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Abstract

Cathaya argyrophylla is an endangered conifer restricted to subtropical mountains of
China. To study phylogeographical pattern and demographic history of C. argyrophylia,
species-wide genetic variation was investigated using sequences of maternally inherited
mtDNA and biparentally inherited nuclear DNA. Of 15 populations sampled from all four
distinct regions, only three mitotypes were detected at two loci, without single region
having a mixed composition (Ggp =1). Average nucleotide diversity (0, = 0.0024; &, =
0.0029) across eight nuclear loci is significantly lower than those found for other conifers
@, = 0.003~0.015; t_ = 0.002~0.012) based on estimates of multiple loci. Because of its
highest diversity among the eight nuclear loci and evolving neutrally, one locus (2009) was
further used for phylogeographical studies and eight haplotypes resulting from 12 poly-
morphic sites were obtained from 98 individuals. All the four distinct regions had at least
four haplotypes, with the Dalou region (DL) having the highest diversity and the Bamian
region (BM) the lowest, paralleling the result of the eight nuclear loci. An AMOVA revealed
significant proportion of diversity attributable to differences among regions (13.4%) and
among populations within regions (8.9%). Fq analysis also indicated significantly high
differentiation among populations (Fg; = 0.22) and between regions (Fg; = 0.12-0.38).
Non-overlapping distribution of mitotypes and high genetic differentiation among the
distinct geographical groups suggest the existence of at least four separate glacial refugia.
Based on network and mismatch distribution analyses, we do not find evidence of long
distance dispersal and population expansion in C. argyrophylla. Ex situ conservation and
artificial crossing are recommended for the management of this endangered species.
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Introduction

Global climatic fluctuations, particularly Quaternary climate
oscillations resulted in repeated drastic environmental
changes and have profoundly shaped the distribution
ranges and genetic structure of many animals and plants
from different latitudes (Taberlet et al. 1998; Abbott et al.
2000; Avise 2000; Hewitt 2000). Although fossil pollen
records and palaeoenvironmental data as well as the
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present distribution of genetic variability have been used
for investigating the demographic history of the species
(Comes & Kadereit 1998), molecular biogeography or
phylogeography has provided additional sources of
information on the glacial history of species and their
range changes or shifts as inferred from the geographical
patterns of genetic variation (Comes & Kadereit 1998;
Avise 2000; Hewitt 2000, 2004; Schonswetter ef al. 2005).
To date, major effects on the genetic structure of environ-
mentally induced range changes have been increasingly
appreciated and the possible consequences have been
outlined, in particular for species in Europe and North
America (Soltis et al. 1997; Taberlet et al. 1998; Avise 2000;
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Hewitt 2000, 2004; Schonswetter et al. 2005). Compared with
North America and Europe, however, relatively few
studies have been conducted in plant and animal species in
temperate montane and tropic areas (Hewitt 2000, 2004).

China has the most diverse flora of any country in the
North Temperate zone, with the number of species of
vascular plants being two times that of North America
and three times that of Europe although China is nearly the
same size as Europe or continental United States (Axelrod
et al. 1996). One of the important reasons for the floristic
richness of China is its tectonically active, highly dissected,
elevated geography associated with the collision of the
Indian subcontinent with the mainland of Asia, which has
made the region not only an important centre of survival
but also an important centre of speciation and evolution
(Axelrod ef al. 1996; Ying 2001). Although its most part has
never been covered by ice sheets, China, together with
its neighbouring areas in eastern Asia, has experienced
the development of cooler and drier climates within the
last 15-million year period (Axelrod ef al. 1996). The tre-
mendous climatic changes during this period, particularly
Quaternary glaciations, have lead to most extinction and
influenced the distribution and evolution of many plants
in China and its neighbouring areas (Axelrod et al. 1996;
Lu et al. 2001; Ge et al. 2002; Cheng et al. 2005; Shen et al.
2005; Zhang et al. 2005).

Cathaya argyrophylla Chun et Kuang (Pinaceae) has been
categorized as a palaeoendemic, with a fossil history
dating at least to the Cretaceous (Liu & Basinger 2000). As
one of the most endangered conifers with total number of
mature individuals less than 2000 (Sun et al. 1994), C. argy-
rophylla has been named as the ‘giant panda’ of the plant
kingdom and occurs currently in widely separated sub-
tropical areas in China (Wang 1990; Xie & Chen 1999; Liu
& Basinger 2000). Because of its unique systematic position
in the family Pinaceae and importance in the studies of
palaeoclimate and palaeogeology (Fu 1992), this species
has attracted many investigations on different aspects of its
biology (Hu & Wang 1984; Wang 1990; Fu 1992; Sun et al.
1994; Xie et al. 1999; Liu & Basinger 2000). However, rela-
tively few studies have been conducted on its population
genetics and evolutionary history. Based on 25 allozyme
loci, Ge et al. (1998) investigated the genetic diversity and
population genetic structure of C. argyrophylla and found
lower genetic variation, particularly at the population
level, and significant higher population differentiations
among regions and among populations within regions
relative to other conifers (Ge et al. 1998). A similar genetic
pattern has also been revealed by random amplified poly-
morphic DNA (RAPD) markers (Wang ef al. 1997). Ge et al.
(1998) speculated that historical factors such as severe
bottleneck and subsequent genetic drift during Quaternary
glaciations and limited gene flow in postglacial times
were the main factors responsible for the unique popula-

tion genetic structure of this species. However, our under-
standing of the population genetic structure at different
geographical scales and of the evolutionary history such as
potential refugia and population expansion in C. argyro-
phylla is still limited because previous markers such as
allozyme and RAPDs are of limited utility in inferring
population history and dynamics.

In recent decades, molecular markers have been used
extensively to infer the biogeographical history of different
organisms and to test phylogeographical hypotheses
related to the presence of isolated glacial populations and
refugia (see reviews in Schaal et al. 1998; Taberlet et al.
1998; Avise 2000; Hewitt 2004). The use of molecular
markers derived from different genomes provides a more
complete description of population structure and insights
into population history and dynamics, particularly for
comparisons of biparentally inherited nuclear and
maternally inherited organelle markers (Schaal et al. 1998;
Burban & Petit 2003; Petit ef al. 2005). Here we report the
results of a phylogeographical study on C. argyrophylla
based on sequence data of the maternally inherited
mitochondrial DNA (mtDNA) and biparentally inherited
nuclear loci. We were particularly interested in the follow-
ing questions: (i) Should the genetic profile revealed by the
sequence data of mtDNA and nuclear fragments be con-
sistent with that of previous allozyme and RAPD studies?
(ii) What evolutionary factors might explain the patterns
and levels of genetic variation observed? (iii) Do the
current isolated populations represent the distinct glacial
populations or refugia and is there evidence for recent
population declines or expansions? Information on popu-
lation genetics and demographical history of C. argyrophylla
is also of practical importance because this endangered
species has become a major conservation concern and there
is an urgent need to develop recommendations for the
management and recovery of this endangered species.

Materials and methods

Population sampling

Cathaya argyrophylla was formally described in 1958 (Chun
& Kuang 1958) as the only extant member of the genus
that was apparently distributed in North America and
East Asia during the Cretaceous (Liu & Basinger 2000).
Like most conifers, C. argyrophylla is a monoecious, wind-
pollinated, and predominantly outcrossing species. It is a
member of the needle-leaved and broad-leaved mixed
forest in middle-elevation mountains of the subtropical
China, where rainfall is abundant and the climate is cool in
the summer and cold in the winter (Wang 1990; Fu 1992;
Ge et al. 1998). At present, this species is confined to four
widely separated mountainous regions, i.e. the Dalou
mountains (DL), Bamian mountains (BM), Yuecheng
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Fig. 1 Distribution map of Cathaya argyrophylla and the locations of populations sampled in this study. Populations were assigned to four

geographical regions (BM, DL, DY, and YC) as described in the text.

mountains (YC), and Dayao mountains (DY) (Fig. 1), with
population sizes ranging from one to several dozens
(Xie 1995; Xie et al. 1999). In addition to its limited number
of individuals and small population sizes, the species is
characterized by unusually low fertility and very low
survival and growth rates (Wang 1990; Xie & Chen 1999).
On average, for example, there are only 4.3 seeds per cone,
with as many as 12.2% of cones producing no seed; in
addition, cone production is very low in nature and the
percent of seed germination in the field is only 21% (Xie &
Chen 1999). In extreme cases, not a single tree produces
viable seeds in some populations (personal observations).
Furthermore, much evidence suggests that the existing
populations of C. argyrophylla in various communities are
declining and are at risk of being replaced by fastgrowing,
broad-leaved trees (Fu 1992; Xie & Chen 1999; Xie et al.
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1999). Accordingly, C. argyrophylla is currently listed as one
of the most endangered plant species in China (Fu 1992;
Wang & Xie 2004).

During two field surveys from 1992 to 1994 and from
2002 to 2004, we have made extensive collections of cones
throughout the range of C. argyrophylla. Because of very
low cone and seed production as well as difficult access for
a few populations, only one or two individual trees were
sampled from some populations. Also, the sample sizes
in a number of populations were relatively small in spite
of most cone-bearing trees being sampled. Consequently,
cones were collected individually from 98 trees of 15
populations, representing all the four regions and most
populations within regions, i.e. all four populations in region
BM (28 trees), six populations in region DL (32 trees), four
populations in YC (30 trees), and one population in DY (8
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trees). The locations and sample sizes of these populations
are provided in Fig. 1 and Table 3. The straight-line distances
between the sampled populations ranged from less than
1 km to c. 700 km between populations from different regions.
Seeds from collected cones were extracted by hand, and
were stored at —20 °C until needed.

DNA extraction, amplification, and sequencing

One seed was randomly chosen from each tree and the
haploid megagametophytes (the maternal tissue surrounding
the embryo of seeds) were used for total DNA extraction.
Before DNA extraction, seeds were wrapped in paper
towels moistened with distilled water for 24 h at room
temperature to make fresh tissue preparation easier.

A preliminary screening for mtDNA polymorphism was
conducted using 15 primer pairs (Table S1, Supplementary
material) over a panel of 8-12 individuals, at least one
tree from each population region. Of these primers, eight
amplified expected polymerase chain reaction (PCR)
products and produced sequences of high quality (Table
S1, Supplementary material). However, sequence poly-
morphism was observed only in two fragments, the
mitochondrial NAD dehydrogenase subunit 1 gene (nad1)
and NAD dehydrogenase subunit 4 gene (nad4). One
polymorphic site was found in the second intron of nad1l
and two polymorphic sites were found in the first intron
and second exon of nad4, respectively. Therefore, two mtDNA
loci were further used to estimate mtDNA diversity for all
C. argyrophylla populations. To remove the uninformative
region of nadl that was about 2900 bp in length, we
designed an internal reverse primer (5-CCAGCGATTC-
CTTCATCAAT-3’) and amplified a fragment of 537 bp in
length by the new and original forward primer.

After a preliminary survey on 101 nuclear DNA regions
(Temesgen et al. 2001; Dvornyk ef al. 2002; Brown et al.
2004), we obtained eight loci that generated a single and
strong amplification (Table S2, Supplementary material).
To evaluate genomic diversity of C. argyrophylla, for each
locus we sequenced 20 megagametophytes sampled from
four regions, five megagametophytes for each region
and at least one individual from each population. All the
primers for amplifying the eight loci are listed in Table 52
(Supplementary material). Because locus 2009 showed
the highest level of intraspecific variation, we further
sequenced the remaining trees for this locus. Finally a total
of 98 megagametophytes (each from one of the 98 trees)
sampled from all 15 populations were sequenced for the
2009 locus.

Amplification reactions were carried out in a volume of
20 pl containing of 1 x PCR buffer, 1.6 mm MgCl,, 0.2 um
each primer, 0.1 mMm each dANTP, 0.5 U of ex-Tag DNA
polymerase, and 10-50 ng of template. Amplification was
carried out in Tgradient 96 U thermocycler (Biometre) as

follows: 4 min at 94 °C followed by 36 cycles of 30 s at
94 °C, 30 s at 54-57 °C, 90 s at 72 °C and a final extension at
72 °C for 10 min for loci 2009, 1643, pch, and comt and
mitochondrial nadl. For the remaining fragments (0624,
cad, glyhmt, a-tub, and nad4), a touchdown procedure was
employed. After an initial 3-min denaturation at 94 °C, the
reaction tubes went through 11 cycles at a 0.5 °C descend-
ing series of annealing temperatures each cycle (57 °C—
52 °C), and 26 cycles with an annealing temperature of
52 °C, denaturation was at 94 °C (1 min) and extension was
at 72 °C (2 min) in all cycles, with a final 10-min extension
at 72 °C to end the reaction.

Amplification products were separated by electrophoresis
on 1.5% agarose gels stained with ethidium bromide, and
gel-purified with a Pharmacia purification kit (Amersham
Pharmacia Biotech) or DNA Fragment Quick Purification/
Recover Kit (Dingguo). Sequencing reactions were con-
ducted using the DYEnamic ET Terminator Kit (Amersham
Pharmacia Biotech), following the manufacturer’s protocol.
Sequencing was carried out on a MegaBACE 1000 automatic
DNA sequencer (Amersham Pharmacia Biotech) after
sequencing reaction product was purified through pre-
cipitation with 70% ethanol and 0.04 M sodium acetate
(pH 5.2). All samples were sequenced in both directions,
singleton polymorphism was verified by re-amplifying
and sequencing the same megagametophyte. Unique
haplotypes of mitochondrial fragments and nuclear alleles
are deposited in the GenBank under the accession nos
DQ424818-D(Q424855.

Data analysis

DNA sequences were aligned with crLustaL x 1.81
(Thompson et al. 1997) and refined manually. To measure
level of genetic variation, average pairwise differences
per base pair between sequences (m) (Nei & Li 1979),
Watterson’s estimates (6,,) (Watterson 1975), and haplotype
diversity (Hy) were calculated using DNAsP version 4.10
(Rozas et al. 2003). Tajima’s D (Tajima 1989) and Fu and Li’s
D* (Fu & Li 1993) neutrality tests were used to determine
whether a locus is evolving neutrally and is therefore
appropriate for a phylogeographical study (Caicedo &
Schaal 2004). A phylogenetic network (tree) was constructed
by coalescent simulations using the Median-Joining model
implemented in NETWORK version 4.0 (Bandelt ef al. 1999).
We used an unrooted network that is a more accurate way
to represent haplotype relationships at the intraspecific
level than is a bifurcating tree (Posada & Crandall 2001;
Caicedo & Schaal 2004). Haplotype network can be used
reliably for inference of population history because the
most ancient haplotypes should be located at the centre of
the gene tree and be geographically widespread whereas
the most recent haplotypes should be at the tips of the gene
tree and be localized geographically (Schaal et al. 1998).
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A hierarchical analysis of population subdivision was
performed for the four regions and for the populations
within regions using an analysis of molecular variance
(aAMOvA) as implemented in ARLEQUIN 2000 (Schneider
etal. 2000). AMOvA estimates the relative contribution to
molecular variance of differences among groups, differences
among populations and differences among populations
within groups (Excoffier et al. 1992). A comparison was
made between Gg and Ng; using the U-statistic, which is
approximated by a Gaussian variable by taking into
account the covariance between Ng; and Ggp, and a
one-sided test (Pons & Petit 1996). G¢; makes use of haplo-
type frequencies while Ng; takes into account differences
between haplotypes. A higher Ng; than Gg; usually indi-
cates the presence of phylogeographical structure (Pons &
Petit 1996) with closely related haplotypes being found
more often in the same area than less closely related
haplotypes. Test of correlation between geographical and
genetic distance between populations were carried out
with MANTEL version 2.0 (Liedloff 1999).

Demographical events can leave characteristic signa-
tures in the distribution of pairwise nucleotide differences
between individuals, or mismatch distribution (Slatkin &
Hudson 1991; Rogers & Harpending 1992). The mismatch
distribution is a widely accepted molecular approach to
examine genealogical diversity by calculating the number
of mutational differences between individual haplotypes
within a population (Rogers & Harpending 1992; Johan-
nesen ef al. 2005). Multimodal mismatch distributions are
assumed to characterize old populations of constant size
whereas expanding populations are expected to be unimodal
(Harpending 1994). We used the mismatch distribution
approach to evaluate the demographic history of C. argyro-
phylla. Mismatch distribution for the species as well as for
each region were calculated separately with the expected
frequency based on a population growth-decline model
using DNAsSP. The ruggedness index (r) could be used
to quantify the smoothness of mismatch distribution
(Harpending 1994). Under the population growth model,
the r values are expected to be typically low and can be
tested for deviation from the constant population size
model by simulation implemented in DNASP.

Results

Mitochondrial DNA haplotypes and their distribution

Of eight mtDNA regions with 9860 bp in length surveyed,
only two (nadl and nad4) showed polymorphism in Cathaya
argyrophylla populations. These two loci contained three
substitutions without length variation. Of the three sub-
stitutions, one was G/A at site 264 of nadl intron 1 and
the other two were all A/C at sites 214 and 521 of nad4,
respectively (Table 1). Two haplotypes were detected

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

Table 1 Designation of the mitochondrial variants detected at
two polymorphic mtDNA loci examined in 15 Cathaya argyrophylla
populations

nadl intron 2 nad4 intron 1

Mitotype 264 214 521
MT1 G A A
MT2 A C C
MT3 G C C

for each of nadl intron 2 and nad4 intron 1 and thus a
theoretical maximum of haplotypes was four if recombination
occurred between the two loci. In total, three distinct
mitochondrial haplotypes (mitotypes) were determined
by considering simultaneously the information at both
mitochondrial lodi, i.e. GAA, ACC, and GCC as named after
their nucleotide constitutions in polymorphic sites. The
designation of the mitotype variants and their geographical
distribution are provided in Table 1 and Fig. 2. No single
population and region showed polymorphism and the
subdivision was therefore maximal (Ggp = Ngp=1). It is
obvious that the distribution of these mitotypes clearly
divides the range of C. argyrophylla into three: the first
mitotype (MT1) was found in all populations of the BM
region; the second (MT2) was present in all populations of
the DL region, whereas the last mitotype (MT3) was detected
in all populations of the YC and DY regions (Fig. 2).

Sequence variation at nuclear loci

Twenty megagametophytes (five for each of the four
distinct regions and at least one from each population)
were sequenced for eight loci, with the amplified fragments
ranging from 547 to 808 bp in length. Nucleotide diversity
at each locus and in each geographical region is presented
in Table 2. The nucleotide diversity varied across loci from
0.0 to 0.0083 (8,,) and 0.0-0.0092 (r,) (Table 2). Loci glyhmt
and pch had the lowest diversity (6, =0.0; n,=0.0)
while locus 2009 the highest (8,,, = 0.0083; mt, = 0.0092). The
average estimates of nucleotide diversity over the eight
loci varied among regions. The DL region had the highest
diversity (0, = 0.0026; =, = 0.0028), followed by DY
®,,, = 0.0023; T, = 0.0023) and YC (0, = 0.0018; 7, = 0.0017),
and the BM region maintained the lowest (6, = 0.0012;
7, = 0.0015). The species-wide estimate of overall nucleotide
diversity was 0, = 0.0024 and ©_ = 0.0029 (Table 2).

Neutrality tests and phylogeographical analysis of the
2009 locus

Of the eight nuclear loci, 2009 showed the highest diversity
and thus were informative for further application in
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Fig. 2 Distribution of Cathaya argyrophylla mitotypes. Definition of the mitotypes was presented in Table 1. A, MT1; ®, MT2; B, MT3.

Table 2 Summary statistics of sequence variation for each population region and the species at the eight nuclear loci

Locus
Region 2009 1643 cad 0624 pch comt glyhmt a-tub Average
N 20 20 20 20 20 20 20 20
L 568 612 808 797 547 715 608 705 5360
S 10 4 10 3 2 3 1 1 34
Hy 0.837 0.563 0.837 0.721 0.416 0.100 0.189 0.337 0.500
0, BM 0.0042 0.000 0.0025 0.0006 0.0000 0.0000 0.0000 0.0000 0.0009
DL 0.0059 0.0032 0.0037 0.0012 0.0018 0.0000 0.0008 0.0000 0.0021
DY 0.0059 0.000 0.0025 0.0012 0.0009 0.0020 0.0008 0.0007 0.0018
YC 0.0025 0.0032 0.0006 0.0018 0.0000 0.0000 0.0000 0.0007 0.0011
Species 0.0050 0.0019 0.0036 0.0011 0.0010 0.0012 0.0005 0.0004 0.0018
0,5 BM 0.0063 0.0000 0.0025 0.0008 0.0000 0.0000 0.0000 0.0000 0.0012
DL 0.0095 0.0060 0.0037 0.0015 0.0000 0.0000 0.0000 0.0000 0.0026
DY 0.0094 0.0000 0.0025 0.0015 0.0000 0.0038 0.0000 0.0009 0.0023
YC 0.0047 0.0060 0.0006 0.0023 0.0000 0.0000 0.0000 0.0009 0.0018
Species 0.0083 0.0035 0.0036 0.0013 0.0000 0.0022 0.0000 0.0005 0.0024
T BM 0.0053 0.0000 0.0031 0.0005 0.0000 0.0000 0.0000 0.0000 0.0011
DL 0.0053 0.0040 0.0047 0.0013 0.0018 0.0000 0.0007 0.0000 0.0022
DY 0.0067 0.0000 0.0021 0.0013 0.0007 0.0017 0.0007 0.0009 0.0018
YC 0.0028 0.0026 0.0005 0.0017 0.0000 0.0000 0.0000 0.0006 0.0010
Species 0.0062 0.0035 0.0037 0.0013 0.0008 0.0004 0.0003 0.0005 0.0021
T, BM 0.0079 0.0000 0.0031 0.0006 0.0000 0.0000 0.0000 0.0000 0.0015
DL 0.0085 0.0075 0.0047 0.0016 0.0000 0.0000 0.0000 0.0000 0.0028
DY 0.0105 0.0000 0.0021 0.0016 0.0000 0.0031 0.0000 0.0010 0.0023
YC 0.0053 0.0050 0.0005 0.0022 0.0000 0.0000 0.0000 0.0007 0.0017
Species 0.0092 0.0065 0.0037 0.0016 0.0000 0.0008 0.0000 0.0006 0.0029

N, trees sampled; L, length of the sequenced fragments; S, number of segregating sites; H;, haplotype diversity; wand n, nucleotide diversity (Nei
& Li1979) for the total and silent sites, respectively; 8, and 6, Watterson’s parameter (Watterson 1975) for the total and silent sites, respectively.

ws’
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Table 3 Haplotype distribution and measures of nucleotide diversity at locus 2009

Haplotype

Population N HI1 H2 H3 H4 H5 Hé H7 H8 S H H, 0, 0,5 T T,
BM1 16 11 5 4 2 0458 0.0021 0.0030 0.0032 0.0045
BM2 5 1 3 1 2 3 0700 0.0017 0.0016 0.0018 0.0020
BM3 5 3 2 5 2 0600 00042 0.0063 0.0053 0.0079
BM4 2 2 - - - — — — —
Subtotal 28 14 3 10 1 6 4 0494 0.0023 0.0031 0.0031 0.0043
DL1 3 1 1 1 7 3 1000 0.0082 0.0131 0.0082 0.0131
DL2 14 1 4 1 6 2 8 5 0758 0.0044 0.0072 0.0039 0.0069
DL3 3 1 2 3 2 0667 00035 0.0066 0.0035 0.0066
DL4 1 1 - - = — — — —
DL5 1 1 - - - — — — —
DL6 1 1 3 4 7 4 0750 0.0045 0.0073 0.0037 0.0062
Subtotal 32 3 2 10 1 9 7 10 6 0.771 0.0047 0.0078 0.0042 0.0073
DY 8 1 1 1 5 8 4 0.643 0.0054 0.0089 0.0060 0.0095
YC1 6 3 3 6 2 0600 00046 0.0072 0.0063 0.0099
YC2 6 2 1 2 1 7 4 0867 0.0054 0.0086 0.0062 0.0099
YC3 12 2 1 6 3 7 4 0710 0.0041 0.0065 0.0044 0.0071
YC4 6 2 2 2 5 3 0800 0.0039 0.0058 0.0047 0.0070
Subtotal 30 9 4 11 6 7 4 0737 0.0044 0.0069 0.0052 0.0082
Total 98 26 3 18 1 20 24 5 1 12 8 0799 0.0041 0.0064 0.0053 0.0084
(%) (265) @B.1) (184 (1.0 (204) (245 6.1 (1.0

N, trees sampled; S, number of segregating sites; H, number of haplotypes; H,, haplotype diversity; © and n, nucleotide diversity

(Nei & Li 1979) for the total and silent sites, respectively; 8, and 6
respectively.

phylogeographical study. The sequenced 2009 fragment
had a length of 568 bp in C. argyrophylla, including 333 bp
in exon and 235 bp in intron. Based on the sequences of the
98 individuals, 12 polymorphic sites were observed with
two singletons and without insertion/deletion (indel).
Eight haplotypes were found in the species (Table 3;
Fig. S1, Supplementary material). All the four regions
had at least four haplotypes, with DL having six and the
remaining regions having four (Table 3). Two haplotypes
(H3 and H6) were found in 10-12 populations from all four
regions (observed over 18 times and more than 18%). H1
was the most frequent haplotype (26.5%) and present in
nine populations in three regions except for DY. Haplotype
H5 was a frequent haplotype (20.4%) and detected in
five populations from two distant regions, DL and YC. All
the other haplotypes were observed less than five times
(< 5.1%) in no more than two regions. H2 was rare haplotype
and found in three populations from the DL and DY regions.
Haplotype H7, which is one mutational step away from
H1, occurred only in the DY population but was the most
frequent haplotype (63%) in this region. Haplotypes H4
and H8 (observed one time) were found only in the DL
and BM regions, respectively (Table 3, Fig. 3, Fig. S1, Sup-
plementary material). Haplotype diversity (H;) was
highest for the DL region (0.771), followed by YC (0.737)
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Watterson’s parameter (Watterson 1975) for the total and silent sites,

and DY (0.643) and was the lowest for the BM region (0.494)
(Table 3).

To determine if the 2009 locus evolves neutrally, neutrality
test was performed for the entire and population datasets
separately. Neither Tajima’s D with the entire dataset
(D =0.773, P> 0.1) nor Tajima’s D with the regional data-
sets (D = -0.187-1.958, P > 0.1) rejected the null hypothesis
of neutral evolution. Fu and Li’s D* test did not rejected the
null hypothesis either (D* = 0.219-1.273, P > 0.1) (Table 4).
Because the 2009 fragment has high level of variation and
low recombination and evolve neutrally, variation patterns
of this locus might reliably reflect the population history of
C. argyrophylla. Therefore, haplotype network was used to
infer the ancestral (internal) vs. derived (tip) relationships
among haplotypes. In the 2009 haplotype network (Fig. 3),
four widespread and high frequency haplotypes (H1, H3,
H5, and H6) located at interior node and could be con-
sidered as ancestral. The rare haplotypes (H2, H4, H7, and
H8) were derived from the ancestral haplotypes and were
at the tips of the networks (Fig. 3).

Population genetic structure

An AMOVA revealed high amounts of variation both between
and within populations at the 2009 locus. Although the
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H8 M2 DL1-2, DL6, YC1-4 g DY

BM1, BM3@

DL2, DL4, DL6, YC2-4
DY, BM1-2, BM4

DL1-6, YC2-4

@ DY, BM2-3

H2 DL2, DL6, YC1-3

ODL1, DL3, DY @

Fig. 3 Haplotype network of the nuclear 2009 fragment. H1-H8
are the haplotypes and correspond to those in Table 3. Population
numbers are the same as in Fig. 1 and indicated around the
haplotypes. The size of the circle is proportional to the relative
frequency of the haplotypes in the study (exact frequencies are
shown in Table 3).

H4©°DL2

majority of nucleotide diversity (77.73%, permutation test
P < 0.001) was attributable to variation within populations,
significant proportions of diversity were attributable to
differences among regions (13.40%; permutation test
P < 0.05) and among populations within regions (8.88%;
permutation test P < 0.05) (Table 5). Fg; analysis also
indicated significantly high differentiation among the
sampled populations (0.223, P < 0.001) and significant
pairwise differentiation between all regions (Fg=
0.119-0.377; P < 0.001) except for that between DL and YC
(Fgr = 0.046; P > 0.05) (Table 4). To further investigate the
population structure within regions, we conducted the Fg;
analyses for three distinct regions (DL, YC, and BM) where

multiple populations were sampled. It is interesting that
high level of genetic differentiation among populations were
observed for the BM region (Fg = 0.339, P < 0.001) (Table 4).

No significant association was detected between genetic
and geographical distances (Mantel's test: r = 0.266, P > 0.05),
which do not support the isolation by distance between
C. argyrophylla populations. A test for phylogeographical
structure of haplotype variation across the distribution of
the species also demonstrated that the difference between
Ngr(0.138) and Gg; (0.134) was not significant (P > 0.05), indi-
cating that closely related haplotypes were not found more
often in the same area than less closely related haplotypes.

Mismatch distribution analysis

To test for the hypothesis of population expansion in
C. argyrophylla, we computed the distribution of pairwise
differences from segregation sites of 2009 haplotypes. The
DY region was excluded from analysis because of its low
sample size. The mismatch distributions for all three regions
and for the species were clearly not unimodal and of
different shape as that expected for an expanding population
(a bell-shape curve) (Fig. 4). The raggedness index (r) of
mismatch distribution ranged from 0.0268 to 0.2943 and
did not deviate significantly from the constant population
sizes for the regions and the species (P >0.05) (Fig. 4).
Therefore, these data suggested that neither the BM, DL,
and YC regions nor the species underwent population
expansion. The positive values of Tajima’s D and Fu & Li’s
D* statistics for the regions and for the entire sample
also implied no evidence of population expansion in
C. argyrophylla (Table 4).

Table 4 Tajima’s D and Fu and Li's D*

Tajima’s D Fu & Li's D BM DL DY YC tests as well as the Fq; between and within
regions
BM 1.615N 0.457N 0.339%**
DL -0.187N 0.857N 0.268*** 0.009N
DY 0.538N 0.219N 0.120%** 0.377%**
YC 1.958N 1.273N 0.119%** 0.046N 0.214%** —0.001N
Total 0.773N 0.219N 0.173***
***P < 0.001; N, not significant.
] o Table 5 Results from the analyses of mole-
o Sum of Variance Variation cular variance (aMova) for 15 populations
Source of variation df. squares components (%) of Cathaya argyrophylla
Among regions 3 21.976 0.20980 13.40%
Among populations within regions 10 20.493 0.13898 8.88*
Within populations 83 101.016 1.21706 77.73%*
Total 96 143.485 1.56584
d.f., degree of freedom; *P < 0.05; ***P < 0.001.
© 2006 The Authors

Journal compilation © 2006 Blackwell Publishing Ltd
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BM

Fig. 4 Mismatch distribution for the BM, DL,
YC regions and the species, respectively.
The line represents the distributions
expected for an expanding population,
and the dotted line represents the observed
mismatch distribution from segregating
sites of the aligned 2009 sequences.
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. . (Table 6). At regional level, the lowest (about one half
Discussion

Genetic diversity and population structure

In the present study, we found only three substitutions at
mtDNA sequences without variation at population and
regional levels (Hg = 0.0) although eight fragments (a total
of 9860 bp) were sequenced. This result is not unexpected
because little or no intraspecific variation for mtDNA
sequences was previously observed in many conifers
including species in the genera Picea (Gamache et al. 2003;
Jaramillo-Correa et al. 2004), Pinus (Sinclair et al. 1999;
Soranzo etal. 2000; Burban & Petit 2003), and Larix
(Semerikov & Lascoux 2003; Gros-Louis et al. 2005). For the
nuclear loci, the mean of silent nucleotide diversity across
all eight loci (6,,; = 0.0024; w, = 0.0029) are comparable
to those found in Pinus sylvestris and Pinus pinaster but
much lower than those found in many other conifers
(8, = 0.0030-0.0153, 7, = 0.0038-0.0122) based on estimates
of multiple loci (Table 6). However, it should be noted that
the nucleotide diversity estimated for P. sylvestris was
based only on two loci (Garcia-Gil ef al. 2003) and those for
P. pinaster and Pinus radiata were based on genes involved
in wood formation and were possibly under strong selection
(Pot et al. 2005). Therefore, the species-wide nucleotide
diversity in Cathaya argyrophylla is the lowest among the
conifers for which multiple genes have been sequenced

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

of the total) diversity was found in the BM region (8, =
0.0012; =, = 0.0015), followed by YC (6, = 0.0018; mt, = 0.0017)
and relatively higher diversity occurred in the other two
regions (6, = 0.0023-0.0026; wr, = 0.0023-0.0028) (Table 2).
In the 2009 data set with a larger sample, some populations
(i.e. BM1 and BM2) harboured much less variation than the
others. Also, the lowest diversity was observed in the BM
region, although as many as 28 trees from four populations
were sampled from this region (Table 3).

In addition to low nucleotide diversity, another important
feature for C. argyrophylla is that genetic differentiation
among populations and regions is significantly higher
than those found in other conifers. By comparison with
other conifers for the maternally inherited markers (mean
Ggr =0.76, averaged over 33 conifers; Petit etal. 2005),
genetic differentiation between regions at mtDNA mark-
ers is extremely large (Ggr = 1.0), indicating particularly
low seed flow in the species. Similar patterns of genetic
structure have been documented in many conifers in
Europe and North America (e.g. Sinclair et al. 1999; Mitton
et al. 2000; Richardson et al. 2002; Burban & Petit 2003;
Jaramillo-Correa et al. 2004). In addition to the complete
fixation of three mitochondrial haplotypes in different
regions, about 22% of the total diversity at the nuclear 2009
locus is attributed to variation among populations in
C. argyrophylla. This value is significantly higher than the
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Table 6 Estimates of nucleotide diversity in different coniferous species

Species No. of loci Length (bp) 04 T Species-wide Reference

Cathaya argyrophylla 8 5360 0.0024 0.0029 Yes This study

Cryptomeria japonica 7 10158 0.0030 0.0038 Yes Kado et al. (2003)

Pinus densata 7 3040 0.0143 0.0122 Yes Ma et al. (2006)

Pinus pinaster 10 4746 0.0017* 0.0024* Yes Pot et al. (2005)

Pinus radiata 10 4746 0.0008* 0.0007* No Pot et al. (2005)

Pinus tabuliformis 7 3040 0.0153 0.0119 Yes Ma et al. (2006)

Pinus sylvestris 2 4136 0.0030 0.0019 Yes Garcia-Gil et al. (2003)
Pinus taeda 19 17580 0.0066 0.0064 Yes Brown et al. (2004)

Pinus taeda 18 10116 0.0079 0.0085 No Gonzalez-Martinez et al. (2006)
Pinus yunnanensis 7 3040 0.0077 0.0095 Yes Ma et al. (2006)
Pseudotsuga menziesii 18 15183 0.0113 0.0106 No Krutovsky & Neale (2005)

0, average, 0y, at silent sites; 1t

sil’ sils

average (Ggr = 0.073) of allozyme data from more than
100 gymnosperms (Hamrick et al. 1992) and the average
(Ggr =0.116) summarized recently by Petit et al. (2005)
based on biparentally inherited markers of 33 conifers. It is
worthwhile mentioning that the genetic differentiation
among populations within the BM region is as high as
34% (Table 4) even though these four populations were
sampled in an area of less than approximately 2 x 3 kma2.
Based on allozyme study on eight C. argyrophylla popu-
lations sampled from the same four regions, Ge et al. (1998)
detected a low amount of variation (P = 30.4%; Hy = 0.102)
and five times higher level of interpopulation differentiation
(Ggp = 0.441) compared to the average (P = 53.4%; Hy = 0.151;
Ggr=0.073) of more than 100 gymnosperms (Hamrick
et al. 1992). Our present results based on sequence data
corroborates our previous findings. First, habitat frag-
mentation and deterioration resulting from Quaternary
glaciation are obviously the most likely explanations for the
disjunct distribution and small population sizes of C. argy-
rophylla (Liu & Basinger 2000), which in turn lead to low
genetic diversity and high population differentiation in the
species. Habitat fragmentation is supported by the finding
that four alleles (haplotypes) are present in the widely sep-
arated regions (Table 3, Fig. 3, and Fig. S1, Supplementary
material), in agreement with the fossil evidence that
indicated fragmentation of C. argyrophylla populations dur-
ing the Quaternary (Liu & Basinger 2000). Theoretically,
reductions in population size create genetic bottlenecks
because remaining individuals contain only a small sample
of the alleles present in the parental generation (Ellstrand
& Elam 1993). This could account for the particularly low
levels of diversity observed in some populations and
regions, especially in the BM region that is located in the
most eastern part of current distribution of the species.
Much higher value of Fg; compared to the other conifers
and no correlation between genetic distance and geo-
graphical distance, even at regional level (Table 4) are

average T at silent sites; *noncoding region.

indicative of genetic drift in this species. Genetic drift has
also been documented in our previous allozyme data
where the same alleles at many loci were randomly fixed in
geographically distant populations (Ge et al. 1998). Our
phylogeographical study further suggests that the popu-
lation contractions and bottlenecks have happened
relatively recently. As evidenced in a study of Pinus resinosa
in North America (Echt et al. 1998), a single, common, and
often frequent, haplotype would be detected if a major
ancient population bottleneck event had happened for the
species.

Second, limited gene flow would be another factor for
the marked genetic differentiation among populations
in C. argyrophylla. It is reported that the pollination and
mating system of C. argyrophylla is little different from
other conifers, and the primary seed dispersal is through
gravity and wind, with secondary dispersal facilitated
by squirrels (Wang 1990; Xie & Chen 1999). However, the
squirrel dispersal did not work effectively enough, partly
because of very low rates of seed germination and seedling
survival (Xie & Chen 1999). The estimated value of Nm
(1.85 immigrants per generation) in C. argyrophylla is lower
relative to those (Nm =3.4-17.2) in pines in range-wide
studies (reviewed in Ledig 1998). Such small amounts of
gene flow in C. argyrophylla are not sufficient to counteract
genetic drift in the absence of selection (Ellstrand & Elam
1993). In particular, much of the gene flow measured by
Nm is probably the reflection of ancient gene flow, as evid-
enced by wide distribution of the ancestral haplotypes at
the 2009 loci (H1, H3, H5, and H6). Therefore, recent gene
flow by pollen would be greatly reduced, as evidenced
by significantly high genetic differentiation of nuclear
markers among populations (Fgr=0.223) and among
regions (Fgp = 0.173) (Table 4). It should be mentioned that
although great efforts have been made, the sample sizes
per population in the present study were relatively small,
which may lead to approximate estimates of some statistics.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd
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Demographic history and potential refugia

The late Quaternary palaeoecology of North America
and Europe has revealed a series of southward range
contractions during the latest glacial period followed by
rapid northward range expansions following deglaciation
(Taberlet et al. 1998; Mitton et al. 2000; Petit ef al. 2003;
Hewitt 2004). Although relatively few studies have been
conducted on the postglacial history of Chinese plants,
phylogeographical studies on a number of endemic species
in southern China have revealed postglacial population
growth. Based on a phylogeographical analysis of a conifer
(Cunninghamia konishii), Lu et al. (2001) and Hwang et al.
(2003) inferred several refugia in southern China and
detected postglacial population growth after a glacial
bottleneck event. Shen efal. (2005) also found possible
refugia of Ginkgo biloba in southwestern China and did not
support previous consideration that the Tianmu Mountain
in eastern China was a potential refugium for the species.
Unlike most conifers mentioned above, we do not find
evidence of long distance dispersal and population expan-
sion in C. argyrophylla. As indicated by Printzen et al. (2003),
large-scale infraspecific disjunctions in many species could
be explained alternatively by range fragmentation and
widespread long distance dispersal. In our case, the presence
of nonoverlapping mitotypes and comparable levels of
nuclear nucleotide diversity in different regions make
the dispersal scenario unlikely, because the descendant
populations would harbour much reduced genetic diver-
sity relative to those in the refugia and such a reduction in
diversity would increase with distance from a refugium
(Comes & Kadereit 1998; Schaal et al. 1998; Petit et al. 2003).
As is evident from Fig. 3, all the widespread haplotypes
(H1, H3, H5, and H6) represent internal nodes of the net-
work and would predate the divergence of the populations
(ancient). Their distribution across all the regions probably
owes more to the persistence of ancestral polymorphisms
than to recent gene flow and dispersal (Schaal et al. 1998).
In addition, the pattern of haplotype distribution is not
consistent with a rapid range expansion where a ‘star-like’
phylogeny of haplotypes would be expected, as evidenced
in many other conifers (Echt et al. 1998; Hwang et al. 2003).
The lack of population expansion was further supported
by the multimodal mismatch distribution (Fig. 4), and the
positive Tajima’s D and Fu & Li's D* values (Table 4).
Hewitt (2000) indicated that in southern temperate
regions and the tropics, the varied topography tends to
subdivide the species into populations that may evolve
independently with only occasional gene flow, perhaps
only every glaciation or interstadial. This is probably the
case in C. argyrophylla. Based on extensive investigations
on Cathaya pollen and tabulate data from other extant
coniferous genera with bisaccate pollen, Liu & Basinger
(2000) outlined the palaeogeographical history of the

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

genus and indicated that Cathaya was apparently restricted
to North America and East Asia during the Cretaceous
and became widespread in North America, East Asia, and
Europe in the Neogene. They suggested that Late Tertiary
climatic deterioration and Quaternary glaciation would
have been responsible for expiration of Cathaya from North
America first and then from Europe and thus the endemic
distribution of extant Cathaya in China represents a
remnant of a formerly widespread Asiatic population. The
present distribution of three mitotypes and the four
geographical groups suggest the existence of at least four
separate refugia during the last ice age when once wide-
spread species became fragmented during the Quaternary.
The refugia include the Dalou Moutains (DL) in the western,
the Bamian Moutains (BM) in the Eastern, the Yuecheng-
ling Moutains (YC) in the Southeastern, and the Dayao
Mountains (DY) in the South (Figs 1 and 2). Although YC
and DY share the same mitotype (MT3), they are most
likely to represent different refugia because DY, separated
from YC by 180 km, has comparable diversity to YC (Table 2)
and is genetically isolated from the YC populations
(Fgr = 0.214, P < 0.001, Table 4). The presence of a private
haplotype (H7) at high frequency in DY (Table 3) also
corroborate this suggestion. Multiple refugia have been
documented in many other conifers (Konnert & Bergmann
1995; Sinclair et al. 1999; Mitton et al. 2000; Richardson et al.
2002; Burban & Petit 2003; Jaramillo-Correa et al. 2004;
Godbaut ef al. 2005) as well as plant species in China (Lu
et al. 2001; Ge et al. 2002; Cheng et al. 2005; Shen ef al. 2005).

Ying et al. (1993) and Ying (2001) localized three regions
with high levels of plant diversity and endemism in China,
i.e. the Hengduan range, the Central China and the Lingnan
region. The current Cathaya populations are located in
the Central China and the Lingnan region. Both regions
are characterized by the great diversity in topography,
climate, and ecological conditions and spared from the direct
effect of the repeated Pleistocene continental glaciation
(Hu 1980; Liu & Basinger 2000). Many ancient plant species
including the gymnosperm endemics, Glyptostrubus pensilis,
Metasequoia glyptostroboides, Pseudotaxus chienii, Taiwania
flousiana, and Ginkgo biloba were also found in these regions
(Hu 1980; Ying et al. 1993; Shen et al. 2005). Therefore, these
three regions with high diversity and endemism are most
likely to be refugia for plant species in general.

Implications for conservation

The genetic profile uncovered in this study has not only
provided important insights into the evolutionary history
of C. argyrophylla, but is also critical for its conservation
management. Although all the C. argyrophylla populations
in the four distinct regions are currently under legal
protection as one of the most endangered plant species
in China (Fu 1992; Wang & Xie 2004), further measures
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await serious consideration in addition to the routine
practices (Ge et al. 1998; Xie & Chen 1999). Low level of
genetic diversity and high genetic differentiation resulting
from population bottleneck and limited gene flow should
be taken into consideration in the conservation decision
and management of this endangered species, as proposed
in our previous study (Ge et al. 1998). The significance of
the unique population genetic profile and demographic
history found in this study is twofold.

First, almost all extant populations in C. argyrophylla face
serious threat and risk of extinction by stochastic processes
because of low genetic diversity and small population
sizes. Our field surveys indicated that most populations of
this species were small in sizes with a few young trees and
only one or two mature individuals in some populations in
the BM and DL regions. Population size is the most influ-
ential of the five criteria for listing species as endangered
under the International Union for the Conservation of
Nature and Natural Resources (IUCN) system (Frankham
et al. 2002). More importantly, the ability of this species to
compete with other species and recolonize new habitats is
very low as the habitats suitable for this species were
reported to be in the process of deterioration and frag-
mentation (Fu 1992; Xie et al. 1999). Unusually low fertility
and survival rates were additional factors that limit the popu-
lation expansion of this species (Sun et al. 1994; Xie & Chen
1999). Our field survey and ecological studies have indi-
cated that the majority of the C. argyrophylla populations
have been already restricted to the cool, moist forests,
predominantly on the open slopes and the highest peaks
of the mountains in the distinct regions (Xie & Chen 1999).
It seems unlikely for the C. argyrophylla populations to
expand their range without human intervention. The
routine stand management can do nothing to conserve and
recover the species because the main threats to C. argyro-
phylla are habitat deterioration and loss that might result
mainly from global warming (Ledig et al. 2002). Therefore,
in addition to the in situ strategy that is taken currently, ex
situ conservation should be given high priority to offset the
habitat deterioration and fragmentation. In this regard,
reintroductions and introductions can be designed to re-
establish self-sustaining wild populations and this practice
should be carried out into suitable habitats within the
previous range of the species (Frankham ef al. 2002).

Second, a promising measure that is likely to restore and
enrich genetically threatened or declining populations is
to employ traditional breeding programs such as con-
trolled crossing between genetically distinct populations,
i.e. between the four distinct regions. Introgression and
hybridization are important genetic management actions
for wild populations and have been successfully applied in
many species (Frankham et al. 2002). In Scabiosa columbaria,
for example, crosses between populations had fitness 2.5
times that of the crosses within populations (van Treurea

et al. 1993). Our preliminary investigation on pollen viability
of the C. argyrophylla trees in the DY and YC populations
showed that most mature trees generated normal pollens
without significant pollen mortality (unpublished data).
Given the high genetic differentiation and extremely low
gene flow among regions and populations in C. argyro-
phylia, artificial crossing of individuals between populations
or regions and subsequent introduction of the offspring
into suitable habitats would be potentially effective meas-
ures to alleviate the effects of population fragmentation.
However, it should be noted that the potential benefits of
crossing genetically divergent populations may be coun-
teracted by outbreeding depression and there are very
few cases where it is being used successfully in practice
(Frankham et al. 2002). Previous ecological studies have
shown that C. argyrophylla populations in different localities
shared similar ecological requirements without significant
local adaptation (Wang 1990; Xie & Chen 1999) despite
high genetic divergence among them. Therefore, controlled
crossing between populations seems reasonable but the
practice of crossing populations should be evaluated prior
to full implementation.
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