral populations
of this species might have contiguous distribution range.
The large number of unique, closely related haplotypes
within each population may suggest that the distribution
area of M. decussata was fragmented a long time ago by
extinction of populations in the adjusted territory. Frag-
mentation and geographic isolation of remnant populations
in concert with very short-distance seed dispersal and the
lack of vacant habitats could lead to reduction in gene flow
and strong differentiation. The divergence of the popula-
tion LIV indicates substantial isolation and may be either
due to drift, promoted by low levels of historical gene flow
and founder effect, or selection in absence of gene flow.
However, a severe bottleneck event would result in
extinction of some haplotypes, and the genetic network
would have a large number of missing haplotypes that
separated the observed haplotypes. In contrast, most hap-
lotypes of M. decussata are contiguous to one another on
the network. The patterns of the observed genetic variation
are consistent with the expectations of the neutral equi-
librium model of evolution. The results of MDA and
neutrality tests (Fig. 3; Table 4) give evidences of popu-
lation expansion for most populations and at the species
level, but selection cannot be ruled out completely
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although it is unlikely that selection would strongly affect
noncoding regions of cpDNA. Results from the NCA
confirm a range expansion only at the species level. The
second NCA inference of restricted gene flow with isola-
tion-by-distance for clade 3-2 contradicts the results of
Mantel test and may be ‘false positive’ (Beamont and
Panchal 2008) or may reflect a footprint of restricted gene
flow between the populations LIV and KOL in the past.

In contrast to intensive investigations on plants of Eur-
ope and North America, there is a comparative paucity of
phylogeographic data for species of the northeastern Asia
(Beheregaray 2008). The fossil data (see above) as well as
the fragmented present-day range and biological and eco-
logical aspects of the species allow us to propose (fol-
lowing some other researchers, e.g. Blokhina 1988) that the
origin of M. decussata could be dated back to the Oligo-
cene. The species probably arose high up in the Sikhote
Alin Mountains at the timberline. Three populations from
Mt. Snezhnaya studied coincide by position with the
assumed place of species origin at the watershed of the
ancient Ussuri and Partizanskaya river basins (Urusov
1979). The presence of haplotypes shared with populations
from other range regions may indicate an ancient origin.
Due to its high tolerance to drought and broad range of
temperature, M. decussata could expand its range during
dry and rather cool periods at the Oligocene/Miocene
boundary. During glacial periods of the Pleistocene, when
cold adapted mountain plants in Europe expanded their
ranges to lowland and were distributed in the territory
between the northern ice shield boundary and glaciated
mountains (Hewitt 2004), large areas of East Asia were ice
free, and the alpine tundra occupied most of the Sikhote
Alin Mountains. Arcto-Tertiary species including most of
the Cupressaceae formerly occurring in this area vanished
or shifted their ranges south (Manchester et al. 2009) while
M. decussata was able to survive and expand its range upon
new free areas (Urusov 1988). Climatic and landscape
changes at the Pleistocene—Holocene boundary caused a
rise in the timberline, and M. decussata, as most mountain
plants, retreated towards higher elevations. Enrichment of
plant communities of the Sikhote Alin Mountains with
temperate species also resulted in the shifting of M. decu-
ssata stands to the ecotopes with severe climatic and soil
conditions (e.g. the steep stony slopes and screens), and in
the splitting of the large ancestral population forming the
disjunct present-day distribution.

Hence, the genetic diversity found in the modern pop-
ulations of M. decussata can be explained by their origin
from a large and long-established population, which had
survived the Quaternary glaciations within a permanent
range and had not been experiencing severe bottlenecks.
However, acceleration in the upward shift of the timberline
has been detected in some regions in response to ongoing
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global climate changes (Moiseev and Shiyatov 2003;
Walther et al. 2005; Soja et al. 2007; Truong et al. 2007).
This upward movement of timberline, which has forced
M. decussata to migrate up to mountain summits with
taluses (Urusov 1988; Krestov and Verkholat 2003), may
lead to the further contraction of remnant populations that
could survive under the harsh environmental conditions
(e.g. poor soil, high solar radiation, extreme winds), which
are unsuitable for other species.

In conclusion, M. decussata has the potential for sur-
vival in ongoing climate changes due to its physiological
and ecological range of tolerance and life history traits that
are conducive to the maintenance of the historical genetic
diversity. Nevertheless, permanent invasion of the natural
M. decussata habitats by temperate species enhanced by
the climate warming and a lack of free habitat can bring
about rapid contraction of the extant population and
extinction of the species before its genetic collapse.
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