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Research paper

Low Genetic Diversity of Cycas taitungensis (Cycadaceae), an
Endemic Species in Taiwan, Revealed by Allozyme Analysis
Tsan-Piao Lin,"® Yu-Ching Sun,” Hann-Chung Lo,” Yu-Pin Cheng”

{ Summary ]

The purpose of this study was to investigate the population genetic structure of Cycas taitungen-
sis C. F. Shen, K. D. Hill, C. H. Tsou & C. I. Chen using isozyme techniques. Only 2 isolated popula-
tions of C. faitungensis were found in the southeastern part of Taiwan. Nineteen enzyme systems exam-
ined were encoded by 40 putative loci. All loci were monomorphic with the exception of Mdh-2,
which was resolved into 3 alleles. The mean number of alleles per locus of these 2 populations, Luyei
River and Coastal Range, was 1.08 vs. 1.05, with an average of 1.07. The mean effective number of
alleles was considerably low, averaging 1.01 for both populations. The mean percentage of pelymor-
phic loci and average value were both 2.5%. Mean heterozygosity was 0.014 for Luyei River and
0.011 for Coastal Range, with an average of 0.013. In conclusion, C. taitungensis exhibits extremely
low levels of genetic diversity. Wright's F-statistics showed negative values. The x? analyses revealed
that the observed distribution of genotypes for Mdh-2 within population was in Hardy-Weinberg equi-
librium. In terms of genetic differentiation among populations, the F,, value was 0.034; thus more
than 96% of the genetic diversity resided within a population, and the genetic differentiaticn between
populations was low.

Key words: Cycas taitungensis, allozyme, genetic variation.
Lin TP, Sun YC, Lo HC, Cheng YP. 2000. Low genetic diversity of Cycas taitungensis (Cycadaceae),
an endemic species in Taiwan, revealed by allozyme analysis. Taiwan J For Sci 15(1}:13-9.
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INTRODUCTION

Cycas taitungensis, previously misidenti-
fied as C. raiwaniana, is endemic to Taiwan
(cf. Shen et al. 1994), It is distributed in the
southeastern part of the island. Only 2 isolated
populations about 30 to 40 km apart are
known. One is restricted to a ravine along the
Luyei River (ca. 121°00'E, 22°52'N in Yenp-
ing Hsiang, Taitung County, ca. 300 ha), and
the other is located on a mountain area of the
Coastal Range (ca. 121°15’E, 23°05°N, in Tun-
ghe Hsiang, Taitung County, c¢a. 30 ha).

Cycas taitungensis is a dioecious and obli-
gate outcrossing species. Mature female indi-
viduals bear large, heavy sinking seeds, which
are different from the buoyant seeds usually
produced by many other cycads (Dehgan and
Yuen 1983). It is a shade-intolerant species
with a poor capacity for natural regeneration.
The plants favor exposed rock and steep slopes
or well-drained gravel land of 400-800 m in
elevation. Due to human collecting and habitat
disturbance, the species has become endan-
gered with small and isolated populations (Lu
1996). In general, endemic species may main-
tain lower levels of genetic diversity than
widespread species (Hamrick et al. 1992).

Enzyme electrophoresis is an appropriate
technique to ihvestigate population genetic
structure and population differentiation. In
addition, allozyme diversity can be used as a
yardstick when establishing conservation pro-

grams (Hamrick et al. 1991). The purposes of
this study are to estimate the genetic diversity
maintained in the species and to investigate the
distribution of genetic variation within and
among these 2 extant populations of C. taitun-
gensis based on isozyme data.

MATERIALS AND METHODS
Sampling

The distributions of populations of C.
taitungensis at the Luyei River (on the Central
Range side) and on the Coastal Range, are
shown in figuze 1. The sample sizes of these 2
populations were 108 and 31, respectively.
Young leaves were collected from the field,
carried back to the lab in sealed PE bags and
stored in a refrigerator. Samples were ground
with extraction buffer according to the proto-
cols of Walters and Decker-Walters (1991),
absorbed onto Whatman 3 mm filters (4 x 12
mm), and stored at ~70°C until use.

Electrophoresis

Horizontal starch gel electrophoresis was
used to examine 19 enzyme systems: ALD
(aldolase, E.C.4.1.2.13.), DIA (diaphorase, E.
C.1.8.1.4), EST (esterase, E.C.3.1.1.1), FDH (
formate dehydrogenase, E.C.1.2.1.2.), F-EST (
esterase-flouorescent, E.C.3.1.1.1.), GDH (glu-
tamate dehydrogenase, E.C.1.4.1.2.), G3PDH
(glyceraldehyde-3-phosphate dehydrogenase,
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Fig. 1. Location of two sample populations
of Cycas (aitungensis in Taiwan ; lu-yei
river and coastal range.

E.C.1.2.1.13.), G6PDH ({glucose-6-phosphate
dehydrogenase; E.C.1.1.1.49), IDH (isocitrate
dehydrogenase, E.C.1.1,1.42.), MDH (malate
dehydrogenase, E.C.1.1.1.37.}, ME (malic en-
zyme, E.C.1.1.1.40.), MR (menadione reduc-
tase, E.C.1.6.99.2.), PC (phosphoenolpyruvate
carboxylase, E.C.4.1.1.31.), 6PGD (6-phoso-

phogluconic dehydrogenase, E.C.1.1.1.44.),
PGI (phosphoglucose isomerase, E.C.5.3.1.9.),
PGM (phosphoglucomutase, E.C.5.4.2.2.),

RBC (ribulose bisphosphate carboxylase,
E.C.4.1.1.39), SKDH (shikimate 5-dehydroge-
nase, E.C.1.1.1.25.), and SOD (superoxide
dismutase, E.C.1.15.1.1.). Enzymes were reso-
lved on an 11% starch gel. Electrophoresis and
staining followed the procedures described by
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Cheliak and Pitel (1984) and Walters and
Decker-Walters (1991).

Data analysis _

The following genetic parameters were
estimated using the Biosys-1 package (Swof-
ford and Selander 1989): the mean number of
alleles per locus (A); the proportion of poly-
morphic loci (P); the effective number of alle-
les per locus (A,) (Crow and Kimura, 1970);
the average observed heterozygosity (H,); and
the average expected heterozygosity (H,) (Nei
1978). Wright's (1965) F-statistics (F;,, F,,
and F,) were used to quantify the degree of

is?

differentiation among populations and to
describe the genetic structure of this species.
Chi-square tests fellowing Li and Horvitz
(1953) were used to test significant deviations
at each polymorphic locus of C. taitungensis.

RESULTS

The 19 enzyme systems examined were
enceded by 40 putative loci. All loci were
monomorphic, except for Mdh-2, which was
resolved inte 3 alleles, Mdh-2a, Mdh-2b, and
Mdh-2c. The observed allele frequencies as
well as the observed and expected heterozygosi-
ties of the polymorphic locus are shown in
Table 1.

The mean number of alleles per locus of

Table 1. Allele frequencies and expected (H,)
and observed (H_) heierozygosities of the
polymorphic locus Mdh-2 in 2 populations

of Cycas taitungensis

Population
Locus/Allele LuyeiRiver Coastal Range Avg.

Mdh-2

a 0.051 0.000 0.026
b 0.495 0.339 0.417
c 0.453 0.661 0.557
H, 0.198 0.306 0.252
H 0.252 0.198 0.225
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Table 2. Genetic diversity statistics for each population of Cycas taitungensis

Mean Mean o cffﬁ}:;{?sg o Pemg?tage Mean heterozygosity
Population  SETPICSEe O Moews  Ofalleles polymomphic
() (A) pel('Ac:):us 10(%) observed (H,) expected (H,)
I;iuvyeeri 107 1.08 1.01 2.5 0.011 0.014
C,‘;is‘fi 31 1.05 1.01 2.5 0.017 0.011
Avergage 69 1.07 1.01 2.5 0.014 0.013

D The frequency of the common allele is < 0.95.

these 2 populations, Luyei River and Coastal
Range, is 1.08 vs. 1.05, with an average of
1.07. The mean effective number of alleles is
considerably low, averaging 1.01 for both
populations. The mean percentages of polymor-
phic loci and average value are both 2.5%.
Mean heterozygosity is extremely low, at
0.014 for Luyei River and 0.011 for Coastal
Range, with an average of 0.013 (Table 2). In
conclusion, C. taitungensis exhibits low levels

Table 3. F-statistics and chi-square test for
polymorphic loci in populations of Cycas

taitungensis
x? df F, F F,
Mdh-2 3.550 3 -0.113 -0.075 0.034

of genetic diversity.

Wright's F-statistics was used to analyze
the genetic structure of C. taitungensis (Table
3); F,, and F; show that the extent of allele
frequency deviates from Hardy-Weinberg
expectation at both population and species
levels, respectively. The x? analyses reveal
that the observed distribution of genotypes for
Mdh-2 within population is in Hardy-Wein-
berg equilibrium. The F; value also shows a
negative value and is not significant. The F,;
value was estimated to be 0.034. Thus more
than 96% of the genetic diversity resides with-
in populations, and the genetic differentiation
between populations is low.

Tahle 4. Levels of allozyme variation within population for several cycad species

Species ND A A P H H) Reference
Clycas taitungensis 2 1.07 1.01 250 0.014 0.013 thisstudy
C. pectinata 11 1.82 240 58.8 0.066 0.076 Yang and Meerow 1996
C. pectinata var. elongata 5 141 240 294 0.069 0.078 Yang and Meerow 1996
C. pectinata var. pectinata 6 170 2.33 529 0.062 0.078 Yang and Meerow 1996
C. siamensis 13 1.48 2.21 58.9 0.114 0.134 Yang and Meerow 1996
C. siamensis ssp. clivicola 7 147 214 41.2 0.036 0.036 Yang and Meerow 1996
C. siamensis ssp. chumphon 2 1.35 220 294 0.054 0.065 Yang and Meerow 1996
C. siamensis ssp. lindstromii 2 1.53 2.13 47.1 0.162 0.170 Yang and Meerow 1996
C. siamensis ssp. khaochamao 1 1.47 2.14 41.2 0.150 0.154 Yang and Meerow 1996
C. siamensis ssp. takfa 1 1.24 2.00 235 0.072 0.066 Yang and Meerow 1996
C. siamensis ssp. saraburi 1 106 2.00 590 0.009 0.008 Yang and Meerow 1996
Zamia pumila 2 1.21 2.25 16.7 0.047 0.041 Walters and Decker-Walters 1991
Macrozamia communis 5 161 2.22 5090 0.045 Ellstrand et al. 1990
Gymnosperms 102 1.83 1.20 53.4 0.151 Hamrick et al. 1992

1} Number of studied populations.

2)Mean number of alleles per locus.

3)Mean effective no. of alleles per locus.
4)Percentage of polymorphic loci.

5)Mean observed and expected heterozygosities.
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DISCUSSION

The results of this study show that C.
taitungensis has extremely low levels of
genetic diversity, lower than the averages of
both gymnosperm species (H, = 0.151) and
endemic species (H, = 0.056) (Hamrick et al.
1992). Compared to other cycads (Ellstrand et
al. 1990, Walters and Decker-Walters 1991,
Yang and Meerow 1996), C. taitungensis
appears to have the lowest genetic diversity
(Table 4).

Genetic diversity is often attributed to
local adaptations to environmental variations
(Hamrick et al. 1992). The low genetic diver-
sity detected in C. taitungensis might be corre-
lated with the geological history of Taiwan. It
was reported that during the late Pleistocene,
drastic climatic changes occurred in Taiwan in
the Tali glacial stage about 50,000 to 15,000
BP (Tsukada 1967). During this period, the
average temperature dropped, which allowed
temperate plants to dominate the lowlands
{Tsukada 1966). Subtropical plants like C.
taitungensis might have been wiped out from
most parts of Taiwan. The surviving popula-
tions of C. taitungensis were forced to migrate
into the supposed glacial refugia. Then when
the glaciers retreated, C. taitungensis adapted
to the local environment. Due to the limited
seed dispersal capability and the narrow habi-
tat requirements, this relic species has had a
restricted distribution since then,

Endemic species or species with limited
distribution ranges usually have smaller effec-
tive population sizes due to the likely loss of
genetic variation via genetic drift. Generally
such species are expected to have lower
genetic diversity (Hamrick et al. 1992). It is
obvious that the majority of loci, except for
Mdh-2, are fixed. Mdh-2a, a rare allele, was
absent from the Coastal Range population,
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which agrees with a greater effect of genetic
drift in a smaller population.

High. levels of inbreeding might be
expected to occur in C. taitungensis because
of its large, heavy seeds, which result in
sibling progeny growing in close proximity to
each other. However this can not possibly
happen in C. taitungensis due to it being dioe-
cious and its obligate outcrossing, which appar-
ently contributes to excess heterozygosity.

Genetic differentiation is principally regu-
lated by gene flow, via pollen and seed disper-
sal among populations {(Loveless and Hamrick
1984, Ellstrand and Marshall 1985). In ge-
neral, widespread species or species with
continuous distribution ranges should have
higher levels of gene flow than species with
restricted or isclated populations {(Gibson and
Hamrick 1991). In contrast, less than 4%
genetic variation was found between the 2
populations of C. taitungensis. The level of
genetic differentiation is obviously lower than
the average for gymnosperms (G, = 0.073, G,
being an analog of F;) (Hamrick et al. 1692).

Efficient gene flow via pollen dispersal
might be one of the reasons for reduced
genetic differentiation. Higher differentiation
would be expected if a maternally inherited
genome (possibly mitochondria}) were exam-
ined. But it is questionable that the gene flow
through pollen can be attained over distances
of 30 to 40 km.

Another possibility for the low level of
genetic differentiation is the separation be-
tween populations being recent. C. taitungensis
might have been scattered throughout the en-
tire area before habitat fragmentation occurr-
ed. Walters and Decker-Walters (1991) hypoth-
esized that cycads have slower rates of bio-
chemical evolution than other seed plants,

which accordingly might not allow sufficient
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genetic variation to accumulate in the lineage
of C. raitungensis. As a result both low genetic
variation and low differentiation between these
2 populations thereby occurred.

In summary, C. taitungensis maintains a
tremendously low level of genetic diversity.
From the viewpoint of habitat conservation,
the effective population size is one of the most
critical considerations for rescuing the remain-
ing genetic diversity.

The Eastern Coastal Range is separated
geographically from the Central Range by the
narrow Taitung Valley Plain. Geotectonic
evidence reveals that the Coastal Range Island
have been colliding with the Gutaiwan Block,
which is rifted Eurasian continental margin or
incipient Taiwan Terrain. At about 3 Ma, this
narrow Coastal Range Island began to indent
into the Gutaiwan Block virtually completing
the basic geotectonic process of the current
island of Taiwan (Lu and Hsu 1992). The con-
tinuous collision between the Coastal Range
and Taiwan Terrain has probably affected the
present distribution of C. taitungensis, which
possibly previously existed in the common geo-
graphical area. The sinking seeds of C. raitun-
gensis prevent dispersal via flotation, which
frequently occurs in other cycads (Dehgan and
Yuen 1983). If the populations could be main-
tained in the future, increasing genetic dis-
tance between pepulations would be expected.
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Research note

New Cultivars from Native Plants of Taiwan (IV)
Sheng-YouLu,” Yu-PinCheng,” Shun-Ying Chen"

[ Summary ]

Four cultivars from native plants of Taiwan are described in this paper: Hibiscus tiliaceus 'Reddish-brown
Leaf' (Malvaceae), Celtis nervosa 'Pinnatifid Leaf' (Ulmaceae), Ficus microcarpa 'Thick Golden Leaf' (Moraceae),
Acer buergerianum var. formosanum 'Parted Leaf' (Aceraceae). These 4 cultivars are useful for ornamental and
landscape planting.

Key words: cultivar, Hibiscus, Celtis, Ficus, Acer.
Lu SY, Cheng YP, Chen SY. 2001. New cultivars from native plants of Taiwan (IV). Taiwan J For Sci 16(1):
39-42.
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1. Hibiscus tiliaceus 'Reddish Brown Leaf' #[ ZF st
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PSS AR AEY TR R (1)

Fig. 1. Hibiscus tiliaceus 'Reddish-brown Leaf' (%I
?r"‘ % ).

Fig. 2. Celtis nervosa 'Pinnatifid Leaf' (FZE/\3E
).

(Figs. 1 and 5a).
A typo folio primitivo rubiginoso differt.

Leaves 8-14 cm long, 9-18 cm broad. Young
leaves reddish brown. Standard: S.Y. Lu 25630
(TAIF), specimen prepared from a plant cultivated
in Taipei Botanical Garden.

3 ARERFHRENEMEE T > A
FENEZRERFERLED - RRERESR
EERIEY RS - BEARE - BEREER
mhERE  MALRREF EE¥EEES R
ToERNEEEY > ARED IHF BERE
;gl o

2. Celtis nervosa "Pinnatifid Leaf' 2%/ NEEF] (Figs.
2 and 5b).
A typo folio pinnato differt.

Leaves coriaceous, ovate to lanceolate, 2-5 cm
long, 1.5-3 cm broad, margins serrate, parted to 3-
lobed. Standard: S.Y. Lu 25631 (TAIF), specimen
prepared from a plant cultivated in Taipei Botani-

Feh fe etk

Fig. 3. Ficus microcarpa 'Thick Golden Leaf' (FZ£
HEH).

Fig.4. Acerbuergerianumvar.formosanum 'Parted Leaf'

(BREZ=AH).

cal Garden.

o ARERE FER 81 AL
—HERENENRE  KBEREBTLEDSE
RER  BEEZEZRENREENRR - &
EEHEELENEE  BREERTORE &
B RBEEY) - RLELL MR BHERES -

3. Ficus microcarpa 'Thick Golden Leaf BZER 4
¥ (Figs. 3 and 5c¢).

A typo folio crassiore coriaceao apice rotundo vel
obtuso differt.

Leaves yellow, thick coriaceous, glabrous,
obovate to elliptic, 4-8 cm long, 3.5-5.5 cm broad,
apex rounded to obtuse, base cuneate. Young leaves
reddish. Standard: S.Y. Lu 25632 (TAIF), specimen
prepared from a plant cultivated in Taipei Botanical
Garden.

i RBETEMS BHEFRERAHRE
ML ESE - BRIERFESILEYERE -
BZEER  EERERRE  MHAERRF
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d

Fig. 5. Leaves of 4 cultivars: a. Hibiscus tiliaceus 'Reddish-brown Leaf', b. Celtis nervosa 'Pinnatifid Leaf, c. Ficus
microcarpa 'Thick Golden Leaf', d. Acer buergerianum var. formosanum 'Parted Leaf".

HHEAS - FWEEEESE (F. microcarpa
'Golden Leaves' ; Liao 1991)=RIEAIEREE
B BEERLA -

4. Acer buergerianum var. formosanum 'Parted
Leaf ' FEZL=f5#E (Figs. 4 and 5d).
A typo folio profunde lobato differt.
Leaves deeply 3-lobed near apex, base rounded
or slightly cordate, 3-6 cm long, 2-7 cm broad.

Standard: S.Y. Lu 25633 (TAIF), specimen prepared
from a plant cultivated in Taipei Botanical Garden.

HRMERSEBAMEAEFELY
TEWEN > HEFEEEERENEN S
HENE  BUER SRS - AREE
ERF - HARE  BEAREERIE -

AU TR A EE A &
ARG - fEA-REERSERLZIEN
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Research paper

Vegetation Changes at the Kuantu Nature Reserve during
1986-1998

Cheing-Tung Lee,? Yu-Pin Cheng,”?  Wen-Liang Chiou,?” Tzer-Ton Lin,?
Chien-Wen Chen,? I-Chen Wang?

[ Summary ]

A systematic survey was used to investigate the vegetation structure of the Kuantu
Nature Reserve, northern Taiwan in 1998. In totals 16 transects were carried out in the
study area to investigate vegetation types and relative coverage. Meanwhile, along with
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University. 1, Sec. 4, Roosevelt Rd., Taipei 106, Taiwan.
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Institute. 53 Nanhai Rd., Taipei 100, Taiwan.

VEEIEFE Corresponding author
2001 £ 5 H3k5 2001 4£ 9 Hi#a® Received May 2001, Accepted September 2001.

BXIRE - R




42 AR — BRI AR PR R 1986-1998 AEFH A

each transect, a 2 x 2-m quadrat was sampled with 20-m intervals to record vegetation type,
coverage, numbers of Kandelia, and the diameter of Kandelia at breast height. Additionally, field
elevation surveys were conducted along with each transect at 10-m intervals. The results were
used to compare with findings from 1986 in order to understand how the vegetation has changed
during 1986-1998 and to estimate the accretion rate in the study area. The results revealed that
the marsh habitat in 1986, dominated by Cyperus, Phragmites, and Kandelia, had changed into
a swamp habitat dominated by Kandelia and Phragmites by 1998. Transect coverages of Kandelia,
Phragmites, and bare land were 61.3, 25.5, and 13.2%, respectively, and Cyperus had disappeared.
Relative coverage of Kandelia in the study area was approximately 70.6% of the total vegetation
area. The total number of Kandelia was 3666, of which the ratio of samplings and trees to
seedlings was about 1:3.8. The size-class distribution of the Kandelia population showed a
reversed J-shape which is similar to the results from 1986. The elevation range for Kandelia and
Phragmites was 0.2-1.3 and 0.3-1.6 m, respectively. Elevation of bare land was below 1.2 m. The
elevation range of Kandelia significantly differented from that of the Phragmites (a = 0.05), a
result similar to that from 1986. On average, the accretion rate in the study area during 1986-
1998 was about 2.0 cm/yr.

Key words: Kuantu Nature Reserve, Kandelia, accretion rate.

Lee CT, Cheng YP, Chiou WL, Lin TT, Chen CW, Wang IC. 2002. Vegetation changes at

the kuantu nature reserve during 1986-1998. Taiwan J For Sci 17(1):41-50.
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Fig. 1. Study area and location of transects.
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WA 22% - (H/KSET B AR AR R B
SN2 58 e Y S Y T L P 5 SR T DRI /K A
(PRI ~ R AT BE dic -

L 5ine ey b AN | A (01 KT
TR (A KSR A R R oy > 16 RA%
SR 2 TN Fig. 2R Wb e
FHA R SRR BB 1 50 61.3% Fl
25.5% - LR 13.2% Je g - S R
GIEE > AREFRIRE GRS 70.6% o A
it @15 29.4% - B 1986 LEAYFHATFCER(Lin
1987a) » A EEE BRI R AR 2
FHARARYIEE > Fig. 3 Hky 1986 41 1998 47 A4
SR R L O A T S S LT - th
TR TR R 1 2 LA LT L > K AE
1986 £ - B4 sk R P Fe g Pe h i - %)
19984 KF » BR T SRHIIARER I SFI16,.241 » /KFEAT
ST o 38 Bk B R PRI
ifij RS R PR AL B e o X (Wang and Lee
1998) -

KRR

(- YREHIEHE

7E 198 M2 X 2 m /B FASEF S
Aseedling) s A(sapling and tree) (= 1.5 m)
LR 14918 » 54 EDRR RS 75.3% » if
1986 {EARE AR LS T 29.2% -

i R EEAT SRS TR RO R SE 3666

—e— Kandelia in 1996 ---®--- Phragmites in 1986
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Fig. 3. Comparison of vegetation relative cover-
age for sampled transects between 1986 and
1998.
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F3(Liu and Su 1997)  4£ 1986 4ERS » 2 /KT
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Fig. 4. Size-distribution of the Kandelia popula-
tion in 1998.
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V5 R AR BRAG R EL - R B AR AT FC BRI Pa ]
HalE o RIL S AN 1 PSR AR E A
SEREE 20 fR/ VR LA T /K A MO AS o RS
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Tl SRS EOACASC LA A= B s pk
% AMBRIEIMIR R MR/ NS AR BT
RIS R AR AT B 5 > S K S PR
BRI R B R BRI R Ek
AR 2 - SRR AR AR S B B
Ao Lin 30 E s BHIE M I /K G 1 24084
JARFE

AHFFEIEAS FE RS R S A EER R R LU L
B M LATEIEE-3 01 > (e R A
HE>75% BORREL » BBk K E(T AR > REIEAT 21
AEREE » RGBT ~ BRI ~ #
15 BB e TR MR » T2 B 1986 AR ARG AT
~-JLE » Table 1-H19984FRYKSULEEAR » /NI
BORIZR L B SAS » if7 FLEE 1986 A TB AL »
MBI BT S 2 A B R I
i o i B T R AR 1986 4ER R[N TR
TERSHES A TR - DEASYLERAS - B E /KR
1B OB TR IR s (I PR D) - EIRTH
FBENRAAAIREES - (R LA AR R 2R/
FIBEIETE T -

SEHRAFIREE I 141 1993 4 LTS I PRI K
PeAT MU S S R > #1998 4 ke (A9
2000 m? BY/KSEFT PR B HERE(Ma 2000) « BREEE AT
F1 o SR CAS A SEDRTS B i ST BRSO A
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FECAEI S SR MR RIEIR S R g
SRR AL DA [ SRR CA 3 117 5 [ LY (see Blasco et al.
1996 ) LA » SR REIBT R B LA NS A bk
B~ RRETER G A BB (e. g,
Robertson et al. 1990)  HF52E FEHIFY K FE AL -
TRHTRERRAL R R B 51 S i B R A s 2 (K
fPARAEHEAE 1986-1998 41 RSl JE 2 Ky K

(Table 1) > [FIRFHSEE Al NATEERN A L E AN
IRAATIE SR -

=~ MY S

PR AL AR o BERRIAYHEE > R
BT ~ PRI AL R R L
(Spurr and Barnes 1973) » EGEREAEATT @ Fili
B4R ~ FEPIE T ~ BUERSE ~ RIS
T~ P o 4T FIRRAE A (climax)HY T i (Liu
and Su 1997) o (HDMERVECRI AT R > 2
15 1965 42 fij » B e st B 1 e RAHAE D
1978 ARG SR AR I LRI - SIS0 e i
FURBEM R 2 - R R PR 2 I - 1]
HH SEIETS) AR S8 v B St L AT R R L R BRI
M2k » AL B A T (secondary succession)fy

H11986 4F- bl » BT AN S YR
LAY - S REYIL S SRR A R A
HHRER R B 4 o U S AR o MR B 7T
1986 457 ijhG o 18 BAAY TSRS H BT L 58 41
& o BRIHRERGE > KSEATEE 1978 AEAYMLIRT B L
#E 5 [10.08 ha {5HEAEYHiIAE 28.92 ha 9 0.3% >
1986 4E[FI1Y 3.7 ha » {FHEYIREHITE 31.07 ha Yy
11.9% > 1997 4E[$5% 23.59 ha - {GHIPIHE T FE
34.2 haf968.9% » 1998 LEHF FHIMNIE24.14 ha »

Table 1. Comparisons of Kandelia population structure between 1986 and 1998 (per 4-m? area)

Statistics 1986" (n = 20) 1998 (n =21)
Number of saplings and trees 9.9 &+ 1.0% 37 04
Number of seedlings 24 = 1.1 133 £ 3.9
Tree height (m) 2.85 * 0.20 3.01 &= 0.17
Basal area at breast height (cm?) 140.5 =% 27.0 124.2 =+ 147

D Lin (1986).
2 Mean = standard error of the mean.
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(R R 34.52 ha B9 69.99;, » BEARHI/KFE(T
HYRRE IR AL R R 5 ARV 2 19784F
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AERY311% > B 1998 4E6930.1% » (iR T 43 LA
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SLPRBR TG /R E A B
{AIFE - AR AR R B AR
TP (Fig. 2)FIAREMERE /3 frlsl (Fig. 3)H[HH
B B -4 2R /KA B9 340 - AR S
CBAHEE LI MR 15 ~ 16K H
IR LA % > BRI
A o (/R EE TR R A0 25 S B AR &
BA(R2=0.97 » a =0.01)(Fig. 5) * 1 1986 4E[ >
TREEA TR R Rt R R (ELELRREY
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Fig. 5. Regression relation between relative cover-
ages of Kandelia and Phragmites.
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Fig. 6. Elevation range distribution of vegetation
types in 1998.

FhR feacs

0.0 20.0 40.0 60.0 80.0 100.0

AR — B IR ORI B 1986-1998 SEATESEE

R AT - P DR R By - DRI /K B
PN AN e

Wester (1988) Ui ~ (i 2R FIBHER L AICGEHH
TR » PRI EAT S /R IE TR
RRSEARGAET - He] R DO sh R e -
BT FT AR A W AR R
@ o i /K ERE Y 1990 4E DA% s i -
B A 2 A T T (Lee 2000) - [
TR R B EAERACE TR R
Wik @y RN EHE R BT R R - KRR
PR - AR IR A F i - BB
IR NI LI -

VY ~ S S SR SR

1986 41If » ZREEA AR ERIE 4 1E 0.4-0.8 m
I MiTLL0.5-0.6 m Ry iE s o /K E T
AATIEAEH0.3-0.9 m 2 » Lin (1987a)3 ks7k
S PR AR RIS E AR UL R
FETE % ARy 0.3-0.9 m  FEBERRST HNIE I B
0.4-0.9 m » FEA % 0.6-0.8 m ; FEE IS TR
F103 mil » % 1.0 m B R 100%  KifiHER]
HECERUEILL.0 mAAT o LSRRI B v
HOFOURHAL T SR SR H A ~ PR BR (2
BEEARZ K - i FLRZERRA ~ KSR AARTK
P AT NG AR 2 (H RS
R0 SR 43 A BRI 255 2 (Lin 1987a) -

TR P28 A IR R = R A3 AT A0 Fig. 67
IR BRSO S TR ETE 0.2-1L.3 m 2
> 110.6-0.9 m By » KSR RHR R
HIEE 0.4-1.2 m 2 [ 5 B EEAIRFHAUIR HE I 0.3-
1.6 mz [l 2L0.9-1.3 mpwibidst - #tm e HiAE
1.2 m BUR o SAEYIE @ik a5 A B0 Lin
(1987a); 24 » f7ij 1998 4E /K SEA T A3 ARt BE AR T
HEE]0.9 m > FLETRy 1986 AR /KFEF IRV I
S il FL E A A A St 1.0 mBL E
TS R SE 2R R R0 LU -

FEMHK 0.2 m DUN AT HE#E M > 188 1986 45
REER RS AL o BEARIRR 0.2 mDLU R R R HE
TEREIAG N HIRR BN TR - KR
WHRER IR R Mk Rl S i T
BHEFTEE RUL A SRR B - T E 7k e



MR 17(1):41-50, 2002

160 * Medium % Min. +Max.
R PT| SE— 1986 1998
g 120
2
]
en 1001 +
5 : :
= 80r + + ' '
g ¢ ¢
= 605 ¢ ¢ ' '
= : X
B 40p X x i
jan}

207

0 Kt Ks P C
Vegetation type

Fig. 7. Elevation range of Kuantu vegetation in
1986 and 1998. (Kt: Kandelia trees and saplings;
Ks: Kandelia seedlings; P: Phragmites; C: Cyperus)
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Hsiang-Hua Wang,"”  I-Fang Sun,”  Ching-Te Chien,”  Fuh-Jiunn Pan,”
Chi-Fan Kuo,"” Meng-Hsueh Yu,” Hsin-Lan Ku,"”  Shu-Hui Wu,"”
Yu-Pin Cheng,”  Shun-Ying Chen,”  Yui-Ching Kao"

[ Summary ]

A 10-ha permanent plot (400 X250 m) was set up in the Kenting Karst Forest for long-
term monitoring the stand dynamics. The 10-ha permanent plot was divided into 1,000 10X 10
m subplots, in which tree species with a dbh of = 1 cm were mapped and recorded. The families
Ebenaceae and Euphorbiaceae dominated this area. Diospyros maritima was the dominant species
with a relative density and dominance of 50.3 and 23.2%, respectively. Other dominant species
were Bischofia javanica, Drypetes littoralis, Pisonia umbellifera, Laportea pterostigma, Aglaia
formosana, and Palagquium formosanum. The importance value of the 10 most dominant species
was 74.4%, which suggests that only a few species dominate this karst forest. Four habitat types
were derived according to the result of TWINSPAN analysis: the Pisonia umbellifera type at the
bottom of the valley; the Bischofia javanica-Palaquium formosanum-Gonocaryum calleryanum
type on the flat hill; the Drypetes littoralis-Aglaia formosana-Pouteria obovata-Murraya
paniculata type on the exposed limestone rocks; and the Macaranga tanarius-Melanolepis
multiglandulosa-Cryptocarya concinna type in the basin, part of which used to be cultivated
by Paiwan aborigines. The habitat type patterns seem to be correlated with the micro-landform
patterns of the karst forest. Different micro-landforms experience significant diversity of wind
intensity, light intensity, soil depth, and also tree species composition. This karst forest was low in
tree species diversity, and was dominated by the family of Ebenaceae. Its tree species composition
significantly differ from that of other forest type in Taiwan.

Key words: karst forest, Kenting, permanent plot, species composition, habitat type.

Wang HH, Sun IF, Chien CT, Pan FJ, Kuo CF, Yu MH, Ku HL, Wu SH, Cheng YP, Chen SY, Kao
YC. 2004. Tree species composition and habitat types of a karst forest in Kenting, southern
Taiwan. Taiwan J For Sci 19(4):323-35.

il

1

AARHBIREE (L X (dynamic pattern)HIHf I RR MR B REHE i S (RS (Condit 1995)

FAETTEAS  H-REEFAZFRERZ
Mo ETRE - WA TR B E
B ERM TR ek e 2 bl ko
LA E MR LI - ELRSHE A R R L e R
P+ - BEAEEERIE LREHRET S Lt
GBI < AR 5 R R ERARKE - R
B B F) — AR o OB RE A AL - R A ) Fr i ol
b ~ 2R MIRDLSE - BLoh - BEE - KREE
TR — A BUE AR AR > R] DU SR B[R] 3
W R AR B e B R AL - BRRE AR RREE R AR

FhR feacs

TR REIT SR ) BEIATN 19924
DA It e =28 B B2 4 B R 9 R MR 4 B B G B AR
R AR 5 BERFSEE B B TE T IR R R B
BZBIS  miE BRI ERE AR T
ZTEEERIBOZED R AERRNR
& » DUR Rt BRPERR BB RAGIR R - 1F
B ITBEREBGR 2 295 (Hsia and King unpubl.
document) « fEE—FHEHET » BERETER LMK
CIIEA A T BE R A& - BT mh
B H AR & R BT oK Hoi e B



EEMEERIER 19(4): 323-35, 2004

JFAEIE BTl AR M (Karst forest) » BRAKPI A KT
IR e W P B R S SR AR ST. » T BB R Y 3
BAEIR o TSR RS A A B @AY E% T
I i 3T 0T BB R R 2 2B T AR R R R R A
B e R RELEHE R BRI A AR -

MR 7T A

— B R

BRT v L 0  a EAR IR B W A 5 R
B > BRAE120°48° JE##20°58" » AR Ji4
102 BUEE (Fig. 1) » KEI834EICH 10 H R
TR B R R B G SUE B AR AN S RROL
TR Ry 138 ha » Ry MRSEERBR TS 2 BRI A
Ba bkt (430 ha)iy—i85> - AR LR
By 5 S E — (R A7 R SE B W T B 5 bk - B
19965F7 Rl » MEABRAT BB AR A1
TR & AR 3 N R B 38 - 3R E— 1A
10 hafEY) it &k A B - AL SEREAITH YR
BEERE - RIG AR BREEME - S2HLT
Ji e S R B B SRR

R B e it S A A7 BT IR A R
FHAE ~ A ALER > AR EE - FURATHR - R

F25°

Hengchun

oA
Longluan Lake
W\
~" \

Guanshan
Lanyu
iR jﬁ
{Maobitou

Tropic of]

Cancer

Pacilic
Ocean

South Bay

325

Bl TE FEECHE - WELBEBELILL
2.5 mmAYHE LA RGBT TEEEL B
BT B4 Ry A7 A 2 (Shi et al. 1988)
TR ARG R SR PR B
5L 1 (Hseu et al. 2004) - A& &R EIRE R
M (moist monsoon forest) (Su and Su 1988) »
RAEFZ R T - RIB P RR R A HE
Bi1990~20024 ] 2 & B (PR K G R Ml uh &
B ARl Z FH RN 2,200 mm > ZEEH
FSZEIH » 100 EZFE4H BHEIEE R (BT
e i HE B RZ 2208 - SRl AR K - —H
% FHERER20.5°C - THREL - FHRAR
28.3°C - fEMEMIME T - & BIIHERE S
B R R EVEERAMZ R R » Su and Su
(1988) R FE 2R T IR A B A - 78 b 18 A
HEE RS OM (Diospyros maritima)— EE
(Ficus benjamina)in Bl » HAHECFR A #A R HAth
WEIELA » BE KBS EEY
A OAT > B (Drypetes littoralis) ~ B IF R
(Diospyros ferrea) ~ Effi(Diospyros discolor) »
R 58 (Aglaia formosana) ~ BEBAR(Palaquium
formosanum)  ZZHRZ L E £ R AT
ERTASBAR 2 RBERER ; HEW - 725
HHEMERIBAREEKEILR -

Guijijaou
Experimental Forest

Permanent plot

i Oluanpi

Fig. 1. Location of the 10-ha karst forest permanent plot in the Guijijaou Experimental

Forest, Hengchun Peninsula, Taiwan.

BXIRE - R

129 7

fet [ £

G 4"
o
1

A
R
‘"Qt:i.}'-‘i' . —
RN D
o
2 4
)



326

T BT E RO e B

FEBR T = A A B AR A B & PR LA
FERI BB LK AR (Fig. 1) » £ (plot)
EREF/E  £400 m - 250 m - MEER10
ha o BEEEASE 1945 B S 3 S RS R AR L
T b FEHERR » ARG 10 mok S JE FE R — 1
B DUREEEAE 0 BRI
FIAEE - MG B3 B 1,0000H 10X 10 m/)
& (subplot) « BRI AR » SR SigmaPlot
200048 B HCHE - 8 B 2 BT 3D I
HIEE] -

=~ FHYIERE ik

HHEF 10X 10 mHAy /|1 7 i fF 4418 5 X 5
mZ/NE o FHYPRE TIEZHIT - RESX5S m
RN R LR AL - A DUSERAT A A R I R =
1 e ZAZEARARNEY) - R (HERE 1.3 m
BR)EAR 3l AT A& MG AR X N@ R A BT
B oo DUBRE 2 -TH 1A Ry Xl (400 m) » F-db
FYHh(250 m) » S ERAFIEMRARLE RN Z AL
B W R L A R AR ER
TEEREZHEE -

VY~ BRI R B AT T ik

(—) YR ARG E R R R T
H1,000M8 10X 10 m/NEZERHEERE -
FEMEX/IEARE =] cmiEY) BN E
o B FIE YRR 2SR 3R
PC-ORDHEF /3 #7885 (McCune and Mefford
1999) » FFHLEFE /N i B A B v B T I 2%
B o Bl RGEEE - TS R
BB (relative density) ~ fHEHEZLEE (relative
dominance) ¢ B B {g (importance value, 1V) » &t
BT
S =AM B RE& A Y&
)X 100%.
TS ESE = (AT Z = B,/ & A i
P I TR AT X 100%.
BEE=(HH%E + HEESRE), 2.
PC-ORDHE 43 HT 8K #8 7R A 6 15l — 4 F

FhR feacs

TAHEE SR T ST AR ok he A e Y

AT (3 M TR R Tl i Y A BB S 2 3R
Iz#EL/ NEERTUESER - BiNE—H
MAER BB M EE - FEREEE - M
Resz A B R RS R A A A~ sy
BEM - RESEEEEN - WESREC
BT

Simpson diversity = 1 - Z(n/N)*;

Shannon diversity (H) = - £(n;/N)log(n,/N);

YIE % = H/ logs;

n AR EEE - NRKRATEHBEY 5
B HEERER - SRS -

CpEEEE

B R T R A R
EHN B R HRRTER RN &
BEIVEHZ D HEY 2% - H R ZE
BTV R - S R E (relative
abundance curve) » O] AR E( @2 EHE ~
HEASERFAEEEEEANIVEN &
G o

(E) I Hhti

FREBEE ~ A FE R 4R EEA A
[ AESE /SRR A R R R AR A
RHERBEBERE - HRBRHREE - MHET6E
Bl/ME R B R 2 BRI BT 5 I
o TR Y A AR 5 A9 e R R P 2 B4 B o B
i AR ] (dbh class) » 23 Hs1 cm < dbh
<2cm,2cm = dbh < 4cm,4cm = dbh < 8
cm, 8 cm = dbh < 16 cm, 16 cm = dbh < 32
cm, 32 cm < dbh < 64 cm, 64 cm = dbhitf;
Mo B RBOIE 2 ETE - SRR RS
FE - DLRETE 2 5l 25 fa e o SR

(MHE Y4 5 1 AL 4y 48
PC-ORDW[ ¥ I 7 B fR A4 ~ i
R 47 e 2550 s 5 2 {181 27 A 6 e M S G T
B AHE % B AR EAE - BRI Microsoft Exceldi
8 O 1180 P A 5 O B EE B EL (L V) AR REAR -
APC-ORDHESTEE 7] $5 4L F&E 43 AT (Twinspan, Hill
1979)  LIEEEO ~ 2~ 5~ 10520874325 »
HeH RS AR 1 43 s SE 6t fi (pseudospecies) » I 43



BEAERIEE 19(4): 323-35, 2004

TR R AAY) 0 5T DR E ~ 2 RE - TR
A A HE - 0 DAFRAT AR 50 (e ) B B 7
LR

&R

327

— ~ RARRE TG R

L 16 (B B (SigmaPlot 2000) i @ 544
DR E Y EEUR (Fig. 24, B) » fREEH
MBI IR AN S+ g B B e b I SR R v R
1£230~300 mff » AIEZEEETO m - FREPEHI

(A) 3D mesh graph

-
=m
-
=
-]
/s
—
-

SBBE&5Ea"

g & & & 8

Relative height (m)

North-sourth length (10 m)

o & 0 15

o]

F= 3 30 3 5. A

&

i

Fig. 2. 3D mesh graph (A) and contour graph (B) of the 10-ha permanent plot in Kenting
karst forest. The interval lines of the contour graph are 5 m.
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Ko REBHS, 7218k » 16.8%)#% (Fig. 4) - Hiiky
Bl ~ KR~ 188 (Ficus) )8 1y SR B 7R
PRE AR RAEAE » [RIBL AT A0SR T 5 o B Rl AR bk
BIRH O R T B AR A -

KA T A BAOR AR Al Table 2 - H
BT AR B B (50.3%) ~ AR (23.2%)
KEZEEG6.8D) I hEREREE » HER
BTSN X (Bischofia javanica) ~ it ~ %
AR (Pisonia umbellifera) ~ W A¥J(Laportea
pterostigma) ~ FLAE R BHEIBARE - HAHT51

Table 1. Number of families, genera, spe-
cies, and individuals of woody plants (not
including lianas) recorded in the 10-ha
permanent plot

Dicotyledons Monocotyledons Total
Family 34 2 36
Genus 86 2 88
Species 111 2 113
Individuals 51,584 374 51,958

Euphorbiaceae

1 |

<
w

10

1
15 20 25

Number of species

Fig. 3. Number of species in each of the dominant families recorded in the 10-ha permanent
plot. (Only families with 3 or more specie are listed.)
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Nyctaginaceae
Moracecae
Rutaceae
Santalaceae
Lauraceae
Sapotaceae
Urticaceae

Meliaceae

HDDDDDDDD

Euphorbiaceae

Ebenaceae | ‘ ‘ ‘ | | |
0 5,000 10,000 15,000 20,000 25,000 30,000

Number of individuals

Fig. 4. Number of individuals in each of the dominant families recorded in the 10-ha
permanent plot. (Only families with more than 500 individuals are listed.)

Table 2. Dominant species of the 10-ha permanent plot in the Kenting Karst Forest. (Only
species with IV = 1 are listed.)

Density .
BA  Relative (%)
Species 1~2  2~4 4~8 8~16 16~32 =32 g o ——— IV
Total (m'ha”) Dens. Dom.
cm cm cm cm cm cm

Diospyros maritima 7955 5974 5884 5404 899 15 26,131 10.27 5029 23.21 36.75
Bischofia javanica 5 3 14 33 162 292 509 877 098 19.82 10.40
Drypetes littoralis 991 1301 900 408 100 13 3713 1.21 7.15 274 495
Pisonia umbellifera 84 63 74 132 217 119 689 3.21 1.33 726 430
Laportea pterostigma 520 505 309 250 252 41 1877 197 3.61 4.45 4.03
Aglaia formosana 744 366 259 382 215 11 1977 138 380 3.12 3.46
Palaquium formosanum 110 109 113 132 236 83 783 232 1.51 524 338
Melanolepis multiglandulosa 854 841 314 90 103 4 2206 0.67 425 151 2.88
Ficus benjamina 45 126 410 459 113 1 1154 093 095 3.78 237
Macaranga tanarius 236 302 340 314 47 1 1240 074 222 2.10 2.16
Champereia manillana 91 153 232 292 139 7 914  0.93 239 1.67 2.03
Pouteria obovata 32 15 15 14 58 63 197 123 1.76 2.09 1.93
Machilus japonica var. kusanoi 13 21 16 32 116 33 231 097 038 2.78 1.58
Sapindus mukorossii 375 351 260 103 6 1 1096 0.21 044 220 132
Diospyros eriantha 145 117 134 155 80 3 634  0.53 2.11 047 1.29
Diospyros discolor 30 30 30 41 72 32 235 0.86 1.22 120 1.21
Others 2656 2124 1591 1133 689 179 8372 8.06 15.61 1636 17.15
Total 14,886 12,401 10,895 9374 3504 898 51,958 44.26 100 100 100
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Fig. 5. Species abundance curve of the
10-ha permanent plot in the Kenting Karst
Forest.
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Table 3. Importance values of dominant and characteristic tree species of the 4 habitat
types in the Kenting Karst Forest, southern Taiwan. The density, basal area, and diversity
index of the 4 habitat types are also listed at the bottom of the table.

Speci Habitat type

pecies I 1l I v
Diospyros maritima 40.89 42.27 38.36 31.52
Pisonia umbellifera 20.11 2.09 1.50 1.22
Laportea pterostigma 5.77 3.07 5.06 341
Melanolepis multiglandulosa 3.92 2.19 4.88 1.61
Bischofia javanica 2.97 18.49 4.54 11.36
Palaquium formosanum 2.55 9.73 1.14 1.10
Drypetes littoralis 2.44 4.26 2.74 7.86
Machilus japonica var. kusanoi 2.51 1.34 2.28
Diospyros discolor 1.62 2.03 1.02
Beilschmiedia erythrophloia 1.45 1.32
Ficus wightiana 2.24 1.82 1.39
Sapindus mukorossii 1.60 2.41 1.17
Macaranga tanarius 1.03 4.72 2.13
Dracaena angustifolia 1.37
Reevesia formosana 1.20
Gonocaryum calleryanum 2.79
Koelreuteria paniculata 1.29 1.98
Cryptocarya concinna 2.16
Leea guineensis 1.27
Lagerstroemia subcostata 1.23
Ficus irisana 1.13
Fraxinus formosana 1.08
Ardisia sieboldii 1.04
Diospyros eriantha 2.66 1.11
Champereia manillana 1.88 3.13
Aglaia formosana 1.25 7.57
Pouteria obovata 4.51
Murraya paniculata 1.69
Antidesma pentandrum var. barbatum 1.02
Others 8.36 10.45 12.53 18.20
Number of plots 172 211 292 325
Density (individual ha™) 3942 4572 5218 6240
BA (m*ha™) 38.99 5424 31.44 51.6
Simpson’s index 0.67 0.65 0.72 0.8
Shannon’s index 0.85 0.83 1.01 1.1
(=) R - ML LA Y IR R PO B AR 2+ f4531.44 m*/ha - B}

FE AR R 2 T4 i (Fig. 2) - HLEEEBES - HEERBHERIBIEA

HLE292ME 10X 10 m/NEE » FEk103FEA A F o~ PR~ AR AR o ARBLZ AR B -
Y7 » Simpson & ShannonZ M8 BB » 40 (Coyptocarya concinna)iE EMAFE Yt &%

AR0.7281.01 ; #E Ry S5,218%k/ha ; =i FotEAETE -
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Research note

New Cultivars from Native Plants of Taiwan (X)

Sheng-You Lu,"””  Yu-Pin Cheng,"” Rong-Mong Lo,”
Wen-Ming Chen,”  Chien-Wen Chen”

[ Summary ]

Four new cultivars from native plants of Taiwan are described in this paper: Acer formosanum
‘Mini’ (Aceraceae), Hibiscus tiliaceus ‘Peculiar leaved’ (Malvaceae), Nageia nagi ‘Golden striped’
(Podocarpaceae), and Pittosporum tobira ‘White margined (Pittosporaceae). These cultivars are
useful for ornamental and landscape purposes.

Key words: cultivar, Acer formosanum, Hibiscus tiliaceus, Nageia nagi, Pittosporum tobira.
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1.Acer formosanum ‘Mini’ #HEZES 8 = 1R
(Figs. 1, 5a).

A typo folio parvulo differt.

Deciduous tree. Leaves coriaceous, broadly
3-lobed near apex, rounded or slightly cordate
at base, 3~4.5 cm long, 3.5~4.8 cm broad.
Standard: S.Y. Lu 25808 (TAIF), specimen
prepared from a plant cultivated in the Taipei

Botanical Garden.

Fig. 1. Acer formosanum ‘Mini’.

o R EERSE =AM (Acer formosanum
Hay.) B A2 Wi SEARIT SR B E T 2K » ROB R
MBS - MEHERTEE - BHEA S W EA
RGP RIF - BEHE = A2 2 RN A
B/ MHEEEZTERECRER @ K
TEEET~9 em$z > 4~6 emTY - HIEEAH -

2.Hibiscus tiliaceus ‘Peculiar leaved’ 7y ZEHt
1# (Figs. 2, 5b).

A typo folio trilobo differt.

A small tree. Leaves orbicular, acute at
apex, cordate at base, 9~10 cm long, 6~7 cm
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Fig. 2. Hibiscus tiliaceus ‘Peculiar leaved’.

broad, shallowly 3-lobed, lobes acute at apex.
Standard: S.Y. Lu 25809 (TAIF), specimen
prepared from a plant cultivated in the Taipei
Botanical Garden.

i ARSEFE TR - R B AR R
A8 =R BT - BT X B A N S

% ZHAEER o AMEE R SRR -

3.Nageia nagi ‘Golden striped’ &I #H(Figs.
3, 5¢).
A typo folio fasciato differt.

Leaves coriaceous, elliptic-lanceolate, 4~7
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Fig. 3. Nageia nagi ‘Golden striped’.

cm long, 1~2 cm broad, with yellow stripes.
Standard: S.Y. Lu 25807 (TAIF), specimen
prepared from a plant cultivated in the Taipei
Botanical Garden.
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Fig. 4. Pittosporum tobira ‘White mar-
gined’.

ERER R - HEFEC FE2RERER
HASEORIGE ik SR -

4.Pittosporum tobira ‘White margined’ Hi%
1M (Figs. 4, 5d).

(b)
-
(d)

Fig. 5. Leaves of the 4 new cultivars: a. Acer formosanum ‘Mini’, b. Hibiscus tiliaceus ‘Pe-
culiar leaved’, c. Nageia nagi ‘Golden striped’, and d. Pittosporum tobira “White margined’.
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A typo folio ad marginem lacteum differt.

An evergreen shrub. Leaves coriaceous,
oblanceolate, 5~10 c¢cm long, 2~4.5 c¢cm broad,
with milky-white variegated margins. Standard:
S.Y. Lu 25810 (TAIF), specimen prepared from a
plant cultivated in the Taipei Botanical Garden.
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PARTIAL CONCORDANCE BETWEEN NUCLEAR AND ORGANELLE DNA
IN REVEALING THE GENETIC DIVERGENCE AMONG QUERCUS
GLAUCA (FAGACEAE) POPULATIONS IN TAIWAN

F. L. Shih,"* Y. P. Cheng,"* S. Y. Hwang,t and T. P. Lin?"*

*Institute of Plant Biology, National Taiwan University, Taipei 106, Taiwan, Republic of China; and tGraduate Institute of
Biotechnology, Chinese Culture University, Yangmingshan, Taipei 111, Taiwan, Republic of China

Quercus glauca (Thunb. ex Murray) Oerst (Fagaceae) has a wide distributional range in Taiwan. In this
study, the evolutionary history and the most genetically divergent sites of Q. glauca were studied using a
nuclear gene marker, glyceraldehyde-3-phosphate dehydrogenase. Also, the consistency of the results obtained
from nuclear gene and cytoplasmic loci was investigated. Using a genealogical approach (TCS software), we
determined haplotypes and their relationships to one another. We used the level of divergence for each
population from the remaining populations (calculated as mean values of pairwise population differentiation,
Fst, for each population) to locate the most genetically divergent areas in Taiwan. According to the average Fsr
of each population in comparison with the remaining ones, a peak was found in the northern part of central
Taiwan, and another was found in the southeastern region. The peak profiles of the mean Fsy values for all
three DNA data sets (nDNA, ¢pDNA, and mtDNA) showed similar trends on both sides of the Central
Mountain Ridge, except for the mtDNA sequence on the western side. This study suggests that two potential
refugia existed in Taiwan during the last glaciation: one in the northern part of central Taiwan and another in
southern Taiwan.

Keywords: glyceraldehyde-3-phosphate dehydrogenase, phylogeography, refugium, genetic divergence,

Taiwan, Quercus glauca.

Introduction

Using molecular markers in combination with paleoecolog-
ical studies for the analysis of the late Quaternary history of
angiosperms in order to deduce historical information from
their present-day geographical distributions has led to the
recognition of glacial refugia of many species of Europe,
North America, and Asia (Comes and Kadereit 1998). DNA
sequences can even provide evidence of refugium sites that
have not been detected by geological or fossil data (Rowe
et al. 2004). The power of nucleotide sequences comes from
the fact that they can be organized into hierarchically or-
dered networks of descent and can provide historical infor-
mation that nonordered markers are unable to provide
(Schaal et al. 1998). The availability of DNA sequence data
and the development of coalescent-based analysis of allele ge-
nealogies can therefore form the basis of the study of intra-
specific processes within a phylogenetic framework (Avise
2000) and can be used to examine the geographic distribu-
tion of genetic variations, postglacial recolonizations, and the
ways in which recent evolutionary history has shaped pat-
terns of intraspecific variations of a wide range of species
(Newton et al. 1999).

I'E L. Shih and Y. P. Cheng contributed equally to this article.
2 Author for correspondence; fax 886-2-2368-9564; e-mail tpl@
ntu.edu.tw.

Manuscript received October 2005; revised manuscript received March 2006.
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Gene flow between populations may be achieved through
pollen or seeds. Pollen-mediated gene flow is not necessarily
faster than gene flow by seeds; however, the rate of the flow
through pollen in tree species like oaks with large heavy seeds
is faster than that through seeds because pollen grains are
smaller and can be carried more easily over longer distances
by diverse agents including wind and insects (Ennos 1994). In
addition, the chloroplast genome is haploid, whereas nuclear
genomes are diploid or polyploid; thus, the effective popula-
tion size of cytoplasmic genomes is half that of the diploid nu-
clear genome (McCauley 1995; Moore 1995). The deeper
coalescence times expected for nuclear haplotypes will obscure
spatial genetic patterns revealed by the plastid genomes. To
test this idea, we compared the spatial genetic pattern of the
plastid genome, including mitochondrial DNA (mtDNA) and
chloroplast DNA (cpDNA), with nuclear DNA (nDNA) of a
subtropical tree species, Quercus glauca (Fagaceae). In addi-
tion, we examined whether the patterns from different gene
markers reflect different genetic histories, which may be inte-
grated to postulate the possible historical events that have oc-
curred in Q. glauca in Taiwan.

Quercus glauca is a member of the subgenus Cyclobala-
nopsis. Cyclobalanopsis is monophyletic within the genus
Quercus according to molecular data (Manos et al. 2001).
The subgenus Cyclobalanopsis contains ca. 122 species in
tropical and subtropical eastern Asia (Luo and Zhou 2001).
In consequence, Cyclobalanopsis is considered to be of tropi-
cal and subtropical origin (Luo and Zhou 2001). Among
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Table 1

Populations and Haplotypes of Quercus glauca in Taiwan and Japan

Elevation Sample size
Population Location (m) (no. alleles) Haplotypes (no. alleles)
Taiwan:
1. Yangmingshan 121.51°E, 25.18°N 400 10 A (4),B (1), C(2),D (1), E(2)
2. Wulai 121.54°E, 24.86°N 450 11 A (3), B (1), C(3),D (2), F (1), B3 (1)
3. Baling 121.37°E, 24.68°N 600 11 A (4), C(3), F (1), H (2), 1 (1)
4. Chilan 121.60°E, 24.58°N 400 9 A (1), B (2),C(5), D (1)
5. Chingchuan 121.09°E, 24.58°N 450 9 A(3),B(1),C(2),F(1),L(2)
6. Kukuan 121.00°E, 24.21°N 700 7 B (3), C (1), D (2), C1 (1)
7. Huisun 121.03°E, 24.09°N 650 8 A(2),B(3),M(2),11 (1)
8. Wushe 121.13°E, 24.02°N 850 12 A (3)B(2),D (1), K (2), L (1), BS (1), B2 (1), B6 (1)
9. Liukuei 120.64°E, 23.00°N 550 10 A (4),C(1),D (2),E (1), ] (1), B1 (1)
10. Chinshuiying 120.73°E, 22.42°N 1000 10 A(5),B (1), C(2),F(2)
11. Suao 121.84°E, 24.60°N 450 10 A (2), B (4), C (1), D (1), E1 (1), 02 (1)
12. Taroko 121.62°E, 24.15°N 500 9 A (3),B(3),C(1),D (1), E (1)
13. Lungchien 121.43°E, 24.00°N 400 10 A (5),B(1),C(3),E(1)
14. Hungyeh 121.04°E, 22.90°N 400 9 A (3), B (2), C (1), D (1), F (1), B4 (1)
15. Juisui 121.42°E, 23.50°N 200 9 A(3),B(3),C2),HI(1)
16. Fuli 121.27°E, 23.08°N 500 9 A (4), B (2), C (1), N (2)
17. Taimali 121.01°E, 22.67°N 100 3 A(1),E (1), ] (1)
Japan:
18. Kyushu 130.54°E, 33.67°N 8 B (1), G (4), H1 (1), B7 (1), G1 (1)
19. Kagoshima 130.43°E, 31.55°N 4 1(1), O1 (1), BS (1), BY (1)

these 122 species, Q. glauca has the widest range of distribu-
tion and extends to the northern limit of this subgenus. The
species Q. glauca is found from the Himalayas to Indochina,
via China, and has spread to the coast of the west Pacific in
places such as Taiwan, the Ryukyus, Japan, and Korea. In
Taiwan, Q. glauca is distributed from sea level up to 1700 m
in elevation throughout the entire island. It is a codominant
tree in subtropical evergreen forests and grows to 20 m in
height. It occurs as a pioneer species that prefers open sites
such as areas of landslides and windy ridges.

Taiwan is thought to have been connected to the Asian conti-
nent during the glacial maximum in the late Pleistocene (Boggs
et al. 1979). A more recent land configuration proposed for the
late Pleistocene (0.2-0.02 Ma) indicates that a large land bridge
extended from eastern China to Taiwan, to the Ryukyus, and
probably to the main islands of Japan (Kimura 1996) and
should have provided the opportunity for gene flow among
haplotypes. The floristic composition of Taiwan, a continental
island, has high levels of endemism and species diversity. Most
of the flora was thought to have originated from the Asian
mainland during cycles of temperature oscillations. Although
the land in Taiwan has never been covered by ice sheets except
on the highest peaks, the tremendous temperature and climatic
changes should have influenced species distributions and evolu-
tion. Palynological data indicate that during the last glacial
maximum, most subtropical species disappeared from the low-
lands of central Taiwan. At the same time, temperate species
expanded their ranges of distribution from high elevations, and
lowland forests were dominated by conifers (Tsukada 1966).
When the ice retreated, a reverse course of events occurred,
with subtropical species recolonizing from south to north and
lowland forests retreating to higher elevations. The current geo-
graphic distribution of living organisms is the result of both pre-
sent and past ecological and historical factors.

We indicated in a previous article that the southeastern
part of Taiwan could have been a potential refugium in the
last glacial maximum (Huang et al. 2002), according to chlo-
roplastic DNA sequences. In addition to higher haplotype
and nucleotide diversities, synapomorphic haplotypes were
found on the eastern side of Taiwan (Huang et al. 2002). Ac-
companied by published palynological records of the last gla-
ciation (Tsukada 1966), these observations favor the concept
that regards the southeastern part of Taiwan as a potential
refugium during the last glaciation.

No climatic/historic or pollen record data are available for
the southern part of Taiwan to support this observation. Is
there any other parameter that can be used for predicting the
potential refugium in the last glaciation? Fortunately, the de-
gree of average population differentiation (Fst) of each popu-
lation in comparison with the remaining populations (i.e.,
genetic divergence) can be used to examine the consequences
of historical and contemporary geographical population sub-
division on evolutionary processes (Johnson et al. 2000) and
is important for reconstructing phylogeographical histories
that have evolved during pre- and postcolonization events
(Grant and Grant 1997). It was found that in the common
ivy (Hedera sp.) of Europe, differentiation of each population
from the remaining ones revealed a latitudinal pattern, with
populations from the south being significantly more differen-
tiated from the pooled remaining populations than were the
central or northern populations (Grivet and Petit 2002).
Thus, population divergence or genetic differentiation can be
a useful criterion for locating regions of glacial refugia. Petit
et al. (2003) tested the hypothesis that glacial refuge areas
harbor a large fraction of intraspecific diversity. They con-
cluded that plant populations in refuge areas have high ge-
netic divergence and uniqueness rather than a high number
of haplotypes. The concept of genetically highly divergent
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Fig. 1 Map of East Asia showing the location of Taiwan and the populations sampled for Quercus glauca. Only elevations above 2000 m of
the mountain areas are shown. CMR = Central Mountain Ridge; HR = Hsueshan Range.

populations existing in regions of glacial refugia is also supported
in the common ash (Fraxinus excelsior; Heuertz et al. 2004).

It is worth reexamining the potential refuge site reported
using chloroplastic DNA (Huang et al. 2002). Also, this site
needs to be tested with independent nuclear markers. In this
article, we address whether the data obtained from nuclear
genes are able to corroborate previous results based on cyto-
plasmic loci and to further characterize the population struc-
ture and evolutionary history of Q. glauca in Taiwan. The
results of phylogeographical analysis in this study support
those obtained from independent DNA sequences from the
cytoplasmic genome in Q. glauca.

Material and Methods

Sampling of Plant Populations

Every stand used in this study was considered to be geneti-
cally original, as low economic interest strongly suggests
their indigenous status. Most of the populations used in this
study are the same as those used in a previous study of cyto-
plasmic data (Huang et al. 2002) but are not necessarily
from the same individuals. On average, the number of alleles
used in this study was 2.5 times greater than that used in the
chloroplast DNA study.

In total, 19 populations, including 17 from Taiwan and
two from Japan, were collected (table 1; fig. 1). In general,
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six individuals or fewer represented each population. Leaves
from fresh or silica-gel-dried collections of each individual
were deposited in a freezer at —70°C.

Polymerase Chain Reaction and Sequencing

DNA was extracted from leaves following modification of
a standard protocol (Murray and Thompson 1980). The
primers used by Olsen and Schaal (1999) for glyceraldehyde-
3-phosphate dehydrogenase (G3pdh) were tested to screen
the same gene in Quercus glauca. A polymerase chain reac-
tion (PCR) was performed with newly designed forward
(TGG AAT TGT TGA GGG TCT CAT; denoted GPD-CG-F)
and reverse (TGC TGT CAC CAA TGA AGT CG; denoted
GPD-CG-R) primers so that they best fit our sequence. The
PCR solution was prepared as follows: 500 mM KCI,
15 mM MgCl,, 0.01% gelatin, 100 mM Tris-HCI (pH 8.3),
250 uM of each ANTP, 2 uM of each primer, 0.04-20 ng of tem-
plate DNA, 1 ug RNase, 0.5 units of Taq polymerase (Amer-
sham Pharmacia Biotech, Taipei, Taiwan), and double-distilled
water to a final volume of 10 uL. Amplifications were per-
formed with an initial denaturing of 2 min at 95°C, followed
by 32 cycles of 1 min at 95°C, 90 s at 62°C, and 2 min at
72°C, ending with a 9-min extension at 72°C. We amplified a
G3pdh gene sequence of 898 base pairs (bp) (including a par-
tial sequence of 5'-UTR, exon A [79-176 bp], intron a, exon B
[594-736 bp], intron b, and a partial sequence of exon C
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Table 2

Haplotypes and Accession Numbers of Quercus glauca
according to Mutations of the G3pdh Gene

Mutation site of haplotype

0001222222333333333344444444445555555555556666678888

Haplotype and
accession no.

4672003558000134577803356667890023344477890267850245
9467385266189723578122426788312302814668531529274848

B. AY780452 TTTCATAATCAATTGTATGGGTTGTTTAATAATTACCGAGCATTACTGAATT
A. AY780451 = @ e [P
C. AY780453 ~=G-Cmmmmmm e Cmmmm o Accmmm e G-
D. AY780454 e
E. AY780455 @ --———————- A A m m — m m
E AY780456 = —mmmmmmmmmmo O P P
G. AY780457  m e Gommmmmmm e
H. AY780458 ~A-T--T----————-——— C-—-A-————= G-————=— A e Qoo e e
I AY780459 ~  ——mommome Grmmmmmmmm o Cmmm e Ao
J. AY780460 @ -------- C-G-====——= A-Commmmmmmm e Accmmmm
K. AY780461 ———P--—--=-G----G-C---C-C-A--A---C---AG-T--C--G---C-
L. AY780462 G A--—Co-mmm—m—— [T Accm e
M. AY780463 ~ - Gommmm e Gomm e
N. AY780464 e G------ C---C-C-A------ C---AG-T--C--G----~-
B1. AY780465 ~ -------—--—-- A m o e
B2. AY780466 ——G==Cmmmm e Gommmmm Acmmm
B3. AY780467 ~=G--C-==—— = ——— Cmm e N
B4. AY780468 --G--C----------———-C----- A---————--- AG---------—-—-
BS. AY780469 B T C---C-C-A-————= C-—-AG-T-----G---C—
B6. AY780470 e e c EEEEEEE C---C-C-A-----= C---AG-T-----G---C-
B7. AY780471 ~A-T--T-----———-- Cmmmm e G--
BS. AY780472 “A-T--T-———-—=————— Cmmmmmm e oI Commmmme o
BY. AY780473 ~  ———-m-mmmmomee- Ao e Cmmmome e
C1. AY780474 --G-C-—————————————— C-Commmmm e = N G---
E1. AY780475 C-———-——- A m A m
H1. AY780476 ~ --—--——————mmmm - C-—-A-————- [c T Ao CemTomm e
G1. AY780477  ——-——mmmmm e G-——m—m——— [ [c T,
11. AY780478 C-————— C-Go—m——m———— Cmmm e A e o
O1. AY780479 - O c

02. AY780480

[ca. 865 bp]) that covers the region highly homologous for
the G3pdh gene in cassava (Olsen and Schaal 1999).
Noucleotide sequences were determined by direct sequenc-
ing of the purified PCR products on an ABI 3300 genetic an-
alyzer with BigDye terminator cycle sequencing reagents
(Applied Biosystems, Foster City, CA). This was applied to se-
quences of homozygotes or sequences containing one polymor-
phic site. For cloning of PCR products from heterozygotes,
DNA fragments were ligated into a vector (pGEM-T Easy,
Promega, Madison, WI) with Amp". The constructs were
transformed to competent cells (ECOS 101, Yeastern Biotech,
Taipei, Taiwan) with 45 s of heat shock at 42°C. Bacterial
cultures containing X-Gal and IPTG were spread onto LB
broth medium agar plates and incubated at 37°C overnight.
Three clones, however, were sequenced for each individual
when sequences contained two or more polymorphic sites
and/or an unpaired indel (indel of different length). The two
sequences of a heterozygote were separated by comparing the
sequences of the PCR product and cloned sequence. Fortu-
nately, no sequence containing more than one indel was found
in the length of G3pdhb used in this study. Because the Taq po-
lymerase error was estimated to be as high as 0.1% (Okuyama
et al. 2005) or even higher, the singleton was removed after

the cloned sequences were compared with the sequences from
direct sequencing in the forward and/or reverse directions.
Two lines of evidence suggest that the present G3pdh hap-
lotypes were derived from a single gene. First, haplotype de-
termination was made using direct sequencing of PCR
products, and no more than two haplotypes were identified
per individual (as would be expected for a diploid nuclear
genome). Second, for one trial homozygous individual, the
PCR product was cloned and then sequenced; the DNA se-
quences of multiple clones from this individual were identical.

Sequence Analysis

G3pdh sequences were aligned by eye. Haplotypes and
their relationship were determined using the TCS program
(Templeton et al. 1992) by considering gaps as missing data.
Nucleotide diversity and haplotype diversity were carried out
using the DnaSP program (Rozas and Rozas 1999).

Analysis of the Population Substructure

Measures of diversity and population differentiation, Gsp,
were analyzed using the Hapstep program (Pons and Petit
1996), which employed Nei’s (1977) approach to the case of
haplotypes under Wright’s model of population structure.

- WIEE
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Fig. 2 Relationships of haplotypes of the nuclear gene marker, G3pdh (unrooted), reconstructed by the computer program TCS, version 1.04.
Numbers of alleles are in parentheses. Haplotype B, indicated by a circle, is located in the center, from which the Taiwanese and Japanese
haplotypes originated. The other haplotypes, indicated by squares of various sizes, reflect the number of alleles found. B4 and B2, which are
connected to two internal branches, respectively, probably resulted from homoplasy or recombination. A dot represents a mutation for which a
haplotype has not been found within the sample. Numbers along the lines represent the base positions of the mutations that separate the

haplotypes.

The conventional genetic distance, Fsy (Wright 1931), ac-
cording to DNA sequences for population subdivision, was
estimated using the Arlequin program (Schneider et al.
2000), which provides a matrix of pairwise Fsr values be-
tween populations. The Mantel test, implanted in the PAS-
SAGE program (Rosenberg 2001), was performed to test
whether genetic distances correlated with geographical dis-
tances. In addition, the level of divergence for each popula-
tion from the remaining populations was calculated as mean
values of pairwise Fst for each population against the re-
maining populations. The contribution to total expected het-
erozygosity (CT) of each population was calculated using the
Contrib software (Petit et al. 1998). This contribution is split
into two components: one due to the diversity of the popula-
tion (CS) and the other due to its differentiation from the re-
maining populations (CD). In this case, CS and CD for each
population were computed relative to the mean population
diversities and mean population differentiation, respectively.
These led to either positive or negative contributions to pop-
ulations (Petit et al. 1998).

Sequences of cpDNA and mtDNA of the populations from
Taiwan were obtained from published data (Huang et al.
2002; Lin et al. 2003) and were used to estimate the popula-
tion differentiation, Fsy, using the Arlequin program. Con-
ventional Fsr values and the level of divergence for each
population from the remaining populations were obtained as
described above.

A test involving three matrices, including two matrices of
mean Fst values and a matrix of geographic latitude, was
performed using ZT, a software tool for simple and partial
Mantel tests (Bonnet and Van de Peer 2002). In these tests, we
arranged the corresponding mean Fsr values in the matrices
according to latitude.

Results

Sequence Analysis of the G3pdh Gene

In total, 96 individuals were sampled, and 86% of them
were heterozygous. However, only 168 alleles of the total
192 G3pdh sequences in the sample could be identified un-
ambiguously, and these could be assigned to one of only 30
haplotypes. Thirty haplotypes were detected from 52 substi-
tution sites (GenBank accession numbers are given in table
2). Haplotypes, assigned from A to N, were shared by at
least by two alleles, while the others were singletons. The ge-
nealogical relationship of these haplotypes is shown in figure
2, and the numbers of alleles containing such haplotypes are
shown in table 1.

Distribution Patterns of Haplotypes

Mapping the geography onto the haplotype network pro-
duced a complicated pattern (fig. 3). Among the 22 haplo-
types found in Taiwan, haplotypes A—-C accounted for 68.6%
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Fig. 3 Map showing the geographical distribution of G3pdh haplotypes and the proportion of each haplotype in each population of Quercus
glauca in Taiwan. Twenty-two haplotypes were detected for the G3pdh fragments, and only haplotypes occurring in two or more alleles are
presented. Ten haplotypes were singleton, and these are indicated in black.

(107) of 156 alleles. These three haplotypes were spread over
Taiwan’s population (table 1). Haplotype C occurred mainly
in northern Taiwan, while haplotype B occupied a high pro-
portion of populations of the northern part of central Tai-
wan. Haplotype B is a possible ancestral haplotype and was
not found in the populations of Baling (population 3), Liu-
kuei (9), or Taimali (17). Ten singleton haplotypes were re-
stricted to only one allele, while haplotypes D-F and H-J
were found in widely separated populations.

Many lineages were found on both sides of the Central
Mountain Ridge (CMR) and had sporadic distributions; only
a few haplotype lineages clearly showed a continuous geo-
graphic distribution (fig. 3). The lineage containing B1 and E
occurred on the eastern side of the CMR, whereas the lineage
containing B2, B3, and C1 was located in the center and north
on the western side of the CMR. Haplotype D was found in
many locations except southern and southeastern Taiwan.

The Japanese haplotypes were all traced to ancestral hap-
lotype B, and some were closely related to those in Taiwan
(fig. 2). For example, haplotype O1 of Japan is related to O2
of Suao (11) of northeastern Taiwan, and haplotype H1 of
Japan was derived from type H, which occurs in Juisui (15),
eastern Taiwan, while haplotype I was found in both Japan
and northern Taiwan. This indicates that a relic connection
of Quercus glauca existed between Japan and northern and
northeastern Taiwan.

Analysis of the Population Genetic Structure

Genetic distances among populations did not correlate
with geographical distances because the Mantel test was not
significant (data not shown). For the G3pdh gene, the value
of Gst was 0.005, intrapopulational diversity (Hs) was
0.825 * 0.0184, and total diversity (Ht) was 0.829 + 0.0158.
Thus, the spatial genetic pattern was very weak.

BXRE - R
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Table 3

Estimates of Haplotype Diversity (h) and Nucleotide Diversity () for Populations of Quercus glauca according to Mutations of the G3pdh Gene

Population No. No. variable No. Haplotype diversity Nucleotide diversity
(no.) sequences sites haplotypes (h) ()
Yangmingshan (1) 10 9 N 0.78 = 0.10 0.0034 = 0.0008
Waulai (2) 11 9 6 0.87 £ 0.07 0.0041 = 0.0006
Baling (3) 11 18 N 0.82 = 0.08 0.0070 = 0.0013
Chilan (4) 9 7 4 0.69 = 0.15 0.0037 = 0.0006
Chingchuan (5) 9 13 N 0.86 £ 0.10 0.0055 = 0.0011
Kukuan (6) 7 7 4 0.81 = 0.13 0.0036 = 0.0011
Huisun (7) 8 8 4 0.82 + 0.13 0.0029 = 0.0011
Wushe (8) 12 24 8 0.92 £ 0.06 0.0097 = 0.0016
Taroko (12) 9 9 5 0.83 = 0.10 0.0026 = 0.0009
Liukuei (9) 10 13 6 0.84 £ 0.10 0.0039 = 0.0010
Chingshuiying (10) 10 8 4 0.73 £ 0.12 0.0033 = 0.0001
Suao (11) 10 10 6 0.84 = 0.10 0.0026 = 0.0009
Lungchien (13) 10 8 4 0.71 £ 0.12 0.0037 = 0.0008
Hungyeh (14) 9 11 6 0.89 = 0.91 0.0038 * 0.0011
Juisui (15) 9 14 4 0.81 = 0.09 0.0049 = 0.0016
Fuli (16) 9 17 4 0.78 £ 0.11 0.0070 = 0.0022
Taimali (17) 3 8 3 1.00 = 0.27 0.0060 = 0.0020
Taiwan 157 43 23 0.82 £ 0.02 0.0049 = 0.0005
Japan 12 21 9 0.91 £ 0.08 0.0055 = 0.0011
Total 169 52 30 0.84 = 0.02 0.0050 = 0.0004

On the western side of the CMR, peak nucleotide diversity
was found in the Baling (3; 0.0070) and Wushe (8; 0.0097)
populations (table 3), while on the eastern side, the nucleo-
tide diversity gradually increased toward the south and
peaked in the Fuli (16; 0.0070) and Taimali (17; 0.0060)
populations. If the total diversity consists of two components
(i.e., genetic differentiation and genetic diversity), then the
populations of Chingchuan (5), Kukuan (6), and Huisun (7)
contributed most of the differentiation component to the to-
tal diversity (fig. 4A). The Taimali (17) and Wushe (8) popu-
lations contributed most to the diversity component of the
total diversity (fig. 4A).

Pairwise F Statistics according to Haplotype Frequency
and Population Divergence

In general, genetic differentiation between pairwise popu-
lation comparisons indicated that the genetic distance be-
tween Taiwanese and Japanese populations was greater than
that between any of the Taiwanese populations (data not
shown). On the western side of the CMR, a major peak of
average Fst was found in the Kukuan (65 0.06393) and Hui-
sun (7; 0.05991) populations (fig. SA). The peak decreased
to low Fgt values for the populations of Wushe (8; 0.02935)
and Wulai (2; 0.02611) to the south and north, respectively.
On the eastern side of the CMR, the major peak of Fst was
found in southeastern Taiwan at Taimali (17; 0.0551), Chin-
shuiying (105 0.04915), and Hungyeh (14; 0.04829), and an-
other peak was found at Taroko (12; 0.0526) of east-central
Taiwan, which coincides with the latitude of the major peak
on the western side of the CMR.

Pairwise F Statistics and Population Divergence Revealed
by cpDNA and mtDNA Sequences

The results showed that a major peak of average Fsr
according to cpDNA data was found in the Huisun popula-

tion (7; 0.80) on the western side of the CMR (fig. 5B). The
peak decreased to low Fst values for the populations at
Wushe (8; 0.47) and Kukuan (6; 0.14) to the south and
north, respectively. A second peak was found in the popula-
tion at Laiye (18; 0.62), close to the population at Chinshui-
ying (10). On the eastern side of the CMR, a major peak of
Fst was found at Lungchien (13; 0.98), a population close to
Taroko (12) and conciding with the latitude of the popula-
tion at Huisun (7). A small minor peak was found at Taimali
(17; 0.29) that coincides with the latitude of the peak of
Laiye on the western side of the CMR.

According to mtDNA data, Liukuei (9; 0.800) and Mutan
(0.815) in the south had the highest Fgy values (fig. 5C), but
there was no detectable peak in the region covering the Ku-
kuan and Huisun populations. On the eastern side of the
CMR, a major peak of Fst was found at Lungchien (13;
0.867), as well as a smaller peak to the south at Yuli (0.577)
and Taimali (17; 0.468).

Correlations between the two matrices of mean Fst derived
from the two different DNA marker sequence data sets against
latitude were tested using the partial Mantel test. Pairwise
comparisons, i.e., c)DNA-mtDNA (R = 0.895111, P = 0.02778),
cpDNA-G3pdh (R = 0.483809, P = 0.036411), and mtDNA-
G3pdh (R =0.43721, P =0.040278), showed that average
Fsr values for each population on the eastern side of the CMR
were significantly correlated. However, correlations between
mean Fsy values for each population of any two genome
markers on the western side of the CMR showed no correla-
tions. Subsequently, only the relationship between cpDNA and
G3pdh was further tested after moving populations of cpDNA
northward slightly so that population 7 of cpDNA met popula-
tion 6 (Kukuan) of G3pdh. The Mantel test showed that the
cpDNA-G3pdh pair was now significantly correlated with lati-
tude (R = 0.486740, P = 0.027797). Populations at Tayuan-
shan (very close to population 4), Huisun (7), Lungchien (13),



870 INTERNATIONAL JOURNAL OF PLANT SCIENCES

0015 ¢

0010 =
0005 I
0.000 - I l I I

&
=~
-~
I I
0005
2010
" 2 4 L] 8 10 12 14 16 18
0.05
0.04
) I I I I
s 00D
=
&
L]

2 4 L] 8 10 12 14 16 18

Population

Fig. 4 Contribution to the total diversity (CT) of each population
of Quercus glauca using G3pdh haplotypes (A) and chloroplastic
sequences (B). Gray bars and black bars represent contributions
of differentiation (CD) and diversity (CS), respectively. A, Populations
5-7, representing Chingchuan, Kukuan, and Huisun, respectively,
contributed most to the differentiation component. See table 1 for
population numbers. B, Populations 4, 7, 13, and 18, representing
Chilan, Huisun, Lungchien, and Laiye, respectively, contributed most
to the differentiation component. See table 1 for population numbers,
except 18, which is designated as Laiye (120.72°E, 22.52°N).

and Laiye (very close to population 17) contributed most of
the differentiation component to the total diversity of cpDNA
(fig. 4B) because of their unique haplotypes.

Discussion

Genetic Spatial Structure of Populations

In a previous study, by sequencing three cpDNA intergenic
spacer fragments, it was found that the level of differentia-
tion among populations of Quercus glauca was relatively
high (Gst = 0.612; Huang et al. 2002). In this study, we
found that some haplotypes were distributed in widely sepa-
rated locations or on both sides of the CMR. This pattern is
consistent with the extremely low Gsr value. The shared hap-
lotypes between distant areas could be the result of either
recent interpopulational gene exchange or shared ancestral
polymorphisms (Hare 2001).

The ancestral haplotypes, e.g., haplotype B, were widely
spread out, while the derived haplotypes (fig. 2) also oc-
curred in most of the populations; thus, a clear migration

route cannot be elucidated. So the temporal resolution of-
fered by genealogies, such as chloroplast DNA markers, was
unavailable through nuclear genes. The gene tree for the ge-
nealogical relationships of G3pdh among these nuclear hap-
lotypes reveals nothing about the history of population
divergence almost certainly because they predate the history
of population divergence. However, the power of nuclear
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Fig. 5 Plot of the mean Fgr values of each population compared
with every other population against population latitude in Quercus
glauca using G3pdh sequence (A), chloroplastic DNA sequence (B;
data taken from Huang et al. 2002), and mitochondrial DNA data (C;
data taken from Lin et al. 2003). The solid line indicates populations
on the western side of the Central Mountain Ridge (CMR); the dashed
line indicates populations on the eastern side of the CMR. Arabic
numbers refer to populations having high Fsr values. Population codes
are labeled according to table 1, except 18, which is designated as
Laiye. Pinglin (121.70°E, 24.92°N), Wutai (120.72°E, 22.74°N),
Mutan (120.78°E, 22.13°N), and Yuli (121.25°E, 23.31°N) are
indicated.
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genes in providing resolution of historical events, i.e., pre-
dicting potential refugia, can still be appreciated.

Differentiation between populations (Gsr) can be used
to calculate the pollen-seed flow ratio, which was as high
as 291 (estimated by the equation {2 x [(1/Gstc) — 1]—
[(1/Gsrn) — 1]}/[1 = (1/Gsrc)], cited in Oddou-Muratorio
et al. 2001, where C is the chloroplast and N is the nucleus),
and was within the range of species of Quercus of 190-500
(Squirrell et al. 2001). The lack of clear spatial genetic pat-
terns is far more likely to reflect incomplete lineage sorting,
with nuclear genes having a greater expected coalescence
time than differential gene flow by pollen.

Conformance of the Trend of Population
Divergence of Three Genes (Loci)

The most significant discovery in this study is the confor-
mance of different genes/loci having similar trends of genetic
divergence for each population from the remaining popula-
tions. In terms of the mean values of pairwise Fsr for each
population against the remaining populations, the most di-
vergent populations were situated in two places. The first re-
gion was found in Kukuan (6) and Huisun (7) on the western
side of the CMR and Taroko (12) at a comparable latitude
on the eastern side of the CMR (fig. 5A). This region is lo-
cated in the northern part of central Taiwan between
24.00°N and 24.25°N and is in proximity to the most geneti-
cally divergent areas determined for Trochodendron aral-
ioides (Huang et al. 2004) and Cunninghamia konishii
(Chung et al. 2004). Although the Fst values for nDNA were
fairly small (around 6%), a peak was evident. In fact, the re-
gion of the Huisun population has major peaks of Fst for
both nDNA and c¢pDNA. mtDNA data also showed that
Lungchien (13) in the northern part of central Taiwan had
high degrees of mean Fst. An exception was found on the
western side of the CMR, where a high Fst value from
mtDNA analysis was not detected in the northern part of
central Taiwan. A second peak of Fst in nDNA was found
for the Chinshuiying (10), Hungyeh (14), and Taimali (17)
sites, which are similar to sites with peak Fsr values in
cpDNA of Chinshuiying (10), Hungyeh, Taimali, and Laiye
(close to population 17) (fig. 5B). This region is located in
southeastern Taiwan between 22.40°N and 22.90°N; mtDNA
data also showed that the Taimali (17) and Mutan popula-
tions of southern Taiwan had high values of mean Fsy, rein-
forcing the impression of similar regions having significant
differentiation from other regions. High mean Fgr of the popu-
lation Liukuei (9) is an exception that could not be detected in
cpDNA and G3pdh. The profile on the western side might im-
ply that several smaller shelters existed in southern Taiwan

during the last glaciation. The correlations between mean Fst
values for each population of cpDNA and G3pdh against lati-
tude were tested using the partial Mantel test, and the results
support the average Fst profiles being correlated well but not
being the result of chance alone.

The average Fst values for each population of mtDNA are
only partially in accord with those of cpDNA, and values of
nDNA are unclear at present. We found that the gene genea-
logical tree of mtDNA was partially congruent with the cpDNA
tree (Lin et al. 2003). The average Fst values of mtDNA for
each population against latitude differed from those of cpDNA
in Machilus kusanoi Hay. (S. Y. Hwang, unpublished data), in-
dicating that mtDNA has a different evolutional history from
cpDNA.

The contribution of a differentiation component to total di-
versity (CT) of the G3pdh gene and chloroplastic gene of each
population also supports the hypothesis that the northern part
of central Taiwan contributed most of the differentiation com-
ponent to the total diversity of Q. glauca. This was due to the
specific rare alleles in each population, which resulted in high
contributions to differentiation. The contribution of the differ-
entiation component of the G3pdh gene of each population to
CT was undetectable in the southeastern part. In the chloro-
plastic gene, however, the south (Laiye; close to population
17) contributed most to the differentiation component.

It is interesting to note that the Wushe (8) population has
a very low average Fst among all populations but the highest
nucleotide diversity in both nDNA and cpDNA, indicating
that the high diversity may have been derived from a mixing
of different colonization routes. Wushe (8) also has a large
number of derived haplotypes (fig. 2), indicating a mixed na-
ture of its composition. Yangmingshan (1), at the northern
tip of the island, also had the highest haplotype richness of
cpDNA and a high average Fsr of nDNA and could also
have been a cryptic shelter.

In this article, we predicted potential refugia using high av-
erage Fst estimates. This idea is based on a study of numer-
ous publications on European plant phylogeography and on
a theoretical study of island biogeography. It may be that
these cases of European plants are unique and not necessarily
applicable to our study. This cannot be resolved until fossil
pollen data are available in the future.
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UNIFORM GENETIC DIVERSITY, LOW DIFFERENTIATION, AND
NEUTRAL EVOLUTION CHARACTERIZE CONTEMPORARY REFUGE
POPULATIONS OF TAIWAN FIR (ABIES KAWAKAMII, PINACEAE)!

Fu-LuNG SHIH,?> SHIH-YING HWANG,? YU-PIN CHENG,? PEl-FEN LEE,* AND Tsan-Piao LN

2Institute of Plant Biology, National Taiwan University, Taipei 106, Taiwan; 3Graduate Institute of Biotechnology,
Chinese Culture University, Yangmingshan, Taipei 111, Taiwan; and “Institute of Ecology and Evolutionary Biology,
National Taiwan University, Taipei 111, Taiwan

Based on fossil pollen, the distribution range of Taiwan fir [Abies kawakamii (Hay.) Ito] (Pinaceae) is smaller than it was
50000 years ago. To characterize the present refuge populations of A. kawakamii, which survive only in subalpine forests in
Taiwan, we surveyed nuclear genes and chloroplast intergenic spacers to assess the genetic diversity of Taiwan fir. Populations
maintain high genetic diversity and contain similar numbers of haplotypes for the GapC (cytosolic glyceraldehyde 3-phosphate
dehydrogenase) fragment. Haplotypes for GapC are generally widespread, and population-specific haplotypes accounted for 2.5%
of the total. Differentiation among populations is very low (Gst = 0.01). Only three haplotypes were detected for the cpDNA
marker, and every population had one or two haplotypes. In a neutrality test, the variation in nucleotides did not deviate from that
expected with neutral evolution for either marker. A retreat route to higher elevations was not evident from either the GapC or
cpDNA markers. Hsuehshan was the site of the most divergent population in Taiwan. We concluded that uniform genetic
diversity, low differentiation, low numbers of population-specific haplotypes, and neutral evolution characterize contemporary

refuge populations of Taiwan fir.

Key words:
refugium; Taiwan; trnL-trnF intergenic spacer.

The advance and retreat of glaciers have significantly
influenced the distribution and diversity of plant species. The
massive climatic changes associated with glaciation led to
large-scale migrations and reductions in populations followed
by colonization and population expansion as the glaciers
retreated (Pielou, 1991). In the northern hemisphere, temperate
zone species are believed to have survived these unfavorable
episodes in refugial areas before expanding their ranges during
the present interglacial period (Hewitt, 2000; Taberlet and
Cheddadi, 2002; Abbott and Brochman, 2003). At northerly
latitudes, there are immense territories for recolonization. A
different situation exists in subtropical regions where subtrop-
ical and temperate species live at different elevations. During
the Ice Ages, it is believed that subtropical plants might have
been forced into refuge sites, whereas the lowlands became
suitable environments for temperate plants (Tsukada, 1967).

In Taiwan, the subalpine forests are restricted to 2500-3700
m a.s.l., and Taiwan fir [Abies kawakamii (Hay.) Ito], the only
Taiwanese species in the genus, is the dominant tree between
3000 and 3500 m a.s.l. throughout the region. Taiwan fir is
adapted to a cold, humid environment at high elevations and
typically occurs in sheltered to windswept sites (Huang, 2002).
Trees form pure stands or patches and are always accompanied
by characteristic shrubs and herbs, especially Yushania
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niitakayamensis (Hay.) Keng (Poaceae), which prefers relative-
ly open canopies. In Abies forests at lower elevations (2500—
3000 m a.s.l.), the following four conifers are usually found
growing sporadically in association with Taiwan fir: Taiwan
Armand pine (Pinus armandii Fr. var. mastersiana Hay.),
Taiwan hemlock [Tsuga chinensis Pritz. var. formosana (Hay.)],
Taiwan spruce (Picea morrisonicola Hay.), and mountain
juniper [Juniperus squamata Lamb. var. morrisonicola (Hay.)
Li et Keng]. Abies kawakamii is one of 40 fir species worldwide
but has received little attention. The total area covered by
Taiwan fir is believed to be less than 20 000 ha (Taiwan Forest
Bureau, 1995), apparently because the world is currently in an
interglacial stage, a very restricted range; thus it is endangered.

Taiwan is thought to have been connected to the Asian
continent during the glacial maximum in the late Pleistocene
(Boggs et al., 1979). A more-recent land configuration
proposed for the late Pleistocene (0.2-0.02 million years ago
[Ma]) indicates that a large land bridge extended from eastern
China to Taiwan, the Ryukyus, and probably to the main
islands of Japan (Kimura, 1996), which would have provided
the opportunity for gene flow among haplotypes. Most of the
flora of Taiwan is thought to have originated from the Asian
mainland during cycles of temperature oscillations. Although
the land in Taiwan has never been covered by ice sheets except
on the highest peaks, the tremendous temperature and climatic
changes should have influenced species distributions and
evolution. Palynological records from a lake core at an
elevation of 745.5 m a.s.l. in central Taiwan suggest that the
temperature during the last glacial age was 8.0—11.0°C cooler
than today and that the lowland vegetation was dominated by
cool-temperate species and boreal elements (Tsukada, 1966,
1967). Taiwan fir was one of the dominant species of the boreal
element between 50000 and 60000 years Ma (covering the
time span of the maximal Tali glaciation), at which time
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Taiwan fir was widespread over low elevations. During the last
50000 years Ma, Taiwan fir has again recolonized higher
elevations. Such a contraction—expansion model is well
documented by pollen records in Europe and North America
(Taberlet and Cheddadi, 2002), but evidence for this is largely
lacking in Taiwan.

Subtropical and warm-temperate species that now comprise
large areas of the lowland and montane vegetation are
undergoing population expansion and colonization. In Taiwan,
glacial refugia were predicted to have occurred in two regions:
north-central Taiwan and southern Taiwan (Huang et al., 2002;
Chung et al., 2004). In a previous report, we used chloroplast
DNA sequences to document that the southeastern part of
Taiwan may have been a potential refugium for lowland plants
during the last glacial stage (Huang et al., 2002). Another
potential refuge site for subtropical and temperate plant species
was localized in the Hsuehshan Range in north-central Taiwan
(Chung et al., 2004; Huang et al., 2004).

Nuclear DNA is considered the fastest evolving among the
three genomes in the cell (Wolfe et al., 1987). In most
phylogeographical studies in plants, cytoplasmic DNA has
been used to characterize population structure and evolutionary
history, and only limited use has been made of nuclear genes as
a marker, i.e., glyceraldehyde 3-phosphate dehydrogenase
(Olsen and Schaal, 1999; Tani et al., 2003) and vacuolar
invertase (Caicedo and Schaal, 2004). Studies with these
traditional phylogeographical goals often use nuclear data to
corroborate initial results based on cytoplasmic loci (Hare,
2001). Even though the genealogical tree constructed using
nuclear genes may contain errors introduced by recombination
(Schierup and Hein, 2000), selection, and allelic discrimination
(Zhang and Hewitt, 2003), nuclear genes can more completely
reveal the mosaic of genealogical patterns evolving in genomes
in response to historical and environmental conditions (Hare,
2001).

In typical phylogeographic studies, descriptions of popula-
tion expansion from refuges have been based on pollen fossil
and molecular evidence in temperate regions (Comes and
Kadereit, 1998; Hewitt, 2000). In fact, several relictual conifers
in subtropical Mexico are of great relevance to this study.
Examples include studies of four species of Abies (Aguirre-
Planter, 2000), two species of Picea (Ledig et al., 2000, 2002),
Pinus nelsonii (Cuenca et al., 2003), P. maximartinezii (Ledig
et al., 1999), and P. sylvestris (Robledo-Arnuncio et al., 2005)
in refugial populations of Spain. The objective of this study
was to characterize the population structure and evolutionary
history of A. kawakamii in Taiwan using chloroplast DNA and
nuclear genes. We hypothesized that the high-mountain region
is the contemporary refuge for Taiwan fir and other species.
Results of the phylogeographical analysis in this study revealed
selected genetic characteristics of a refuge population of an
extant plant species.

MATERIALS AND METHODS

10t

Sampling of plant pop Leaves of A. kawakamii were collected
from eight populations in Taiwan (Table 1). The Hsuehshan and Tapachienshan
populations represent the Hsuehshan Range, and the remaining populations
represent the Central Mountain Ridge. Yushan reaches the highest elevation
(3954 m asl) in East Asia. Eight individuals were sampled for each
population, except only six were sampled for Wumingshan and seven for
Yushan. One sample of A. spectabilis collected from Deurali, Nepal (83.73° E,
28.55° N) was also analyzed.
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Polymerase chain reaction (PCR) and sequencing—DNA was extracted
from foliage with the following modification of a standard protocol (Murray
and Thompson, 1980). For chloroplast genes, we tested four pairs of primers
(Table 2). For nuclear genes, one pair of primers was designed according to the
GapC intron sequence of three Japanese Abies species (Isoda and Shiraishi,
2001). Mitochondrial DNA was also tested with two universal primers
(Demesure et al., 2000). The PCR using these primers could amplify a partial
sequence corresponding to intron 2 of nad!. A chloroplast microsatellite, which
was shown to be polymorphic in several Abies species (Parducci et al., 2001),
was amplified using the Pt30204 primer pair. The PCR solution was prepared
as follows: 500 mM KCl, 15 mM MgCly, 0.01% gelatin, 100 mM Tris-HCI (pH
8.3), 250 uM of each dNTP, 2 uM of each primer, 0.04-20 ng template DNA, 1
ng RNase, 0.5 unit Tag polymerase (Amersham Biosciences, Taipei, Taiwan),
and double-distilled water to a final volume of 10 pL. Amplifications were
performed with an initial denaturing of 2 min at 95°C, then 35 cycles of 1 min
at 95°C, 90 s at 62°C, and 2 min at 72°C, followed by a 9-min extension at
72°C.

Nucleotide sequences were determined by direct sequencing of the purified
PCR products on an ABI 3300 Genetic Analyzer with BigDye terminator cycle
sequencing reagents (Applied Biosystems, Foster City, California, USA). This
was applied to sequences of homozygotes or sequences containing few
polymorphic sites. Clones, however, were sequenced for each individual when
sequences contained many polymorphic sites and indels (p(GEM-T Easy Vector
System I; Promega Madison, Wisconsin, USA). The two sequences of a
heterozygote were differentiated by comparing the sequences of the PCR
products to those of the cloned colony to avoid error from Tag polymerase
(Okuyama et al., 2005). The evidence suggested that the present GapC
haplotypes were derived from a single gene. No more than two haplotypes were
identified per individual (as would be expected for a diploid nuclear gene).

Genealogical analyses—Sequence alignment was performed using CLUS-
TAL W (Thompson et al., 1994) with manual adjustment. Haplotypes and their
relationships were determined using the computer program TCS, version 1.06
(Templeton et al., 1992), and fragments of insertions or deletions (indels) in
sequences were treated as a single mutation event. Nucleotide diversity,
haplotype diversity, tests of neutrality, and determination of associated
significance were carried out using the program DnaSP, version 4.10 (Rozas
et al., 2003). Haplotype (gene) diversity and its sampling variance were based
on Nei (1987, eqs. 8.4 and 8.12). The standard deviation is the square root of
the variance. Nucleotide diversity, m, the average number of nucleotide
differences per site between two sequences, was based on Nei (1987, egs. 10.5
or 10.6), and its sampling variance was based on equation 10.7. The standard
deviation (or standard error) is the square root of the variance. Tests for
departure from neutrality on the total number of segregating sites were based on
the D test of Tajima (1989) and the D* and F* tests of Fu and Li (1993). To
survey possible recombination events, the minimum number of recombination
events (Rm) based on the four-gamete test (Hudson and Kaplan, 1995) was
estimated using the DnaSP, version 4.10 (Rozas et al., 2003).

Analysis of the population substructure—Measures of diversity (Gst) and
differentiation (Nst) were analyzed using the program Hapstep (Pons and Petit,
1996). Gst depends only on the frequencies of the haplotypes. However, Nst is
influenced by both haplotype frequencies and the distances between
haplotypes. Distances between haplotypes were calculated according to the
number of mutational steps separating the paired haplotypes. Thus, the amount
of substructure (Nst) can be calculated. A test of the matrix of pairwise genetic
distance against the matrix of pairwise geographic distance was performed
using a software tool for simple and partial Mantel tests (Bonnet and Van de
Peer, 2002). The geographic distance between populations was calculated using
Excel (Microsoft, Redmond, Washington, USA), and the latitudes and
longitudes in Table 1. To test if genetic differentiation might be geographically
related, we separated populations into four groups and tested them with analysis
of molecular variance (AMOVA) (Excoffier et al., 1992). AMOVA with
statistical significance was determined by permutation analyses to partition
genetic variation at different levels. Significance was determined by 1000
permutations.

The genetic distance, Dxy (Nei, 1987, eq. 10.20), incorporating the allelic
frequencies for compared populations, and the mean number of nucleotide
substitutions per site between populations using a one-parameter substitution
model (Jukes and Cantor, 1969) were estimated using DnaSP version 4.10
(Rozas et al., 2003). Thus, Dxy provides more information than Fsr regarding
divergence comparisons. In addition, the amount of divergence for each
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TasLE 1. Populations, sample sizes (N), and haplotypes based on the GapC intron of Abies kawakamii in Taiwan.

Population Location N Haplotypes (No. alleles)
Tapachienshan (Ta) 121.25°E, 24.47°N 8 A(5),B@3),C),D@,E(),I),J1)
Hsuehshan (Sy) 121.23°E, 24.38°N 8 A(2),B(2),C@,D(),E@)I(1)
Nanhutashan (Na) 121.42°E, 24.37°N 8 A (6), B (6),C (1),D (1), E (1), G (1)
‘Wumingshan (Wu) 121.37°E, 24.25°N 6 A@),B@),C1),D),F),G(@@
Hohuanshan (Ho) 121.27°E, 24.15°N 8 A (8),B(5),C),EM),F()

Chilaishan (Ch) 121.33°E, 24.08°N 8 A (7),B(5),D(1),E1),F(©2)
Yushan (Yu) 120.93°E, 23.47°N 7 A(5),B@3),CU),El),F2),HQ®)
Kuanshan (Ku) 120.90°E, 23.23°N 8 A(5),B((7),C1),D(),E@),G(1)

population from the remaining populations was calculated as the mean of the
pairwise values of Dy for each population against the remaining populations.

Spatial AMOVA (SAMOVA) was used to identify the population groups
that maximized the proportion of total genetic variance (Dupanloup et al.,
2002). SAMOVA was undertaken assuming two, three, four, five, or six groups
as simulated by the SAMOVA program version 1.0 (Dupanloup et al., 2002).

RESULTS

Sequence analyses and distribution patterns of chloroplast
DNA markers—We sequenced the nadl fragment of mito-
chondrial DNA in random samples from different populations
and found no variation in nucleotide sequences (data not
shown). One chloroplast microsatellite (Pt30204) was tested
using randomly selected individuals, and all of them contained
19T. We then sequenced four fragments of cpDNA (intergenic
spacers trnT-trnL, trnR-trnG, and trnL-trnF and coding region
rbcL), and only a few polymorphic sites were found (Table 2).
Fragment trnL-trnF generated three haplotypes: kawakamiil
was the most abundant one; kawakamii2 occurred in one
individual each from the Nanhutashan, Hohuanshan, Chilaish-
an, and Kuanshan populations; and kawakamii3 occurred in
one individual from Hsuehshan. Therefore, each population
had either one or two haplotypes.

Sequence and genealogical analysis of the GapC intron
gene—We amplified an intron of the GapC (cytosolic
glyceraldehyde 3-phosphate dehydrogenase) gene of 603 base
pairs (bp). In total, 122 sequences of 61 individuals were
obtained, and 67% of the samples were heterozygous. Ten
haplotypes were assigned from A to J (with GenBank
accession nos., Table 3). Haplotype H has an insertion of

194 bp beginning at bp 442, and the insertion was transformed
by a one-step substitution. The genealogical relationships of
these haplotypes are shown in Fig. 1, and the number of alleles
containing various haplotypes are shown in Table 1. Possible
recombinations were investigated by the minimum number of
recombination events (Rm) based on the four-gamete test
(Hudson and Kaplan, 1995). In a number of 153 pairwise
comparisons, no recombination event was detected in the
aligned GapC sequences of 10 haplotypes. Therefore, only one
GapC genealogy was derived from the TCS analysis.

Taiwan fir appears to have the closest relationship with A.
homolepis (Kormutak and Yang, 1998; Xiang et al., 2004).
Fortunately, several DNA sequences of the GapC of A. firma,
A. homolepis, and A. veitchii of Japan (Isoda and Shiraishi,
2001) were found to be available in the National Center for
Biotechnology Information (NCBI) databank and were used in
addition to A. spectabilis from Nepal (accession nos.: Nel,
DQ116587 and Ne2, DQ116588) as outgroups to determine the
ancestral haplotype of GapC in Taiwan fir. The haplotypes of
the first two species from Japan were rejected by the TCS tree,
and the haplotype of A. spectabilis was found to be inserted
between haplotypes A and C. Abies veitchii of Japan formed
another independent branch. Haplotypes F and H of A.
kawakamii were derived from another A. spectabilis.

Distribution patterns of haplotypes—Mapping geography
onto the haplotype network of GapC produced a complicated
pattern (Fig. 1). Among the 10 haplotypes found in Taiwan,
haplotypes A and B accounted for 63% (77 of 122 alleles) of
the total. These two haplotypes were spread throughout
Taiwan’s populations (Fig. 1, Table 1). Most populations had
six haplotypes, and most were generally widely distributed. In

TABLE 2. Primer pairs for chloroplast and nuclear DNA used in this study. Haplotypes and accession numbers are listed for Abies kawakamii.

Polymorphic
Region Sequence (5'—3") Base pairs characters Haplotype (Accession no.)
Chloroplast
trnR-trnG CTCTGATCCATCTAAAGCTC 950 0 (DQ112530)
GGATTTGAACCTATACCGAA
rbcL CTTCGTCGTTTGTGGATTAC? 1281 0 (DQ112531)
ATGTCACCAAAAACAGAGACT®
trnL-trnF TTGGCTTTATAGACCGTGAG* 413 2 kawakamiil (DQ116573)
CCAGGAACCAGATTTGAACT? kawakamii2 (DQ116574)
kawakamii3 (DQ116575)
Nucleus
GapC intron GTTGCCCAAACTCTCTAATTGC® 603 23 See Table 3

ACTCCAACTTCAGCCAAGTATGY

2 Refer to Suyama et al. (2000).

® These were designed based on the GapC intron sequence of three Japanese Abies species (Isoda and Shiraishi, 2001).
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TaBLE 3.

Haplotypes and accession numbers of Abies kawakamii

according to mutations of the GapC intron.
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contrast, haplotype H was only found at Yushan; haplotype I
was found at Hsuehshan and Tapachienshan; and haplotype J, a
singleton, was only found at Tapachienshan. Thus, population-

Mutation site of haplotype .
0000111112222222222333444555
Haplotype 0000111112222222222333444555 specific alleles accounted for 2.5% of the total haplotypes. The
(Accession no.) No. alleles 3780676052467890299862876670 rare I and J haplotypes both appeared at Hsuehshan and
A (DQ116577) ) GCATCTTCGTC--CTTCAGGATCGT--G T‘?pEChlef']lShan}’l which r'epresfenli ﬂ;{e H}SluﬁhSh;n Ralllcge’ a1}11d
B (DQ116578) 35 GCATCTTCATC--CTTCAAGATCAT--G ~ might reflect the separation of the Hsuehshan Range from the
C (DQ116579) 13 ACATCTTCGTC--CTTCAAGATCGT--G Central Mountain Range, which contained the remaining
D (DQ116580) 9 GCAGCTTCGTC--CTTCAGGATCGT--G populations,
E (DQ116581) 9 G--TTTTCGACCTCTTTTAGA-CATTTG
F (DQ116582) 6 GCATCTCGGTCCTCTTCAAAG-CAG--T . . .
G (DQ116583) 3 COATCPTCATCm e — e CARGATCAT——G Ana(ysts of the populattqn genetic sfructure—For the
H (DQ116584) 2 GCATCTCGGTCCTCTTCAAAA-GAT—~T GapC intron sequences, genetic differentiation among popula-
1 (DQ116585) 2 ACATCTTCGTT--CTTCAAGATCGT--G tions (Gst) was 0.010 (£0.0280), Hs (intrapopulational
1

J (DQ116586)

GCATCCTCATC--CTTCAAGATCAT--G

Fig. 1.

diversity) was 0.773 (*=0.0198), and Hr (total diversity) was
0.781 (£0.0305). The degree of substructure, Nst, was 0.015.
The value of Nst — Gst of 0.005 was not significant. Thus, the
spatial genetic patterning was determined to be very weak.
Moreover, genetic distances did not correlate with geographic

Map of the geographical distribution of the GapC haplotypes and the proportions of each haplotype in each population of Abies kawakamii in

Taiwan. Only elevations above 2700 m a.s.l. in the mountains are shown. Red dots represent locations of Taiwan fir. Colors indicate different haplotypes
that are shown in the gene tree. Relationships of haplotypes of the nuclear gene marker GapC (unrooted) reconstructed by the computer program TCS v.
1.06 (Templeton et al., 1992) are shown on the right. Haplotypes indicated by circles of variable sizes reflect the numbers of alleles found. A dot represents
a mutation for which a haplotype was not found within the sample. Nel and Ne2, two haplotypes of A. spectabilis of Nepal; Vei, haplotype of A. veitchii of
Japan (Isoda and Shirashi, 2001). Haplotypes of A. firma and A. homolepis were excluded from the network.
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TaBLE 4. Analysis of molecular variance based on the GapC sequences
of Abies kawakamii in Taiwan. Populations were divided into four
groups: Tapachienshan and Hsuehshan, Nanhutashan and Wuming-
shan, Hohuanshan and Chilaishan, and Yushan and Kuanshan. Levels
of significance are based on 1000 random permutations.

Variance Percentage
Source of variation df MSD components of total (P)
Among groups 3 9.848 0.03174  1.56 (0.21408)
Among populations within groups 4 9.249 0.02198  1.08 (0.28641)
Within populations 114 225.601 1.97896 97.36
Total 121 244.698 2.03267 —

Note: MSD, mean squared deviation.

distances based on the results of the Mantel test for Dxy (r =
0.110998, P = 0.319868). We suspect that populations of the
Hsuehshan Range and the Central Mountain Range may
greatly differ, so populations were divided into four groups for
further testing. Genetic differentiation among groups was low
as assessed by the AMOVA, and more than 97% of the
variance resided within populations (Table 4).

Nucleotide diversities (m) were extremely low for the
cpDNA marker (data not shown). Values for haplotype
diversity and nucleotide diversity varied from 0.68 to 0.83
and from 0.0050 to 0.0098, respectively, for the GapC marker
(Table 5). The Yushan (Yu) population had the highest
nucleotide diversity, followed by Hsuehshan (Sy), whereas
Kuanshan (Ku), a marginal population, had the lowest value.
The Tapachienshan (Ta) population had the highest haplotype
diversity because of the seven haplotypes recovered, followed
by Yushan. Overall, the DNA variation among populations in
Taiwan did not deviate from the expectation of neutrality,
according to Tajima’s criterion (D =—0.24877, P > 0.05) and
the Fu and Li tests (D* =1.39979, P > 0.05; F*=0.91182, P
> 0.05) (Table 5). The same tests were applied to the
chloroplast trnL-trnF sequences, and again, the DNA variation
of populations did not deviate from the expectation of
neutrality, according to Tajima’s criterion (D = —1.07583, P
> (.05) and the Fu and Li tests (D* =—0.94732, P > 0.05; F*
=—1.14678, P > 0.05).

Pairwise Dxy statistics according to nucleotide differences
and population divergence—The mean Dxy values according
to the GapC intron of each population compared with every
other population were small and varied from 0.0058 (Nanhuta-
shan) to 0.0083 (Yushan). Two peaks of average Dxy values
were found at Yushan and Hsuehshan (0.0073) (Fig. 2). The

TAaBLE 5.
according to mutations in the GapC intron.
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Fig. 2. Plot of the mean Dxy values of each population compared with
every other population against the population latitude in Abies kawakamii
using GapC sequences. Population codes are labeled according to Table 1.

peak decreased to low values for the Nanhutashan and
Kuanshan (0.0058) populations. The paired Dxy values of
the chloroplast #rnL-trnF intergenic spacer for each population
compared against the remaining populations were one order of
magnitude lower than those of GapC values (Dxy =0.2—0.5 X
10~%). Hsuehshan again was the population with the highest
value. Genetic divergence among populations was generally
fairly small, and Hsuehshan was the only location common to
both chloroplast and nuclear DNA sequences.

Zones of sharp genetic change—To investigate the genetic
structure of Taiwan fir in greater detail, we applied SAMOVA
algorithms to define groups and find the location of the most
important genetic uniqueness among the eight populations.
Table 6 gives the composition of the corresponding groups of
populations inferred by the algorithms, their associated fixation
indices, and their significance evaluated by permuting the
populations without considering their geographical position
(Excoffier et al., 1992). In the two-group case, Hsuehshan (Sy)
was separated from the remaining A. kawakamii populations
under investigation, yielding a 7.92% intergroup variance for
the GapC marker; however, this value was not significant (P >
0.05). By assuming that three populations are associated and
grouping them together (Sy/Yu/Ta, Wu, Ho, Ch, Na, and Ku),
we found that the three-group assumption had the greatest

Estimates of haplotype diversity (%), nucleotide diversity (m), and test statistics of selection for Taiwanese populations of Abies kawakamii

No. No.

Population sequences haplotypes Haplotype diversity (/1) Nucleotide diversity (r) D D* F*

Taiwan 122 10 0.780 £ 0.023 0.00648 = 0.00065 —0.24877 1.39979 0.91182
Ta 16 7 0.842 + 0.059 0.00542 = 0.00148 —1.08653 —1.62025 —1.69542
Sy 16 6 0.783 = 0.085 0.00730 = 0.00170 0.16672 0.83024 0.74399
Na 16 6 0.750 = 0.078 0.00491 = 0.00140 —-1.16207 -2.15816 —2.16691
Wu 12 6 0.818 = 0.084 0.00570 = 0.00174 -1.10118 -1.75900 —-1.80591
Ho 16 5 0.683 = 0.091 0.00598 = 0.00186 —-1.33477 -1.92511 —2.02895
Ch 16 5 0.733 = 0.079 0.00738 = 0.00193 -0.71622 -0.32392 —-0.49960
Yu 14 6 0.835 £ 0.070 0.00982 = 0.00161 —0.03590 —0.13603 —0.12485
Ku 16 6 0.742 * 0.084 0.00486 * 0.00140 —1.18511 —2.15816 —2.17427

Note: D, D test of Tajima (1989); D*, Fu and Li (1993); F*, Fu and Li (1993). See Table 1 for full names of populations.
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TaBLE 6. Fixation indices corresponding to groups of populations
inferred by SAMOVA algorithms for Abies kawakamii populations
in Taiwan tested for the GapC introns and for chloroplast trnL-trnF
intergenic spacers.

Marker Group Population groupings Fer P
GapC 2 Sy/Yu, Ta, Wu, Ho, Ch, Na, Ku  0.07917  0.12708
3 Sy/Yu/Ta, Wu, Ho, Ch, Na, Ku 0.09967  0.04301
4 Sy/Yu/Ta/Wu, Ho, Ch, Na, Ku 0.08361  0.01466
5 Sy/Yu/Ta/Ho, Ch/Na, Wu, Ku 0.07719  0.00098
6 Sy/Yu/Ta/Wu/Ho, Ch/Na, Ku 0.07367  0.00782
trnL-trnF 2 Sy/Ta, Yu, Wu, Na, Ho, Ch, Ku  0.1003 0.12708
3 Sy/Ta, Yu, Wu/Na, Ho, Ch, Ku 0.1194 0.00293
4 Sy/Ta, Yu, Wu/Na, Ho, Ch/Ku 0.1058 0.01075
5 Sy/Ta, Yu, Wu/Na, Ho/Ch/Ku 0.1009 0.00391

variance among groups and resulted in a statistically maximal
variance (9.97%, P < 0.05). This conforms to the result from
the pairwise Dxy study. The four-group assumptions (Sy/Yu/
Ta/Wu, Ho, Ch, Na, and Ku) also resulted in a statistically
significant variance (8.36%, P < 0.05). The five- and six-group
assumptions, although significant, had less differentiation.

SAMOVA was also applied to the cpDNA sequences. The
three-group assumptions (Sy/Ta, Yu, Wu/Na, Ho, Ch, Ku) had
the greatest variance among groups and resulted in a
statistically maximum variance (Fcr = 0.1194, P < 0.01).
The four- and five-group assumptions also resulted in
statistically significant variances but with lower percentages
of variance (Table 6).

DISCUSSION

The GapC genealogical tree showed that several species of
Abies have mixed haplotypes, contrary to what would be
expected of alleles assumed to have become species specific.
This is probably not due to hybridization/introgression between
distantly distributed species because the same condition was
observed among three Japanese species of Abies (Isoda and
Shiraishi, 2001). The mixture of haplotypes among different
species might be due to incomplete lineage sorting; thus, the
GapC gene tree does not accurately reflect the species tree. A
potential cause of noncoalescence is incorrect taxonomy. But
this is not applicable to A. kawakamii because morphological
distinctness was confirmed by Liu (1971). We believe that the
sequence polymorphism found in the GapC intron is consistent
with allelic divergence predating the speciation of Abies in
Asia. This result is congruent with the findings of Bouille and
Bousquet (2005) for the genus Picea in which intraspecific- as
well as transspecific-shared polymorphisms were detected in
the DNA among three distantly related species.

Characteristics of the genetic structure of populations—
The genetic diversity of Taiwan fir is extremely low in terms of
both mtDNA and cpDNA sequences, but is moderate in nuclear
DNA (n = 0.00648). Populations of Taiwan fir are character-
ized by a uniform distribution of genetic diversity. Populations
have similar numbers of haplotypes, and most of the
haplotypes are widely distributed. This uniform genetic
diversity results in low genetic differentiation among popula-
tions. Few population-specific haplotypes exist because of
exchanges of genetic information between refugia. Even
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though species of Abies have very long generation times and
heavy pollen grains, they apparently are able to establish highly
efficient pollen-mediated gene flow between distant sites
(Liepelt et al., 2002). Our observations indicated that refuge
sites of Taiwan fir slightly differ from refugial areas in
temperate regions that have high molecular diversity and a high
proportion of unique alleles based on many studies of
European plants and animals (see references in Comes and
Kadereit, 1998).

We detected some similarities with several Abies species
having fragmented ranges and small isolated populations. The
average heterozygosity (Ho) of Abies in southern Mexico and
Guatemala (A. flinckii, A. guatemalensis, A. hickeli, and A.
religiosa) is lower than the range reported for most conifers
(0.069-0.113, Aguirre-Planter, 2000), whereas differentiation
among populations is higher than that observed in most conifer
species studied (Fst, the proportion of total genetic diversity
among populations, 0.073-0.271). Populations of Mexican
spruce (Picea mexicana Martinez), an endangered species in
Mexico, are widely separated, and the F'st was 0.069 (Ledig et
al., 2002), while moderate genetic diversity (Hg = 0.125) was
maintained. A similar situation also occurs with Pinus nelsonil,
a relictual pinyon pine distributed across a wide elevational
range in semiarid zones of Mexico that has low to moderate
population differentiation (Cuenca et al., 2003). The present-
day Iberian distribution of Scots pine (Pinus sylvestris L.)
conforms to a warm-stage pattern, with fragmented populations
sheltering at isolated high elevations on different mountain
chains. Scots pine maintains high within-population and low
among-population diversities for neutral genetic markers
(Robledo-Arnuncio et al., 2005). Thus, in most of those
studies, relictual conifers have moderate differentiation among
populations. There is a strong correlation between genetic
differentiation and the geographic extent of the sampling. The
species studied in a restricted area had a lower Gsr value
compared to those studied across a larger fraction of the
species’ range (Petit et al., 2005). Because A. kawakamii is a
narrow endemic, its small range is a potential factor influencing
GST.

Petit et al. (2005) compiled studies of genetic structure based
on three genomes in seed plants and concluded that in conifers,
paternally and biparentally inherited markers also have very
similar levels of genetic structure, as shown by the relatively
tight positive correlation between the two sets of Gst estimates.
There is more heterogeneity in Gsrt estimates based on
paternally inherited markers than for those based on biparen-
tally inherited ones. Hence, Gst values at cpDNA markers will
reach equilibrium faster than Gst values at nuclear genes,
resulting in transient situations in which the Gsr of paternally
inherited genes is smaller than the Gsr of biparentally inherited
genes. This may explain how the paired Dxy values of
chloroplast DNA for each population compared against the
remaining populations were smaller than those of GapC values
in this study.

Phylogeographical structure—In theory, the phylogeo-
graphical structure is expected to be less pronounced at diploid
nuclear loci compared with cytoplasmic loci because of their
different effective population sizes (McCauley, 1995; Moore,
1995). In addition, a clear picture of migration did not emerge
from the nuclear DNA analysis. This may have been due to the
increased likelihood of encountering incomplete lineage sorting
with nuclear genes, which have a greater expected coalescence
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time than do organelle genes (Avise, 2000). In this study,
however, cpDNA had little nucleotide diversity, and a clear
route of retreat was not obvious. Pinaceae species are known to
have paternal inheritance of their chloroplast genome (Mo-
gensen, 1996). Even though the phylogeographic structure can
be obtained from paternally inherited cpDNA (Robledo-
Arnuncio et al., 2005; Walter and Epperson, 2005), this
cpDNA has generally obscured information about migration
routes. The effective role of pollen flow in homogenizing the
genetic structure of Scots pine has eroded the genetic imprints
of its population history (Robledo-Arnuncio et al., 2005) that
maternally inherited mtDNA markers seem to retain (Hu and
Ennos, 1999).

A star-like distribution of haplotypes indicating population
expansion was shown by Tajima’s D test for several local
subtropical and montane species: Quercus glauca (Huang et
al., 2002), Cunninghamia konishii (Chung et al., 2004),
Castanopsis carlesii (Cheng et al., 2005), and Machilus
thunbergii (Wu et al., 2006). The selective neutrality for the
nuclear GapC fragment and cpDNA shown for Taiwan fir,
however, had no evidence of population expansion and may be
another important characteristic of refuge populations. This
outcome probably resulted from a demographic history of rapid
contraction that eliminated most of the diversity. A similar
situation was found for relictual species of Maxipifion (Pinus
maximartinezii) (Ledig et al., 1999) and Martinez spruce
(Picea martinezii) (Ledig et al., 2000). Both species occur in
only one or a few locations in Mexico, and genetic diversity
measured by expected heterozygosity was moderate (around
0.120). Significant gametic disequilibrium is in agreement with
an origin from an extreme bottleneck (Ledig et al., 1999).

Population divergence—The degree of average genetic
divergence of each population in comparison with the
remaining populations can be used to examine the consequence
of historical and contemporary geographical population
subdivisions on evolutionary processes (Johnson et al., 2000)
and is important for reconstructing phylogeographical histories
that have evolved during pre- and postcolonization events
(Grant and Grant, 1997). Each population of common ivy and
of other species in Europe were genetically differentiated from
the remaining populations (Fst) as revealed by a latitudinal
pattern, with populations from the south significantly more
differentiated from the pooled remaining populations than were
either the central or northern populations (Grivet and Petit,
2002; Petit et al., 2003). Thus, population divergence or
genetic differentiation can be a useful criterion for locating
likely glacial refugia.

In our study, small genetic divergences, in terms of Dxy, of
each population from the remaining populations were found for
both markers, particularly the chloroplast DNA marker. Upon
closer examination, the mean values of pairwise Dxy for each
population when compared against the remaining populations
revealed that the common divergent population for both
markers was situated in a single location: Hsuehshan. The
potential refugia deduced from the extant pattern of genetic
diversity for Trochodendron aralioides (Huang et al., 2004),
Cunninghamia konishii (Chung et al., 2004), Castanopsis
carlesii (Cheng et al., 2005), and Machilus thunbergii (Wu et
al.,, 2006) also occur at a latitude identical to that of the
Hsuehshan Range.

Results of SAMOVA allowed us to identify maximally
differentiated population groups. The three-group assumptions
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had the greatest variance found among groups for both the
GapC and trnL-trnF sequences. This also led to the
identification of genetic barriers between Hsuehshan/Yushan
and the remaining populations. This result supports the
uniqueness of the Hsuehshan population and possibly of the
Yushan population as suggested by the results of the genetic
divergence (Dxy) study. Taiwan fir populations at Hsuehshan
and Yushan represent subalpine regions that still contain broad
areas of pure stands (Fig. 1). It seems likely that, during a range
change, retreating edges suffered shrinkage, dissection, and
extinction, such that the last surviving populations are likely to
be severely bottlenecked.
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2 Ry JiE R (ancestral type) » @i AH > ERE o HRLEERIELE( 7, nucleotide
diversity) /TR » KRV @A 3 B B S REE - 433 R AL rmgEL -
H S HE M SR R BRI 58— - BRIKIBUBL RIS 52 4 (h, haplotype diversity)§& =Hy %
FEo AR - WL~ SHPUEE ~ #IG L~ SEREMATERAL - AT AT A BRI SR LAR(CMR,
Central Mountain Range) “HIFJEHMEE WV - Gor) » BEBEHHEA R ME(Ge
= 0.723) » {BAEH SR LREY M ZRER G 12 G DI RAR B R s B GA  Fh S hkie SRR ARy
TS ER - R ILRE S A PYERHRRER AU B IK A i s P SR PE E - IRREEE
FIESKI A S REAE Hh R LI ER P (A TR LI B8 HE - ARIBTCSHIREER T ~ W
BT FE KR o0 i~ B SRR RE Y 73 (B (genetic divergence)F&EL » HEHIFE 1
AR E H 2 S L LR b o R 2 18 SR R 03 25— (kAT B ST DR T EREEEFT (potential
refugia) o F1 2R (star-like) YLK R L B AR AT ARl (neutrality test) 32047 - BEUREK
FERE IR IE B2 Y T 3R (demographic expansion)AJf&EL ©

S V7N

A IREFER R PIRC LK - HIERE D HEIE

LR/ C U NERRY STIR 1 2% S P AR

%

VYT (Quaternary) Uk i) F- 3
e B WERIEY) o3 i ~ PR E EE
B B RYSRE IR T - SRPYRCRAAARY
HI240 AR - KRHIAET OB - i A vk
HIRIRTVK AR S AR AEER » RRILERAE 108
Y QUKITIR - S AR 2E IR
RAYEIVKEA(Comes & Kadereit 1998) » E[I
FiraErMilankovitch cycle (Bennett 1990) -

i - SEAREZ AR - e W 52 Uk
HE - HYEREE - BRI IR
% - S EYE RIS - EERE
St it 5 B A AL S0 5 St I 15
2+ B LE M k2 P AR EEEE AT (refugia)
(Hewitt 1996) o Ukin[HHE # 1% 8 ARBRITY
vk 30T AE ) o Sl S i 1 S i kI
TR vk SR IRS B R 3 2E - THY

BXRE - R




R 1Y 4201 o [T AU 38538 TR JBE ] (selection
pressure) » 35 £ E JFE B St AT RES %
BiAEYIRER BRI - B R R 2 AU 1
t#{k.(Taberlet & Cheddadi 2002) - DIfE¥)
Mg @ B EEERZEE M - 2
HEPE 2 KA UK E 1% 2 BAYRS R -
an - ALEERE R E YRR B R
B HRAR Y I B« i[RI 8 LR M A FT E
IR R T HA A TR % R O B R EE A
R AR - FEAE AL B AR T 1A i R A
R o TR TR RE AR 1 0 & AR IR R e Y — 0
1348 B B AR H S B — B B BRI Bl 4G
K& (founder effect) (Davis & Shaw 2001;
Taberlet et al. 1998) » FTLUH 2R EILE
(e - T R SRR B 5 (Hewitt
1996, 2000; Tzedakis et al. 2002) » SEFEH
S G bEE R E SRR I - 28
FEEEsr{b.(isolation by distance)JERE - 52
—AJRERVIRDLE - BEEERT RN SR A 1T
SMERE - FOERIIRFREERTR - BRI
FE TG 2R SR E B b(Petit e al.
2003) «

BN A B 2 BT 52 5 M B S HE L
Fl R #5752 2 i il e iy L i (Comess &
Kadereit 1998) » FHA vk EHE Y 2 1H
PERHES - BLS BN KRR TEYRE BRI 53
5= ER2 R — R UK IS R 2% =T
HIEAASIR - Hi NERY E R (Huntley &
Birks 1983) » A {548 € S % — KUK HHEX
N =1 - B AT AL & - o il R bR
F1>f: B (Iberia Penisula) ~ £ AFI B (Ttaly
Penisula) 12 #5E: B (Balkan Penisula) °
B TR R BT = (R A A MR
F A N AEk R REREE R AT R » AR
AT HERL G AL R A S (Hewitt 1999;

FhR fecse

Brewer et al. 2002) » FhI_ 53+ T HAEH
H - S ]k A d bR R AT BR A8 (Ferris
etal. 1993, 1995) -

UTHEA o - Bl 28 £ (ol St Bl
B RIFHTEM LR » BHERS
DNA (organelle DNA)EE#58 {# (uniparental
inheritance) YR » #3536 FH Y #H G
BIFSE (Avise 2000) - fHPJHIHEZSDNA
FLFEZERBEDNA (cpDNA)FTKLFREEDNA
(mtDNA) » 35 ] BE o [] — 78 H A 1 B¢
KEARFEFEE TR - KRESRIH T HEY
RIARBEDNARIZERRBE DN ALY fy RERE
(Dumolin-Lapegue et al. 1995) - K288
HRF P S R 2 2 @ T AR - 5&
TR R R T IR B TR AR IR T B
MEZRHY RiF T H - LHZZERIEDNAAR
LA DN A% 7 7~ 25 4= B #H (recombination)
(Clegg & Zurawski 1992) » th EAH#AKM
JEsR(Wolfe et al. 1987; Li 1997) » AT LA
[ HES] T Z B AR BRI - KL Bk iS
DNARYZ B B8 5 - R R EY)
L G ot B P 5 B T A T L e B AR A
% °

AT B AR SR BN A TS I 3 e A1)
FHEE KBS DN A B A R AT Ay St B A
BT IEH A58 - Alloaks (Petit et al. 1993;
Dumolin-Lapegne et al. 1997; Lumaret et al.
2003)FIbeech (Demesure et al. 1996; Vettori
et al. 2004)5% - Ferris et al. (1995) ~ Petit
et al. (1993, 1997)f1Dumolin-Lapegene
et al. (1997)%FF|F EE4% IS DNARYERHHI
ZWloaksMIAlnusZ BERYE B - I
B Ji R A T8 2e vk il 5BV T B Y
EALRESD - B Zri e S R A3
F(lineage) 21 » MR EEA [ cpDNA



lineageHt {175 S| RHE R E WM AR B 8T
FEI PR R © Ferris et al. (1998)F]FcpDNA
B SRR T R AR UK T ST B I oaks BT HH LAY
ZIRERER - MHETEE SR 2 e R P
EARFEIRY SR - Matyas & Sperisen (2001)
BERE it Y B2 HH oakes 1P i fr 7 B 1 L& 1y
1R - Demesure et al. (1996)F|FHcpDNA
e EM I LR (Fagus sylvatica) IR
i - cpDNASE 53k 11 B 2 BR IR AU
(haplotype) o naiMl@&AIHFSE » A1Tomaru
et al. (1998)F| HmtDNAWFZE H A [LF48
(Fagus crenata)fFe P 78 (848 SRR 5 3
HIEA{R > FHmtDNARYEE B EUR HA LS
PRELS Y53 R AT B 1 — KUK A R
% B H AR P s R AR g A
B TEERHONIERAL T PR )R - Fujii er al.
(2002)F|FHEERKBEDN AW SC Fagus crenata
BTGB » 134 cpDNABLKIRYETE Ky —
fEFE M clade » SFFF. crenatafE £ vkinl HH
RS TR ROT IR R R AR  — Rl
HAWN R - S— R AR ER I
e o

B Ry R B AR SRR RIS R AR
W Rl 5L A= W SRR Ty S A v
HIAEENME: » 38— Wy s [ 3 B A o Bl ey
TEPIRIRE R IR A UIRRTR - GHEEE
SHRINVEFRTI AR — KUK - ZERI
RIS R+ fE =20 S Bl rh ] R R
ETREREE S ] R HBEEIIREE - T
YIRERIAZIR - VKRG RSRAR I - i
W /RAL BTt B A W S B K
WEbmRE - S ARITEY IR TR - 2P
A S I  TT 2 - ZEATFEYIREEL » &
FESEPURC LA %2 (JKEE*DF'EJVKEE”\**?E
HIRDE N AETHYASR » K] LB AR Y

KWE ~ HAMGERE F A & A
T WA ETIRREESE - e
R M (Hsieh er al. 1994) - G5 EHEY)
HIFHBARRSE » i P2 H Zallozyme marker
FrERIE R - Lin (2001)LLallozymeRjff
FeEE S oA (Michelia formosana) 38 {8
B RS HMYEER - BURE
TR P R B L i = Y TR
LR 2 R o BRI HE I 5 1 R L
Wt 2 vk IR B AR Y B EEE P © Wu er al.
(2001)[E] B Llallozyme Fymarker£E5f B
Wi#E (Trochodendron aralioides)ZE %)t
PRIE (38 52+ [F) AR 1S o Bl ot Lt fk
FEEER BRI R - Huang ef al.
(2002)FI HIZ B E M (Cyclobalanopsis
glauca) W FERRBEDNAZZ [ B 5L » HEWH]
2 R R Ry T MR AE b — R UK HARY
SEEHERT - Hwang et al. (2003)FI] FHZEREk TS
DN A JF i i & 09 e 5 &k B i A A2
(Cunninghamia konishii) A HIEE » ZEIR
EEELVREEEESE - I BSRHTHY
5L R SEARUE (bottleneck)HYEHE.  Chung
et al. (2004) L AFLPH5E R AZHYE (5 57 52
A RS S K IRATR
FEBEEFRAYERSE - Huang ef al. (2004)iff5¢
RV RIAR T M B A B s B - B
1EH ~ EERILIE AR #8247 06752247 46°
& [E1 Ry EEARIRES n] RERYREEE T © Wu er al.
(2006) FHEERFHEDNAFES » WFFCRL M
(Machilus thunbergii) FIKIERI(M. kusanoi)
ARG B » R A o LIRS (I A BB
oLy I F2 8 R La(diversity center) » K
ﬁﬁﬁ’]ﬁfiﬁ? HUM A SR EE R RIZE T
o FHIE LEIFFCAERIAS IR - TTHREH
B — RUKF B 2 E YR - A

BXRE - R




AN (AR R R S B S A R SR 22
5 EHRRS SRR R A B
R o Ry HE R R B G EE YN LRE SR
FITE R B R 0 S 45 A R R B0
YT - A HVREE TS BRI -
RSB BIYH fk S

T B3 R I L& (8002300
W) BEMachilus-Castanopsis PRI
evergreen oak M HEYHY EE BLAH A8 (Hsieh
et al. 1994; Shen 1994) % sLRHEYIAHT
HAERMWELR - F-FRRA BT RESERE
HEFEERR N 0 EEAEBERGE5E
RS - R R EE ST R R
TEMBRA AP APRE o« AR REAEEE
fok e DN A Ky 838 B AR PR A 28 [ AR A Yok
TIHARY T REREEE T AT B - [FIRF AR IR
FRBE DN A KL KR fr b 3 45410 5 S B vk ]
SRR RS » ARG O LR LRI
TRAIZRREFR B Pl Jo Y St EE S B

MF %

— o HuBR

METE 2 BRSO RS IR -
SEEF20 1 {E BiLAR - B —IRBEAES- 1 IPRZH
(Table 1, Fig. 1) o S HERED AR A FIHFK
TR AR I, AR AT AN A A 4l
—REHR IR E A TR T - TZHIEL
VKAV BUR BT SN ARG B Rz MR st 7k
WoRRTR - AR E B = BN -80 CUKFEIRTF
fiiFe

— -~ BEMEHEEZ FE(PCR, Polymerase
Chain Reaction)F[1’E F#(Sequencing)

HERTERY-80 CORFERIBEA - LU RE

FhR fecse

R o R ERR RARRER » DL
Plant Genomic DNA Miniprep System Kit
(Viogene, Taipei) f#EfTHIDNARYZEHY » ]
F — B EE Rk S DN ARy JEAR IS [ (noncoding
region) B¢ » LfE—FEKIA & - (mL intron)
(Primer 1: 5°-TGGATTGAGCCTTGG TATGG-3,
Primer 2: 5-TCTACCAGCTGAGCTA TCCC-
3)F1—EL K B B% (IGS, intergenic spacer)
trnV-trnM (Primer 1: 5’-GCTATACGGGCTCG
AACC-3’, Primer 2: 5’-TACCTACTATTGGATT
TGAACC-3 FFFI53HT »

PCREFEIKDNA Fr BEARNFE T ANE] » arml
intron Fy B BT 16644 595 °C 5438 denature
% > 94°C 14758 ~ 52°C 14748 ~ 72°C 14748 »
HE3SEER - RN E10535E72° CHILE
RIE o trnV-ornMFr BT 5 195°C S
534t denaturets » 94°C 145388 ~ 62°C 143
i~ 72°C1or4 - EHAEISIEER - AR
1073572 CHIZE R S JfE - PCRIERARAETT
BRI - FESPCRASIE G HAEY) - &
Y15 By B — 1567 B Fr BRRKIR I - TR
BRPCREYIHET TE P T -

=~ 5EEB S (Genetic variation)F1H %R
1243 81(Phylogenetic analysis)

LlClustal W ( Thompson et al. 1994)
EITRYILLEYEE - BEFKMEGA
FIPHYLIPHE = o F]FHDnaSP 4.0 (Rozas
et al. 2003)KBE TR H PR IR R (7,
Necleotide diversity)(Nei 1987)F1E &R
[KI%Y 15 22 B (h, Haplotype diversity)(Nei &
Tajima 1983) o Rtk 241 - FIFH Tajima’s
(1989) Dtest ~ Fu& Li's (1993) D* FIF* test&
=R E TR T A R (RS A E (Neutral
theory test) °



FIFHMEGA 3 (Kumar et al. 2004)
#R 4 » DIKimura 2-parameter distance
(Kimura 1980 ) #1THE KKK
Neighbor-Joining unrooted treef’Jt - |
FHTCS (Clement et al. 2000)EEL[KIZE A 53T
(genealogy analysis) » A% B 2 [K] 7Y R
HUBERR R -

VY ~ REERS AT 2 (B34 (analysis of
genetic structure genetic divergence)
DAHapstep# fie & 1 5525 HR A 5 52 K Al
SEELIEE(Pons & Petit, 1996) - L
IR g — FE KB R Fy — J L o2 L 5k
Kl(allele) » 35— J7 ik EEHE A HY T
PR AR R H) ~ IR P R

(HO)NGEEMEIEE(Gs) 5 A— Tk Rt
FREF SRR H(S) ~ SRR IRR B A
(V)RR EWsr) - —(EEEUE
FEHFZEFE G T A R AL K R 4R
o NobRF BB AR B R R SRR 2 5 - B
[ R gt 55 D Y Y S (B © G NNy
{ELAYZ2 B AT HIAR A B IR R S A e %
BRI 1 S R 7 S N AN AN Bt [ P
TR A RSN M A - B2 ]
— JEREE A R T A B BRI R - BN KR

GST ’ NST- GsTj%LEE’fE ’ jﬁ%ﬁ%ﬁ%%ﬁ °
%NSTEQE%/J\ﬁ/Q\GST > Ngr - GST%EE%,%\

{H - ARERIERFRE R SRR = RAEH
PRGN ATHES H A [F]lineage
(Pons & Petit 1996) -

Table 1. Population numbers, sample sizes, estimates of haplotype diversity (h), nucleotide diversity ( 77 )
and haplotypes of Castanopsis carlesii sampled in this study.

. Sample  Number of Polymorphic 3 Haplotypes
Populations sizé)s haplotype ysitesp h nx 10 (no. ofrzndi}\,gduals)
Total 201 28 26 0.761 0.95
1. Yangmingshan (YM)BZHAL L 8 1 0 0.000 0.000  HI(8)
2. Kungliao (KL)E % 6 2 1 0.333 020  HI(1), H2(5)
3. Fushan (FS)fig[Ll 6 4 5 0.800 1.16 ~ HI(3), HI7(1), HI8(1), H19(1)
4. Tungyenshan (TY)BEHR[L| 10 2 1 0.200 0.12  H2(9), H16(1)
5. Tungao (TA)HEE 9 2 1 0.222 0.13  H2(8), H16(1)
6. Sanhsing (SH)= 2 6 2 1 0.533 0.48  HI(2), H2(4)
7. Kuanwu (KW)#H7% 5 3 2 0.700 0.48  HI(3), H2(1), HI2(1)
8. Chenghsipao (CH)$H7G {2 7 3 2 0.762 0.57  HI(2), H3(3), H5(2)
9. Litungshan (LT)Z=Hi| L] 6 2 1 0.600 036  HI(3), H2(3)
10. Chialishan (CL){: B 1y 3 2 1 0.677 0.40  HI(1), H2(2)
11. Anmashan (AM)## 1] 5 4 3 0.900 0.84  HI(1), H2(1), H11(1), H12(2)
12. Lishan (LS)&Y[L| 5 2 1 0.600 036  H3(2), H4(3)
13. Liyushan (LY 1] 8 2 2 0.500 030 HI14(7), H20(1)
14. Juisui (JS)HH7s 5 2 1 0.400 0.24  HI14(1), H15(4)
15. Meifeng (MF)fgil 8 3 3 0.464 0.45  H3(1), H6(6), H28(1)
16. Lienhuachih (LH)3##E 6 5 4 0.933 136 H2(1), H4(1), H7(2), H25(1), H26(1)
17. Tataka (TT)ESE5 5 2 1 0.400 024  HI(4), H2(1)
18. Alishan (AL)FEE (L] 6 1 0 0.000 0.00  HI(6)
19. Tengchih (TC)A% 7 5 4 0.857 0.69  HI(1), H8(3), H21(1), H22(1), H27(1)
20. Nanheng (NH)Fgfs 11 1 0 0.000 0.00  HI(11)
21. Tona (TN)Z# 5 1 0 0.000 0.00  HI(5)
22. Peitawu (PT)Jb A 6 2 1 0.333 020  HI(1), HI1(5)
23. Tahanshan (TH) AL 6 2 1 0.600 036  HI(3), H2(3)
24. Shouchia (SC)3E+ 9 3 3 0.470 0.40  HI(7), H10(1), H13(1)
25.Nanjenshan (NJ)EF{= 11 6 1 0 0.000 0.00 H1(6)
26. Hsinkangshan (HK)g#&[ L1 6 1 0 0.000 0.00  HY(6)
27. Lumingshan (LM)EERE[ | 9 4 3 0.694 0.50  HI(5), H2(2), H23(1), H24(1)
28. Lichia (LC)Fl|3% 10 4 6 0.644 0.91 HI1(6), H9(1), H10(1), H13(2)
29. Tawu (TW)AZ, 6 2 1 0.533 032  HI(2), H2(4)
30. Taimali (TM) Ak 6 1 0 0.000 0.00  HI(6)

- WIEE




Table 2. Estimates of haplotype diversity (h), nucleotide diversity (7 ) and test statistics of neutrality of
two noncoding spacers of cpDNA.

No. of No. of
No. of sites ) polymorphic h T D D* F*
haplotypes .
sites
Total 1663 28 26 0.761  0.00095 -1.79054* -1.96175  -2.27687
trnL intron 801 21 21 0.734  0.00148 -1.80135*  -2.18348  -2.443368
trnV-trnM 862 6 5 0.239  0.00045  -1.04333  -0.16634  -0.55017

HREEEIRYE B4 {b(genetic divergence)
PRARIB R RE N EERRBE DN A FR 3138 1L -
F]FArlequin (Schneider et al. 2000)31 5L
W R AL E Y Pairwise Fgp (Hudson et al.
1992) o 3 A5 — EEFHE B Ho AR
pairwise Fy~VI{E » BEGEE ML VH9E
(mean Fg;) (Petit et al. 2003) -

HREFW

— ~ BERRHSDNAR Z BN E

B EERRFE DN AFEHRAS & (noncoding
region)Jf#41 » FHEFF & 441663 bp
HrynL introndt G 80 1 {EAZ T » trn V-
(MR S62ERL TR - 268 (1.5%)%
#1437 BE(polymorphic sites) » A1 81 f
Bhoes#h(point mutation) » S84 2 B LA BL
e H A indels (insertion and deletion) o FLER
B IEARAS R BRI R - R L
intron( 7 = 0.00148)HY % B8 %) By trnV-
trnM (7= 0.00045)f =45 (Table 2) « &
TR RIS S ()2 0280.00136,2
i » SFEE9550.00095 o Horh DA A G
BRI (LH) B A i = AR H BRI R A
(7=0.00136) » HX FyIt5E@RYimRLI(FS)
(m=0.00116) » BEE Ry R A HIFFE(LC)
(7=0.00091) (Table 1) -

fH & B vl L 1S 2 8 4l B A AL
PSR - i = S R NS 9ics

FhR fecse

(haplotype diversity) /1 i20%£0.933, 2] -
I F60.761  SEHFM B K mIVHE
BRI SRS (h= 0.933) » R Ry 511
(h=0.900) - #E FsiReise(h = 0.857) ~ i@l Ll
(h =0.800) ~ $EHPHER(CH)(h = 0.762)% - 7
DIERBISHENS @ EElEREE R
AYEERIIU B E (S1H) » Bkt EBLSH - g
o~ BRI~ RIS LM IR E B A 4
{f# (Table 1) o

TERkHE DNA RAEEEEME - R5%
B CKES BT K2 B R R
M - JEARAS & (noncoding region)Hy 5
F1 - 5 FE AR Fr B (intergenic spacer)l
A& F(intron) » 58 & 1'F Ry J8 P e L] B
TGRS (RS S0 B LB R Y BB
PR RS2 T E(Soltis & Soltis, 1998) « H
JA 2 B il W Y SRR A — 5 - iDL
TSR A S O L BRIP4 RE
SE1S 5 245 S Ik (informative ) Y38 B -
FIHAMT IS EA R LR - R
L B A 7 = 0.00065, Huang et al.
2002) ~ M (7 = 0.00052, Huang et al.
2004) ~ £LHR( 7 =0.00031, Wu et al. 2006 ) ~
KIERE( 7= 0.00051, Wu et al. 2006)F17%
(7= 0.00038, Ma 2002)% - ZZ 5 fERY
T EES A RIS Rk R
M TEFZER » IR ZEIERE L
QTSR 0 Ry 7 WA T GEREEE T (Huang er
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Fig. 1. Map of East Asia and Taiwan and the geographical distribution of cpDNA haplotypes of
Castanopsis carlesii. Only the sixteen haplotypes that occurred in more than two individuals are shown.
CMR, Central Mountain Ridge; HR, Hsuehshan Range; ECR, East Coastal Range.

al. 2002) » B ARSI FL R R LA b
#il(Huang et al. 2004) » rh o[ L&PY I 1
AEER R RLAR A I SR Ly » RIS
FEFUOAT R BRI RAIER T —7F - A
el e ] L JRE SR A REER B 7 SR I [
BHESR - REMBNEZ MR
BHEY) - JLEBRELL(FS) (7= 0.00116) » th
FSHEEE(LH) (7= 0.00136)FIRFIEAFE
(LC) (7 = 0.00091)Fs = (KL RIS FL R
TR IR o B ORI U b R 8 A vy ey S
it (h = 0.933) » HXFL#HILIAM)(h =
0.900) » REAERyIBERL(TC)(h = 0.857) ~ I LI
(h =0.800) ~ $HFHER(CH)(h = 0.762) - #iFE

N

¥

Fig. 2. Seven lineages of cpDNA haplotypes are
identified using the Neighbor-Joining unrooted
tree.
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25 R 52 55 =8 g BRI SR e BRI RE -
Lineage IFIVIE {1 A E R R &
FHEKHYLineage » & SMEEL AR » 5351y
HI ~ H11 ~ H12 ~ H13 ~ H24f1H2 ~ H16 »
H17 ~ HI8 ~ H19 « DI S » 15
Lineagefiff Fy 12 53 ffify Lineage » (A5
M SRS A SR R - 1 H B Ry 5 s
AR ILZES » Lineage RIS
Ffl T » Lineage VILIJEE s 3= - Lineage
ITEHHORTH234H K, » (PR B FE S
NS LT s L LI A HF - Lineage TVHIHY
H3 - H4 ~ H5 ~ H6 ~ H7RIH28%5 6 £ X
RUMHRK BRI S flineagefE /i
SEPGER ~ BUIL) ~ FREIGAHE 3 PO R -
Lineage VELFEH25F1H26 —{fFLRI#Y » &
SIASEHERD - ERFIFAARIHIATH2E] bp
HI7EEE » FEETHAA FEAE AU © Lineage
VIIFHH14 ~ H15F1H20 = & B K R -
{E 5T B R B AR AR AR L R -
e R AR AR Lineage (Fig. 3) -

=~ BRI PR o A B R £
FKFE R B % 2T (genealogy
analysis) B[] F A 43 A7 B (K] AU 2 [ Y
R B PR B AL B AR o AR 98 091 i B G
(coalescent theory)(Hudson 1990) » fH¥R 4
THACHYRERIA RS - | [ [l A SR E A
HIPERE » A& Al 2 — [ aaRy S [EIRHSE -
MR 3 R o3 AT it 2 BLRY ARG IR - A2 FR
(interior) 7 EXAYBELRIRY - HE LI &2
A 58 FAT AR HE HA A BRI S5 e A
R A R RS R4 o B AR HE KT B - 1
BARATA Y BRI AU R S M E B2 AL
R R (tip) A7 & (Templeton et al. 1995) o
R LRI 3 R 43 AT IO A5 SR+ AT I BR [X

FhR fecse

RIEREA LS RIEY - AR SFERRE
Fig. 3. The geographical distribution of 7 lineages
of haplotype, divided by the unrooted Neighbor-
Joining tree using MEGA 3 program.

FE B A 4 3R A R R R 1 34t B8 3 - mT
SR HE T ok YT SO S 5 T ) 7 ' G B £ K
TR PR RATES AR o FHTCSEE R R 5>
M7 (Fig. 4) » LS EI28EELXIAY » Hep
HIFTH2 Ry —flf 5 g B R 7Y« H1H B
RS THIE B (43%) » H2BL[RIAY A5 44 B
PR(22%) © 38 8 5L KR 3 B A KR
SYIGEEE - AEAE R ERIALLILS) ~ Ml
(MF)FISR AR S Fa L LI(LY) ~ BafRIS)FIHT
PELLHK)SEERE » AR H IFTH 2 A4
I ALK (Fig. 1) o FHHURTH2:E Ak
RIZUAT A HA 2 6B KA - H3RTAEH
H1 » XHEH3f74HH4 ~ H5 ~ H6 ~ HT »
H28%5 71 {f B [KIBY - FHH 1A RH28 » 1
LR S RAYZERE » BB ARE -
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Fig. 4. The genealogical relationships between haplotypes of Castanopsis carlesii based on the trnL
intron and #rnV-trnM spacer of the cpDNA genome. Each line between haplotypes represented a
mutational step, with numbers on lines indicating the variable base pair position.
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e B A6 114 381 Gy 5 Ry S e A LA
TE TR B D52 R B 11 56 [R5 48 (genetic
drift) 522 - jfif 52 Ki#(selection) FIfE
FER/N(demography )5 B 55 [K] 32 (19 52 2
(Kimura 1983) ° F/|FIDnaSP#k &0 = f&
i PEEL  Tajima’s D test » Fu & Li’s D* test
FlIFu & Li's F* test = 30flfERES IF B F51
Fr i EE A 2B AED = - 1.9054 5
D*= -1.96175 ; F*= -2.27687) » Hrhf#
Tajima’s DFs#135 &{E(p < 0.05) » S3"FHA
EEE - BHUMMEEKRE - #rhol
AR — IR R 53 RRGET - PEES IR Fu &
Li’s D¥FIIF*#] 2 fi3 & {E(D*= - 2.48941 ;
F*=-2.53368) » Tajima’s DEIREEE ; B0
TERE =A@ HI{E A BE3 (Table 3) -

BRI 3 0 2RI R
SHKIFRAY R » 3 R B I B TR SR A

(Hewitt 2000) - BHHITEYIREHE R EE
< NHPEEITER - Rira THEH N ek
BB - G A T 2 T A TR 3
e ER - BRI &
#} (Tsukada 1966, 1967; Kuo & Liew 2000;
Liew ez al. 2005)  fit LABEHET T ki Hil5p 2
[GREHEBIEGEERIR RS - EREM T &
BHGETTHEN] SRS HEYIIREER BN E
LRI 53 - HCE B T 2% ok T HA
AR BB SR AR ERE © FHTajima’s D
test2 L EH - HURR B RERL I
e WIEIRAY R - HTCSELKIGE R 74T
UK P BRRIRUER AT AR B A R 2R AL
[RIZY - BESRA SE L AR R LA AR by B
RIAERGE 2 OB A - BRI S
28l FL XY 52 BEADLUER R (star-like)HY 3% %
» BA7Rfrecent range expansionfJEH L -
Range expansionf U F= Uk HARS 1%

Table 3. Population numbers, estimates of haplotype diversity (h), nucleotide diversity ( 7 ) and test
statistics of neutrality of Castanopsis carlesii sampled in this study.

No. of
No. of No. of . * *
populations haplotypes polysr?tggphlc h T D D F
Total 30 28 26 0.761 0.00095  -1.79054* -1.96175  -2.27687
‘TVe.Sten} 19 20 17 0.761 0.00087  -1.50225 -2.48941%* -2.5336*
arwan
1]§a_stemz 11 11 12 0.750 0.00099 -1.02965 -0.76420 -1.01878
aiwan

"included populations 1,2, 3,4, 6,7,8,9, 10, 11, 12, 15, 16, 17, 18, 19, 20, 21 and 22.

% included populations 5, 13, 14, 23, 24, 25, 26, 27, 28, 29 and 30.
* P <0.05.

Table 4. Analysis of population substructure of Castanopsis carlesii in Taiwan.

Diversity parameters Total West of CMR* East of CMR"
Hy 0.123(0.0403) 0.147(0.0571) 0.082(0.0495)
H; 0.444(0.0532) 0.413(0.0637) 0.496(0.0817)
Ggr 0.723(NC) 0.644(NC) 0.835(0.0574)
Vs 0.087(0.0307) 0.104(0.0434) 0.059(0.0382)
Vr 0.379(0.0797) 0.326(0.0788) 0.450(0.1382)
Ngr 0.770(0.0661) 0.681(0.0630) 0.870(0.0834)
Ner-Ggr 0.047* 0.037 0.035

*included populations 1, 2, 3,4, 6,7, 8,9, 10, 11, 12, 15, 16, 17, 18, 19, 20, 21 and 22.

® included populations 5, 13, 14, 23, 24, 25, 26, 27, 28, 29 and 30.
* indicated significantly different from zero at the P < 0.05 level.

BXRE - R




FHAEEE ATV SRER IR LS MR - AEFRBERY
SR AR P {18 G P A O BRI Y - BB R
MM - Fr DRI BRI 2R AR
JIATT 3 I TS S0 T T B AR TR ]
R RRR -

N IREERS RIS

PRI ERG R R B R A L
B - JEEEMIEHGs, = 0.723 » 55—
IR = 0.770 (Table 4) » —FH¥HH
NERHEEA SER ML KESsT RS
FEAERIRREZ [ » Noo MG {HIIZE 2 7S
W TR 2 S 2 A S
1 o 25 [El— TR Bl e P Y S R 2 2 B
/NEOEEE > PRI S RLRARRTAE H R —
iR (lineage) 5 # HAFAE[R] — R AF Bl b
A BE R R PR = A AN (R G R el b R
it - HIIZRRaE e BRI AU IR AT 4 B S A3
F v (i AT RE R MESE A E R B B I -
Fi]Hpertumation testhifll &N Bl Gy, &
Y72 SR (p < 0.05) » BIFORIEREHA
BHEARY IO BRASHE o W3 OfE IR Ny -
FFF(p < 0.05) » FoREEIMEAYRERE
TERFRERY B[R B 534 2 B FH REAY B RS A
ARG E R R B RRY R KA
MESEAREIMEER -

#5 R o LR R S B AR
FEEIEREH, = 0.147 ~ H=0.413 -
Ge¢1=0.644 » 5 —188V,=0.104 -
V:=0.326 » Ng; = 0.681 » Ng Bl G 7
SR FENE - RES R ZHe= 0.082
H:=0.496 ~ Gy fH=3#0.835 » 55—58
V=0.059 ~ ¥;=0.450 » N;=0.870 » Ny, Eil
GoHMYZ A BEE M - Ll 2R M

FhR fecse

R LARERPY —IREF2CE - 25 H G
SOt AE - e R 1
{E(Nsr B2 Gy) » IRAIREAY SR AR A58
SHCEE R PR RRE

5~ UK P

KT ST S P W bl 1) G B R,
ELEAIA R B R e ek &
K st N AER AR ~ BE RS - AT
(B4 — IR AR IR R R o AN B HE o i
HEPrALE - MHAEA BN ENE
K A REE IEEISE I — I AR AR IR DL -

Bthz Oh - I FLEE (genetic diversity)
I SEANINESR SRR eE i) v
TERFIE KR - TERRUKIIIGR R R A
Frr - B2 YRR R G REE Mk
EIS SR R B (Hewitt 1999) » AN#fR
FEIb B SR 32 R I L R A Y 2 A X
F B E AR B S A
LI » ATREZE| AEAER R -
M AJRERAERMREE ~ BREEEALI - 581
Wb AT RESE — A B A B R B R IR E
WL - AT B A W B AR AF
22l - Wt A 5 R AR -
HREBEATA - PTG e & B %
oS - KSR IRy L T AR Ty
S » SE MBI ERAREEE AT SO (refugium
effect) (Tzedakis et al. 2002) - 53—F&EA]HE
MR iE Se b S SR, IR R AR
VKA FREFE RS R AR &R - RE A
R P B $ IR A B oL 1R TG —
B I SR v A AR U IR A+ GBS TR
admixture effect » 35 2675 5 B A9 B 15
8 Fymelting pots (Comps et al. 2001, Petit
et al. 2003) -



TR AL R LARPE T~ RS
HTBRREAIE e ~ 8 K6 LA LIS e R o
A B S R SR (7 = 0.00136
0.00084 ~ 0.00116)F1EE K ZI 5 FL & (h =
0.933 ~ 0.900 ~ 0.800) » 5% EL K T2
B EE R o Hro LR ARG E A
FEMR BRI R (7 = 0.0009 )T
BIEREFIE - (HEaHT 2 R A RIE
S e S W s BIATHO 43 i S 5 A
Frigil - HI0ZMf R HIZEMIER - H14
HISFIH2053 fi A B AR A L« 55—
S AR R e S{E fy A A A
AU o PR BRI SR R AR R R B SR A S H
ESE RV - RS UK IR REEE Frr
FRAEIE SR A [EIE 2 ARIE & R A R
RS AR SR - LA i =B S A
TEREEANR LA A KIZY(h = 0.800) » H
PEEEA 3E ALK (h = 0.762) - BFEH 3
FERIEI(h = 0.700) - 35 {8 W&k = E G AL
M B SME ER R B - HorhoflE B A B A
FLRIRY - H3 Ry fiT A4 EHIRY B BRI 2
— > lHH3EATAEHHA ~ H5 ~ H6 ~ H7HI
H28SE SIE AL KA - A BRI &8 7S E A A
HUERMEE A SEPE R ~ BLIL ~ HelgeA s
Moo EHTBISESR - HIREPEE L
BRI B X R H AR SIE BRI B R [ 4G
AU - RRPEEL KRR A B R PR AR A B K]
BRI B - Al HEHIGHPE R A L ~
Rl IR R SERL = 3t — JER R 2R U JER B (source
population) » BL[1] ~ MEIEFIEIE M EEERY
FERAESRIAY ATREHE T 2K » AR R
A E - ATHEHI RSP G ~ IR
EERILE— - LRIEAEZ I LLIRIEE:
ARV, » Ry R A v RERBEEE T
RPEZ— o 3 — B R F R e A

i HE BB R S R - B2
(Hwang et al. 2003)F1 2t (Huang et al.
2004) o AR AUBIERA 253 #7 (Fig. 4) -
PHPEEE ~ BUIL1 ~ MRS BE IS POl e
BEHH3 ~ H4 ~ HS ~ H6 ~ H7TFIH285 EL K]
A BREE {85 R(lineage 1V) » SETER
TR AT RERG & R VKT G R E T PR T A B
RAIHE -
SR AR E A A 28
BRI RIS S (= 0.00091) » A3t
FR BRI AUy o3 A B i 2B ARG R - It
FHER SRS ERIZY » ST Y RS 1 LI (LM)F1 B
FRIS) B A A2 EL KB » B B2 8 L [X]
REEMmAR - Hh—EhRE - 55—
Al e [R] £ B A Bt AR R e L o e L
HER —{E B KA (H9) » 55— B2 FHH23 48
A ERATA Y - H23 8 B YRR L LY
— B AR o BIEHE - BRI B fE
SR LA s LAY E — W - L B
FERIAY - Hp TR o EAIRAY BT
1 BHERITHTHETR » Lineage NIFIVIIERALFR
iE W - JE T Lineage Yy A& K AU
R 8 HE BT r o L SR B R R Y e T 1
(synapomorphy) » 73 HlIHJFEZEHYH 1FITH2
frde - RS D4R SRR ALK
B o NGB 72 Fb0E - SRS Ff
REBIFAZE 225 Al B R Y 3 M ik
E + (REAEARYIE — Iy BRI A 2 AN A
lineagel#E £ « [KIHLHIL SR ~ Frg BRI AU
Flineage AT #EH] » 15— @I AIREZ 55—
UKITREEERTT LR SR W S AR
Hof; B 2 B 24 (Huang ef al. 2002) »
Grivet & Petit (2002)& BN E &R
(common ivy)HIFFEEEIR » fF—JREFHE
i H AR R EERY LA RO P BR A7 B Y %

BXRE - R




FERHRE - FBKEREmean FofE =i HHER
FOAGER - (R EE Ry 38 0 fb fa i (genetic
divergence or genetic differentiation) R {F Ry
FUETREEE T B AYFEAE  Petit er al. (2003)
i TS T JE e 2 S B KR 0 O A Y
SRS el SLEEUR AL T & B R B
HHEREAESEME > L{E (genetic
divergence)FI#Z 1 FF A R R - JKITHA
AERE Pt Bk B R R A R e R (L
(BRI HE R -
excelsior) (Heuertz et al. 2004) F1H AFEEE
fal e (Akio et al. 2000)RFSE G SCH - R
A8 # B (mean Fo) 7T HER
i DR B LA L - HR Ry
i fall) ~ MIEERTIE R (Fig, 5) - Hfd
filgarln > Frasl  JERESEF R EA
SR RS TR SR SR - AL LA
HiplE R L EE T T B 0 25— 11
ARESHE T A W Sk Ky SR+ {EHmean Fg HE
am N A RE Ry BEEEAT AT & -

e bt 2 A5 IR - e £ 17
A KT AR R - — el
I - HES LR CB AR A i - 55
— Ry R AR R (Fig. 6)

[EEXMcommon ash (Fraxinus

JN > B R v B S B AR A B
(Admixture effect)
REMI IR T - 2=
IE S SR M e T IR » 0 Ry B S
(7= 0.00136) ~ JLEBiRILI( 7 = 0.00116)
FERFHRARIEE( 7 = 0.00091) - &
A it ds 2 0 9 W RE SR EEE R - T
REEPRIE S i e SEE HE IR B[R] L
G m R R B - F il R B A
b 2 B LR IR Ry T 2 37 2 B9 FEth

FhR fecse

Mean Fst

0.9

0.8

0.7 q

0.6

0.5 1

0.4 4

0.3 4

0.2 T T T T T T
22.0 225 23.0 23.5 24.0 24.5 25.0

Latitude

Fig. 5. Mean Fg; of each popualion along the
latitudinal gradient. The balck circles and open
circles present the western and eastern populations,

respectively.

Fig. 6. Two potential refugia of native plants in
Taiwan, one locate at central to northern Taiwan,
the other locate at southern to eastern Taiwan.
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Allozyme Variations of a Widespread Tree Fern,
Alsophila spinulosa (Hook.) Tryon (Cyatheaceae), in Taiwan

Yu-Pin Cheng,”  Shih-Hui Liu,”  Yao-Moan Huang,"
Chien-Wen Chen,”  Wen-Liang Chiou'”

[ Summary ]

Allozymes were used to detect the genetic diversity of Alsophila spinulosa, a widespread tree
fern in Taiwan. Allozyme polymorphisms of 6 enzyme systems, including 9 loci and 12 alleles,
were used to estimate the genetic diversity of 4. spinulosa from 9 sites throughout Taiwan. The
mean number of allele per locus (A) was 1.34, the percentage of polymorphic loci (P) was 34.5%,
the observed heterozygosity (H,) was 0.145, and the expected heterozygosity (H,) was 0.141. The
genetic diversity of A. spinulosa in Taiwan was higher than mean values of other diploid ferns and
tree ferns. The large population size and an intergametophytic outcrossing mating system were
thought to be important factors in A. spinulosa maintaining a higher level of genetic diversity. In-
breeding has also sometimes occurred, and this might have assisted the successful colonization by
a single long-distance dispersal spore. At the population level, the Nanjenshan population (NJ),
located in southern Taiwan, showed the highest expected heterozygosity (H.). Additionally, lower
levels of genetic differentiation among populations were detected and are thought to be a result of
high gene flow due to spores.

Key words: allozyme variations, Alsophila spinulosa, Cyatheaeae, Taiwan.
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INTRODUCTION

Genetic variation in a species indicates
its evolutionary potential and the ability to
adapt to various environments (Hamrick et
al. 1992). Many factors have been considered
to influence levels of genetic variation in
plant species, including mating systems, gene
flow, selection pressures, mutations, genetic
drift, life history, and historical events such
as glaciation (Loveless and Hamrick 1984,
Hewitt 1996, Tomaru et al. 1997). These fac-
tors also influence genetic differentiations
among populations and reflect levels of gene
flow. For example, species with a continuous
geographic distribution or seed dispersal by
wind might be considered to have a higher
efficiency of gene flow and to show lower
levels of genetic differentiation (Hamrick et
al. 1992). Numerous studies on the genetic
diversity of seed plants have been published
(Tomaru et al. 1997, Lin et al. 1998, Hira-
matsu et al. 2001, Wu et al. 2001, Cheng
et al. 2006); however, studies about ferns
are relatively rare. In comparison with seed
plants, ferns and their allies have different re-
productive traits. Two independent generation
phases, gametophytes and sporophtyes, are
present in their life cycles. They also differ
in the mechanisms of gene flow, which is pri-

marily conducted by sexual reproduction by
gametophyte and spore dispersal, including
homospores and heterospores.

The breeding system is one of the major
factors affecting levels of genetic variability
both within and among populations (Love-
less and Hamrick 1984, Hamrick and Godt
1989, Hamrick et al. 1992). Predominantly
outcrossing species tend to have greater ge-
netic diversity within populations and less ge-
netic differentiation among populations than
do predominant inbreeders (Hamrick et al.
1992). The breeding systems of ferns, includ-
ing outcrossing and inbreeding, are primar-
ily determined by independent gametophyte
generation. There are 3 major types of mating
systems in ferns and fern allies: intragameto-
phytic selfing, intergametophytic selfing, and
intergametophytic crossing (Klekowski 1969,
1979). The biology of fern gametophytes
provides the opportunity for 2 forms of in-
breeding. Intergametophytic selfing is similar
to selfing in seed plants and occurs when 2
gametophytes are derived from the same spo-
rophyte. Another type, intragametophytic self-
ing, is a more-extreme form of selfing which
occurs when a single bisexual gametophyte
produces a completely homozygous sporo-
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phyte. The latter mechanism allows a single
dispersed spore to be an effective colonizer
which can found a new population after long-
distance dispersal. Intergametophytic out-
crossing occurs when 2 gametophytes origi-
nating from spores of different sporophytes
at the same site are sexual mature at the same
time, and sperm must travel from 1 to the
other gametophyte to unite with the egg.

Alsophila spinulosa (Hook.) Tryon, of
the Cyatheaceae, is a diploid tree fern (n =
69, Tsai and Shieh 1983, 1984; 2n = 138,
Wang et al. 1997) with a single, erect trunk.
From fossil records, it is known that it was
distributed worldwide during the Jurassic
period (Fu 1991). Extant populations of A4.
spinulosa are mainly restricted to tropical and
subtropical regions, including India, China,
Japan, and Taiwan (Shieh 1994). This spe-
cies is a homosporous tree fern, adapted to
warm, humid, and shady habitats of lowland
forests, and is widespread throughout Taiwan.
Homosporous fern gametophytes may have
the potential for self-fertilization because of
their hermaphroditism. Several studies had
proposed that intragametophytic selfing is the
primary mode of reproduction for homospo-
rous ferns (Klekowski 1979, Soltis and Soltis
1990a). However, Chiou et al. (2003) studied
the mating systems of Cyathaceae native to
Taiwan and found that 4. spinulosa primarily
produced sporophytes by intergametophytic
outcrossing. Intergametophytic outcrossing
might provide more opportunities to gain
genetic material from other gametophytes,
which would influence the genetic diversity
and structure.

Allozyme analysis is a powerful tool for
investigating levels of genetic variation with-
in populations and the distribution of varia-
tions within and among populations (Loveless
1992, Lin et al. 2000, Cheng et al. 2006). Al-
lozyme markers can also be used to estimate
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the actual incidence of inbreeding or out-
crossing in natural populations (Korpelainen
and Kolkkala 1996) and the evolutionary his-
tory of a species (Doyle et al. 2003, Crawford
et al. 2006). In addition, allozyme data can be
used to estimate levels of interpopulational
gene flow (Ledig et al. 2006), which can also
directly affect population diversity and ge-
netic structure (Wright 1951).

In this study, allozyme loci were used to
evaluate the genetic diversity of 4. spinulosa
in Taiwan. The objectives of this study were
(1) to estimate the amount and distribution of
genetic diversity within and among popula-
tions, (2) to compare our results with previous
studies of other ferns, and (3) to estimate gene
flow among populations. Additionally, factors
influencing genetic diversity and structure are
also discussed.

MATERIALS AND METHODS

Sampling

In this study, we collected samples of
A. spinulosa from 9 natural populations in
Taiwan; Chihnan (CN), Dasyueshan (DS),
Fushan (FS), Hueisun (HS), Nanjenshan (NJ),
Taimali (TM), Tengjhih (TJ), Yangmingshan
(YM), and Zengwun (ZW) (Fig. 1). In total,
237 individuals were sampled, and the fresh
fronds of 21~32 individuals of each popula-
tion were collected from the field.

Enzyme electrophoresis

Fresh samples were ground up with
liquid nitrogen and extracted with buffer ac-
cording to the protocols of Feret (1971). The
extracted enzymes were absorbed onto What-
man 3MM filters (4 X 12 mm), stored at -80°C
until needed for analysis. Allozyme variation
was studied by means of horizontal starch gel
electrophoresis using 12% starch gels. The
following 6 enzyme systems were examined:
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Fig. 1. Map of Taiwan and sampling sites of Alsophila spinulosa in this study. CN, Chihnan;
DS, Dasyueshan; FS, Fushan; HS, Hueisun; NJ, Nanjenshan; TM, Taimali; TJ, Tengjhih;

YM, Yangmingshan; ZW, Zengwun.

EST (esterase, E.C.3.1.1.1), IDH (isocitrate
dehydrogenase, E.C.1.1.1.42.), MDH (malate
dehydrogenase, E.C.1.1.1.37.), MR (meandi-
one reductase, E.C.1.6.5.2.), 6PGD (6-phoso-
phogluconate dehydrogenase, E.C.1.1.1.44.),
and SkDH (shikimic acid dehydrogenase,
E.C.1.1.1.25.). Electrophoresis and staining
protocols followed the procedures described
by Cheliak and Pitel (1984).

Data analysis
Allelic frequencies in each population of
A. spinulosa were calculated from the loci ex-

amined in this study. The following estimated
genetic parameters were used to quantify the
level of genetic diversity within populations
using the BIOSYS-1 program (Swofford and
Selander 1981): the mean number of alleles
per locus (A), the effective number of alleles
per locus (A,) (Crow and Kimura 1970), the
proportion of polymorphic loci (P), the aver-
age observed heterozygosity (H,), and the
average expected heterozygosity or genetic
diversity (H, = 1 - X p°, where p, is the fre-
quency of the ith allele at a locus) (Nei 1975).

Wright’s (1969) F-statistics (Fis, Fir,
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and Fg;) were used to quantify the degree
of differentiation among populations and to
describe the genetic structure of this species.
Values of Fig and F}; indicate the level of de-
viations from Hardy-Weinberg (H-W) expec-
tations at the population and species levels,
respectively. An Fig value equal to or nearly
zero indicates that the mating system is ran-
dom; on the other hand, a significant negative
value indicates an excess of heterozygotes,
while a significant positive value indicates
an excess of homozygotes. The Chi-squared
test was used to evaluate whether Fig and Fi;
values for each locus significantly differed
from 0 (Li and Horvitz 1953). Values of Fg;
indicate genetic variations among populations
or the levels of genetic differentiation among
populations. Fixation indices (F), reflecting
deviations from H-W equilibrium of each
population, were calculated by the formula
F=(1-H,/H,), and the outcrossing rate (¢)
was estimated using ¢ = (1 - F) / (1 + F) (Weir
1990). We also estimated the level of gene
flow among populations using Wright’s (1951)
formula, Nm = (1 - Fg;) / 4F ;.

Nei’s (1978) unbiased genetic identity
(1) and genetic distance (D) were calculated
for all pairs of populations. A cluster analysis
based on Nei’s genetic distance (Nei 1978)
via the unweighted pairwise group method
(UPGMA) was used to present relationships
among populations. A Mantel test (Mantel
1967) with 1000 random permutations was
performed between the matrix of genetic dif-
ferentiation and geographic distance to test
whether isolation by distance was significant.
Pairwise genetic differentiation between
populations was expressed as Fgr / (1 - Fgy)
(Rousset 1997).

RESULTS

Genetic diversity of 4. spinulosa
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The 6 enzyme systems resolved were
interpreted as being encoded by 9 putative
loci: EST-2, MR-2, SkDH-1, IDH-1, IDH-2,
MDH-1, MDH-3, MDH-4, and 6PGD-1.
Among these 9 loci, EST-2, MR-2, 6PGD-1,
and SkDH-1 were polymorphic for at least 1
of the population examined, while the others
were monomorphic (Table 1). No significant
correlations were found between allelic fre-
quencies in relation to longitudinal or latitu-
dinal gradients (data no shown). Only 1 rare
allele, 6PGD-1b, was recorded in the south-
ernmost population, Nanjenshan (NJ).

Measures of genetic diversity are pre-
sented in Table 2. The mean number of al-
leles per locus (A) was 1.34 (1.33~1.44); the
effective number of alleles per locus (A,)
was 1.17, the average percentage of ploymor-
phic loci (P) was 34.5% with a range, from
33.3~44.4%; the observed heterozygosity
(H,) for each population varied from 0.122 to
0.199, with an average of 0.145; and the ex-
pected heterozygosity (H,) varied from 0.120
to 0.172, with an average of 0.141.

At the population level, the southernmost
population, Nanjenshan (NJ), exhibited the
highest genetic diversity and maintained the
highest values of A, P, and H,, followed by
the population at Tengjhih (TJ), southern Tai-
wan, and Yangmingshan (YM), northern Tai-
wan. Zengwun (ZW), a southwestern popula-
tion, exhibited the lowest value of diversity.

Genetic structure and differentiation
Results of the genetic structure analy-
ses of A. spinulosa carried out with Wright’s
F-statistics are given in Table 3. The mean Fig
value, representing the average deviation from
H-W expectations within populations, for all
polymorphic loci was 0.0161, and it showed
no significant deviation from 0. That indicates
that allelic frequencies within populations are
close to random mating. Only 2 loci, EST-2
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Table 1. Allelic frequencies of polymorphic loci in 9 populations of Alsophila spinulosa in
Taiwan

Population
Locus/Allele - DS FS HS N TM T YM  ZW
EST-2
a 0315 0143 0203 0103 0364 0339 0310 0238 0.037
b 0685 0857 0797 0897 0.636 0661 0690 0762 0963
MR-2
a 0796 0589 0500 0655 0500 0516 0362 0548  0.556
b 0204 0411 0500 0345 0500 0484 0638 0452 0444
6PGD-1
a 1000 1.000 1.000 1.000 0978 1.000 1.000 1.000  1.000
b 0.000 0.000 0.000 0000 0022 0000 0000 0000 0.000
SKDH-1
a 0370 0304 0281 0328 0455 0210 0414 0405 0444
b 0630 0696 0719 0672 0545 0790 058 0595 0.556

CN, Chihnan; DS, Dasyueshan; FS, Fushan; HS, Hueisun; NJ, Nanjenshan; TM, Taimali; TJ,
Tengjhih; YM, Yangmingshan; ZW, Zengwun.

Table 2. Genetic diversity for each studied population of Alsophila spinulosa using allozyme
analysis

Elevation Longitude Latitude

. )
Population (Code) (m) () ) A A, P H, H, F t
1. Chihnan (CN) 400 121.50 2392 27 133 1.16 333 0.123 0.138 0.109 0.803
2. Dasyueshan (DS) 1100 120.80 2420 28 1.33 1.15 333 0.127 0.130 0.023 0.955
3. Fushan (FS) 700 121.58 2475 32 133 1.16 333 0.170 0.139 -0.223 1.574
4. Hueisun (HS) 1000 121.00 24.08 29 133 1.14 333 0.199 0.122 -0.631 4.420
5. Nanjenshan (NJ) 300 120.83  22.08 23 144 121 444 0.130 0.172 0241 0.612
6. Taimali (TM) 600 12097 22,60 31 133 1.17 333 0.122 0.144 0.153 0.735
7. Tengjhih (TJ) 900 121.75 23.08 29 133 1.18 333 0.134 0.155 0.135 0.762
8. Yangmingshan (YM) 700 121.50  25.17 21 1.33 1.18 333 0.169 0.153 -0.104 1.232
9. Zengwun (ZW) 500 121.58 2325 27 133 1.14 333 0.132 0.120 -0.100 1.222
Mean 26.1 1.34 1.17 345 0.145 0.141 -0.028 1.057

" A locus was considered polymorphic if more than 2 alleles were detected. N, number of individuals sam-
pled; A, mean number of alleles per locus; A,, effective number of alleles; P, percentage of polymor-
phic loci; H,, observed heterozygosity; H,, expected heterozygosity; F, fixation index, F' = (1 - H/
H,); ¢, outcrossing rate.

and SkDH-1, were found by the Chi-squared
test to show significant deviations from H-W
expectations. The mean F); value (0.0720)
also showed no significant deviation at the
species level. The F; value indicates the level

of genetic differentiation or variation among
populations. In this study, the F; value of
each polymorphic locus ranged from 0.0197
to 0.0865, with an average of 0.0568; thus
< 6% of the genetic variation was explained
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Table 3. Contingency Chi-squared tests (with degrees of freedom, df) and estimates of
Wright’s (1951) F-statistics and gene flow for the polymorphic loci in Alsophila spinulosa

Locus v df Fi Fy Fyr Nm
EST-2 127.334" 1 0.7180 0.7424 0.0865 2.64
MR-2 2.257 1 0.0956 0.1505 0.0608 3.86
6PGD-1 0.122 1 -0.0222 -0.0120 0.0197 12.44
SkDH-1 85.980" 1 -0.5900 -0.5437 0.0292 8.31
Mean 6.402 0.0161 0.0720 0.0568 4.15

" Chi-squared values are significant at p < 0.001. Fig, level of deviation from Hardy-Weinberg (H-W)
expectations at the population level; Fy;, level of deviation from Hardy-Weinberg (H-W) expecta-
tions at the species level; Fyp, genetic differentiation among populations; Nm, level of gene flow

among populations.

by differences among populations, which
indicates a low level of genetic differentia-
tion among populations (Wright 1978). Gene
flow (Nm) (Wright 1951) estimated for each
polymorphic locus ranged from 2.64 to 12.44
(average, 4.15), which indicated that high
gene flow had occurred among A4. spinulosa
populations.

Mean fixation indices (F) for each popu-
lation of 4. spinulosa ranged from -0.631
to 0.241, with an average of -0.028 (Table
2). Four populations, FS, HS, YM, and ZW,
exhibited negative values, indicating an ex-
cess of heterozygotes. The outcrossing rate
(?) based on the fixation indices ranged from
0.612 to 4.420 (Table 2).

Genetic relationship among populations
and test of isolation by distance

The unbiased genetic identity (/) and
standard genetic distance (D) between popu-
lations (Nei 1978) are summarized in Table
4. The D values between populations ranged
from 0.0003 to 0.0282 with a mean of 0.009.
From the matrix of genetic distance, Fushan
(FS) and Dashushan (DS) had the lowest
genetic distance (0.0003). The highest ge-
netic distance was between Hueisun (HS)
and Nanjenshan (NJ) (0.0282). According to
the theory of isolation by distance (Wright
1946), the genetic distance or genetic differ-
entiation might be positively correlated with
geographic distance. In this study, we used a

Table 4. Genetic distance (D) (below the diagonal) and genetic identity (/) (above the
diagonal) for populations of Alsophila spinlosa

Population 1 2 3 4 5 6 7 8 9

1. Chihnan *E*E 09916 0.9874 0.9929 0.9754 0.9879 0.9768 0.9929 0.9835
2. Dasyueshan 0.0085 **** (09997 0.9996 0.9782 0.9946 0.9897 0.9991 0.9972
3. Fushan 0.0127 0.0003 ****  0.9966 0.9853 0.9982 0.9952 0.9993 0.9940
4. Hueisun 0.0071 0.0004 0.0034 **** (09718 0.9900 0.9840 0.9972 0.9977
5. Nanjenshan 0.0249 0.0221 0.0148 0.0282 **** (9877 0.9975 0.9906 0.9732
6. Taimali 0.0122 0.0054 0.0018 0.0100 0.0124 **** (09928 0.9953 0.9825
7. Tengjhih 0.0235 0.0104 0.0048 0.0161 0.0025 0.0072 **** (09966 0.9871
8. Yangmingshan 0.0071 0.0009 0.0007 0.0028 0.0095 0.0047 0.0034 ****  0.9964
9. Zengwun 0.0166 0.0028 0.0060 0.0023 0.0272 0.0176 0.0130 0.0036  ****
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Mantel test to detect for a correlation between
geographic distance and genetic differentia-
tion measured as Fgr / (1 - Fgr). The result
showed no significant correlation between
these 2 matrices (» = 0.047102; p = 0.384615
with 1000 permutations), indicating that the
genetic distance of each population pair had
no correlation with its geographic distance.

The UPGMA dendrogram (Fig. 2) of
9 populations, produced using the pairwise
genetic distances, roughly generated 2 major
groups: 1 including NJ and TJ, located in
southern Taiwan, and the other including YM,
FS, HS, DS, CN, ZW, and TM located mostly
in central and northern Taiwan.

DISCUSSION

Comparison of genetic diversities be-

tween A. spinulosa and other ferns
Alsophila spinulosa is a widespread and

common tree fern in Taiwan. However, due
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to its rare and restricted populations in China,
it is regarded as being in a National Protec-
tion Category on the Red List (Fu 1991).
Sequence data of chloroplast DNA have been
used to discuss genetic structure and phylo-
geographical patterns of 4. spinulosa in Chi-
na. Higher levels of haplotype and nucleotide
diversities were detected and it was specu-
lated that these were probably associated with
a long evolutionary history (Su et al. 2004).
However, a very low level of intraspecific
genetic diversity was detected in China, as
inferred from RAPD markers, which may
have been due to both a bottleneck effect and
founder effect associated with glacial events
(Wang et al. 2004). In this study, the genetic
diversity of A. spinulosa in Taiwan as esti-
mated by the allozyme data was higher than
values reported for other diploid ferns (Maki
and Asada 1998) (Table 5). It was also higher
than the average of other tree ferns examined
by Soltis et al. (1991) and another tree fern

Dasyueshan (DS)

Fushan (FS)

Yangmingshan (YM)

Hueisun (HS)

Zengwun (ZW)

Taimali (TM)

Chihnan (CN)

Nanjenshan (NJ)

—— Tengjhih (TJ)

0.006 0.004

0.002 0.000

Genetic distance

Fig. 2. Dendrogram of the cluster analysis for 9 populations of Alsophila spinulosa
constructed using the UPGMA method based on Nei’s (1978) genetic distance.
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Table 5. Comparisons of genetic diversity in Alsophila spinulosa, other fern species, and tree
species in Taiwan based on allozyme analysis

Species A" p” H” Reference
Alsophila spinulosa 1.3 32.1 0.141 This study
Alsophila firma 1.24 20.0 0.078 Soltis et al. 1991
Cyathea stipularis 1.2 17.5 0.037 Soltis et al. 1991
Lophosoria quadripinnata 1.2 19.0 0.047 Soltis et al. 1991
Sphaeropteris lepifera 1.1 12.5 0.057 Chen 1995
Polystichum otomasui 1.93 61.9 0.177 Maki and Asada 1998
Diploid homosporous ferns 1.52 31.5 0.110 Maki and Asada 1998
Cinnamomum kanehirae 2.0 58.0 0.214 Lin et al. 1997
Mpryica rubra 1.9 63.6 0.191 Cheng et al. 2000
Alnus formosana 1.8 59.1 0.175 Sue et al. 2000
Michelia formosana 2.0 75.6 0.241 Lin 2001
Castanopsis carlesii 2.5 69.0 0.270 Cheng et al. 2006
Widespread seed plants 1.72 43.0 0.159 Hamrick and Godt 1989

Y Mean number of alleles per locus.
% Percentage of polymorphic loci.
* Mean expected heterozygosity.

species with similar ecological characteris-
tics, Sphaeropteris lepifera, in Taiwan (Chen
1995). When compared with other local tree
species, the genetic variation of 4. spinulosa
was lower than some widespread tree species
previously reported, such as Alnus formosana
(Sue et al. 2000), Castanopsis carlesii (Cheng
et al. 2006), Cinnamomum kanehirae (Lin et
al. 1997), Michelia formosana (Lin 2001),
and Myrica rubra (Cheng et al. 2000) (Table
5).

Factors influencing genetic variation

In a review by Hamrick et al. (1992),
the range of distribution, breeding system,
and life history were considered to be impor-
tant factors influencing the level of genetic
diversity and genetic differentiation of plant
species. As in seed plants, geographically
widespread species always have higher levels
of genetic variation than their restricted con-
geners (Sherman-Broyles et al. 1992, Purdy
and Bayer 1996). The large population size
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at the species level of 4. spinulosa in Taiwan
might provide a good opportunity to maintain
higher genetic variation than seen for other
tree fern species. Although no other conge-
neric species were studied, we think that 4.
spinulosa may have a higher level of genetic
diversity than other species with restricted or
isolated distributions in Taiwan.

The breeding system of a species is
thought to be a major determinant of patterns
of genetic variation in plants (Hamrick and
Godt 1989). The outcrossing mating system
is thought to predominate in terrestrial ferns
(Soltis and Soltis 1987, 1990a, b). Although
most diploid homosporous fern species exhib-
it high outcrossing (Soltis and Soltis 1992), a
gametophyte of a homosporous fern may have
the potential for self-fertilization because of
hermaphroditism, an important mechanism
to construct a population from a single spore
after long-distance dispersal (Baker 1955,
Klekowski 1979). Reported as an outcross-
ing fern species, A. spinulosa produces
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sporophytes primarily by intergametophytic
mating, especially intergametophytic cross-
ing (Chiou et al. 2003). The reasons that 4.
spinulosa maintains relatively higher genetic
diversity than other ferns might be closely
related to its mating system. The outcrossing
habit of 4. spinulosa may play a key role in
the maintenance of its genetic diversity.

Genetic structure and population differ-
entiation of A. spinulosa

The fixation index can be used to infer
the relationship of a mating system in a popu-
lation. From Wright’s F-statistics, the esti-
mated mean value of Fig for the 9 populations
showed no deviations from H-W equilibrium.
The values of both Fig and F}; values being
close to 0 indicates a random mating system.
However, their slightly positive values indi-
cate existing homozygosity, which originated
from inbreeding within the population and at
the species level. This phenomenon might be
partially due to restricted dispersal of spores
that fell near the mother tree and increased
the opportunity for mating between conge-
ners.

Inbreeding events were also indicated
from the outcrossing rate (¢). The ¢ values of
the populations sampled suggested that 4.
spinulosa is not a completely outcrossing spe-
cies, but may permit some degree of inbreed-
ing. If inbreeding is indeed significant, the
observed heterozygosity should be lower than
the expected heterozygosity, such as for the
CN, DS, NJ, TM, and TJ populations. Homo-
sporous ferns potentially have bisexual game-
tophytes that have been suggested to promote
inbreeding in natural populations (Klekowski
1969, Haufler and Ranker 1985). Soltis and
Soltis (1987) also discussed a variety of mat-
ing systems from inbreeding through mixed
crossing to outcrossing for some homospo-
rous ferns. The possibility of inbreeding in 4.
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spinulosa, suggested by the values of the fixa-
tion indices and outcrossing rate conducted
in this study, imparts an advantage of being a
colonizer able to occupy distant habitats.

Genetic differentiation among popula-
tions is primarily a function of gene flow
among populations via pollen and seed dis-
persal in seed plants (Loveless and Hamrick
1984). However, in ferns, gene flow is prin-
cipally carried out by spore dispersal (Tryon
1986). In general, widespread species should
have higher levels of gene flow than species
with restricted or isolated populations. In ho-
mosporous ferns, the ability for spore disper-
sal is believed to be higher than the dispersal
capability of most seed plants because of their
aerodynamic properties (Tryon 1970, Soltis
and Soltis 1990b). The low level of genetic
differentiation among populations of 4. spi-
nulosa indicates extensive gene flow among
them. The intergametophytic crossing system
of A. spinulosa might provide many op-
portunities to increase the gene flow or gene
exchange among individuals. Additionally,
A. spinulosa produces light wind-dispersed
spores. The taller trunk may also enhance the
capability and opportunity for long-distance
dispersal of spores by wind. Thus gene flow
via spore dispersal is easy and frequent,
which may reduce the genetic differentia-
tion among populations. In conclusion, the
higher level of gene flow in A. spinulosa is
consistent with high spore production, high
dispersability, and long spore viability in ho-
mosporous ferns (Tryon and Gastony 1975,
Tryon 1986). On the other hand, an inbreed-
ing capability enhances the possibility of
successful production of a sporophyte from a
single long-distance dispersal spore acting as
a colonizer to establish a new population.

Correlations among populations
From the UPGMA of 9 populations (Fig.
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2), 2 major groups were resolved. The isola-
tion-by-distance analysis showed no signifi-
cant pattern, suggesting that the distribution
of genetic variation might not be explained
by the geographic distances separating the
populations. The genetic relationships among
populations might be determined by gene
flow among populations (Martinsen et al.
2001), selection pressures (Hamrick 1982), or
historical events (Ge et al. 2005, Gonzalez-
Astorga et al. 2005). No significant isolation
by distance was also reported from an allo-
zyme analysis of a widespread tree species,
Castanopsis carlesii, in Taiwan (Cheng et al.
2006). The intermixing of different nuclear
loci was thought to be a possible factor caus-
ing the erosion of the spatial genetic structure
that led to no significance of the isolation-
by-distance test for C. carlesii. That might
also be a key factor for 4. spinulosa. In ad-
dition, historical events have also been con-
sidered to be important factors affecting the
regional geographic structure (Ge et al. 2005,
Gonzalez-Astorga et al. 2005). No significant
isolation by distance might also be influenced
by postglacial recolonization. The coloniza-
tion routes of A. spinulosa in Taiwan might
have occurred in more than 1 direction from
different glacial refugia. The multidirectional
colonization effect would have promoted in-
termixing among populations of 4. spinulosa.
However, it is difficult to examine the effects
of historical events on the distribution of A4.
spinulosa because the allozyme data cannot
provide sufficient detail to reveal the migra-
tion history of this species. DNA markers, on
the other hand, like chloroplast and mitochon-
drial DNA, are good at revealing the evolu-
tionary history of plant species.
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Allozyme Variation in Four Geographic Areas of Cinnamomum
kanehirae

T.-P. Lin, Y.-P. Cheng, and S.-G. Huang

The once dominant endemic broadleaf tree species in Taiwan, Cinnamomum kanehirae Hay., has
become a rare and endangered species due to overcutting. A clone bank, consisting of at least 220 clones
collected islandwide, was established at the Liukuel station, Taiwan Forestry Research Institute. Genetic
diversity within and genetic differentiation among four geographic areas of C. kanehirae were investigated
using 164 clones collected from the clone bank. Seven out of the 11 loci examined were polymorphic. The
average proportion of polymorphic loci per area was 51% at the 99% criterion for polymorphism. Mean
expected heterozygosity ranged from 0.188-0.261 in the different areas, and 0.238 at the species level.
On average the percent heterozygous loci per individual ranged from 13.9-21.6%, the number of alleles
per locus ranged from 1.7-1.9, and the effective number of alleles per locus ranged from 1.34-1.54 at the
area level. The much higher expected heterozygosity and higher number of alleles per locus compared to
other local woody species investigated may support the hypothesis that Taiwan was a distributional center
of Cinnamomum. Partitioning the genetic variability into within- and among-geographic area components
with F statistics and gene diversity analysis led to an estimate of within-area variation amounting to 88%
of the total variation. A slight barrier to gene flow among areas could be due to the large seed size and to
insect pollination. The limitation of seed dispersion, erratic flowering times, and several subpopulations
within the same geographic areas may contribute to the lower levels of observed heterozygosity than
expected heterozygosity among the seven polymorphic loci, indicating some degree of inbreeding and the
Wahlund effect and thus a slight deficiency of heterozygotes (F, = 0.157). Area 4, located in southeastern
Taiwan has a much lower elevational distribution and showed a higher proportion of polymorphic loci,

implying that genetic variation of area 4 may have developed under different climate conditions.
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Population Genetics of Geographically Restricted and
Widespread Species of Myrica (Myricaceae)

Y.-P. Cheng, C.-T. Chien, and T.-P. Lin

Allozyme variation of 11 putative loci in five populations of the rare Myrica adenophora Hance,
and four populations of its widespread congeneric species, M. rubra (Lour.) Sieb. & Zucc. was studied.
Among the 21 allelles studied, no unique allele was detected for M. adenophora, whereas M. rubra had
3 alleles not found in the former species. In terms of genetic diversity, populations of the rare species
contained fewer alleles per locus (1.5 versus 1.7), fewer effective number of alleles per locus (1.12 versus
1.20), fewer number of alleles per polymorphic locus (2.14 versus 2.46), lower percentage of polymorphic
loci (30.9 versus 40.9), and lower expected heterozygosity (0.106 versus 0.163) than populations of the
widespread species. Genetic distances within species average 0.043 for M. adenophora and 0.045 for
M. rubra, and between species ranged from 0.052 to 0.177, with a mean of 0.103, which agrees with the
very similar gross morphologies of these two species. Intra-population differentiation was similar in both
species: G, = 0.152 for M. adenophora, and 0.146 for M. rubra, whereas estimated gene flow based on
G, values were moderate in these two species (Nm = 1.39 versus 1.46). We inferred that M. rubra and M.
adenophora are a progeni-tor-derivative species pair that emerged before migrating into Taiwan during
the last glacial period. We consider the Hengchun population (Chiupeng, Hsuhai, and Chufengpi) and
Taitung population (Tienkuan and Lanshan) of M. adenophora which probably arose from two subsets of
the genome of M. rubra. Genetic drift was inferred to be one of the forces shaping the observed genetic

structure in M. adenophora and M. rubra.
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Allozyme Variation of Cyclobalanopsis championii (Fagaceae), a
Narrowly Distributed Species in Southern Taiwan

Y.-P. Cheng, C.-T. Chien, H.-W. Chen, and T.-P. Lin

Allozyme genetic variability in five natural populations of Cyclobalanopsis championii (Fagaceae)
in Taiwan was investigated using 12 loci from 9 enzyme systems. The average values of parameters
describing within-population variation, expected heterozygosity (H, = 0.151), the percentage of
polymorphic loci per individual (P = 50%), the average number of alleles per locus (4 = 1.7), effective
number of alleles per locus (4, = 1.25), and the average number of alleles per polymorphic loci (4P =
2.2) are comparable to those of other long-lived woody plants. The overall fixation index (F, = 0.208)
indicates a significant deficiency of heterozygotes at the population level. Allelic frequency deviation
from Hardy-Weinberg equilibrium was found for different loci in different populations. An exact test for
population differentiation using the Tools for Population Genetic Analyses program also indicates that
allelic frequencies among populations are significantly different (P < .001). Among-population variation,
G,, accounted for 9.2% of the total heterozygosity. The population at Shouchia and the southernmost
population Nanjenshan had higher inbreeding coefficients (0.177 and 0.153, respectively) than did the
northern populations. Genetic drift is supported by the observations of the variance components of
linkage disequilibrium and a large proportion of loci in Nanjenshan and Shouchia that show pairwise
locus disequilibrium. We believe continuous genetic drift in the southern populations will increase genetic
divergence among populations of C. championii in Taiwan. Significant correlation was found between
elevation and expected heterozygosity. We therefore inferred that temperature is the most important

ecological factor to influence the genetic diversity of C. championii.
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Research note

New Cultivars from Native Plants of Taiwan (V)

Sheng-You Lu,"”” Da-Wei Hu,” Yu-Pin Cheng,” Li-Ping Ju"

[ Summary ]

Four new cultivars from native plants of Taiwan are described in this paper: Chamaecyparis
formosensis 'Millennium' (Cupressaceae), Cinnamomum reticulatum 'Obtuse' (Lauraceae), Clematis
tashiroi "Yellow Flower' (Ranunculaceae), Ficus microcarpa 'Rotund' (Moraceae). These cultivars are
useful for ornamental and landscape planting.

Key words: Cultivar, Chamaecyparis, Cinnamomum, Clematis, Ficus.
Lu SY, Hu DW, Cheng YP, Ju LP. 2001. New cultivars from native plants of Taiwan (V). Taiwan J For
Sci 16(1):43-5.
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Chloroplast DNA phylogeography of Cunninghamia konishii
(Cupressaceae), an endemic conifer of Taiwan

Sheng-You Lu, Ching-1. Peng, Yu-Ping Cheng, Kuo-Hsiang Hong, and Tzen-Yuh Chiang

In this study, we investigated the genetic structure and phylogeographic pattern of the genus
Cunninghamia, a member of the Cupressaceae restricted to mainland China and Taiwan, based
on sequences of the trnD—trnT noncoding spacer of the chloroplast DNA. Maternal inheritance of
chloroplasts was determined experimentally. No paternal leakage was detected. Both parsimony and
neighbor-joining analyses revealed the polyphyly of Cunninghamia konishii, populations of which were
nested in clades of C. lanceolata from mainland China. The nucleotide diversity of chloroplast DNA
sequences within C. konishii (0.0118) was higher than that between species (0.0104), which agrees with
a previous allozyme investigation. Based on mutational differences between sequences, a minimum
spanning network consisting of five clades was constructed. Significant genetic differentiation (Og; =
0.130, P < 0.001) was detected between the clades based on AMOVA analyses. We infer several possible
refugia in the Yunnan, Zhejiang, and Guangdong provinces of south China, all located in the minimum
network as interior nodes. We also infer possible migration routes of Cunninghamia populations. The
phylogeographic pattern shown in the reconstructed network suggests that the present-day Cunninghamia
populations in Taiwan were derived from six different sources in continental Asia via long-distance
seed dispersal. A migrant-pool model explains the heterogeneous composition of the organelle DNA
in Taiwan’s populations and the low differentiation between populations of Taiwan and China (O =
0.012, P = 0.454). In contrast with the genetic heterogeneity within geographic populations, many local
populations have attained coalescence at the 7rnD—trnT alleles, which has led to significant differentiation
at the population level.

Key words: AMOVA, coalescence, cpDNA, Cunninghamia konishii, Cunninghamia lanceolata,

minimum spanning network, phylogeography.
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Genetic variation and population differentiation of Michelia
formosana (Magnoliaceae) based on cpDNA variation and
RAPD fingerprints: relevance to post-Pleistocene recolonization

Sheng-You Lu - Kuo-Hsiang Hong - Show-Ling Liu- Yu-Pin Cheng - Wen-Luan Wu -
Tzen-Yuh Chiang

We used sequence variation of the atpB-rbcL intergenic spacer of cpDNA and nested clade analysis
to assess the phylogeographic pattern of Michelia formosana, a species restricted to Taiwan and the
Ryukyus. In total, 31 haplotypes were identified and clustered into four major chlorotypes. Genetic
composition of nearly all populations was heterogeneous and paraphyletic phylogenetically. Although
the apportionment of cpDNA variation hardly revealed a geographic pattern due to the coancestry of
dominant sequences, some chlorotypes were restrictedly distributed. According to the patterns of clade
dispersion and displacement, a reconstructed minimum spanning network revealed that historical events of
past fragmentation and range expansion, associated with glaciation, may have shaped the phylogeographic
patterns of M. formosana. Four possible refugia were identified: the Iriomote and Ishigaki Islands (the
southern Ryukyus), Wulai (northern Taiwan), and Nanjen (southern Taiwan), on the basis of the interior
positions of their haplotypes in the network and the high level of nucleotide diversity. Given insufficient
time for coalescence at the cpDNA locus since the late Pleistocene recolonization, lineage sorting led
to low levels of genetic differentiation among populations. In contrast, hierarchical examination of the
random amplified polymorphic DNA (RAPD) data scored from six populations across three geographical
regions, using an analysis of molecular variance (AMOVA), indicated high genetic differentiation both
among populations (® ¢ =0.471) and among regions (O = 0.368). An unweighted pair group method
with arithmetic mean (UPGMA) tree of the RAPD fingerprints revealed that populations of two offshore
islands of eastern Taiwan (M. formosana var. kotoensis) were clustered with geographically remote
populations of the Ryukyus instead of those in southern Taiwan, suggesting some historical division due
to geographic barriers of the central mountain range. In contrast to the paraphyly of the nearly neutral

cpDNA alleles, differentiated RAPDs may have experienced diversifying selection.
Key words: atpB-rbcL noncoding spacer - cpDNA - Michelia formosana - Minimum spanning network -

Phylogeography - RAPD

S.-Y. Lu - Y.-P. Cheng

Division of Forest Biology, Taiwan Forestry Research Institute, Taipei, Taiwan
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PHYLOGEOGRAPHY AND CONSERVATION OF
ARCHANGIOPTERIS SOMAI HAYATA AND A. ITOI SHIEH
BASED ON NUCLEOTIDE VARIATION OF THE ATPB-RBCL
INTERGENIC SPACER OF CHLOROPLAST DNA

T.Y. CHIANG', Y.C. CHIANG?, C.H. CHOU’, Y.P. CHENG* & W.L. CHIOU*"

Key words: Archangiopteris itoi; A. somai; atpB-rbcL intergenic spacer; chloroplast DNA, conservation;

phylogeography.

Archangiopteris, a genus of the eusporangiate ferns, is endemic to Southeast Asia. A single
population of 4. itoi and two populations of A. somai remained threatened in Taiwan due to human
overexploitation. This study investigated levels of genetic diversity and phylogeographic pattern based
on nucleotide sequences of the atpB-rbcL intergenic spacer of cpDNA. Unexpectedly high levels of
genetic variation were detected. A neighbour-joining tree revealed paraphyly at the cpDNA noncoding
spacer within each morphologically differentiated Archangiopteris species. Lower levels of cpDNA
variation were detected in A. itoi, due to smaller population number and size. No genetic differentiation
was detected between populations of 4. somai. The short isolation period since the last glaciation may
have caused the paraphyly of each population due to the insufficient period for coalescence. Increasing
individuals and populations through habitat protection, transplantation, cultures and reintroduction could

decrease the threat of their extinction.

! Department of Biology, Cheng-Kung University, Tainan 701, Taiwan; “Department of Biology, Washington University,
St. Louis, MO 63139, USA; *Pintung University of Science and Technology, Pingtung 912, Taiwan; ‘Division of
Forest Biology, Taiwan Forestry Research Institute, Taipei 100, Taiwan; *Author for correspondence.
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Research note

New Cultivars from Native Plants of Taiwan (VI)

Sheng-You Lu," Yu-Pin Cheng,” Rong-Mong Lo,” Yuan-Shuenn Chang”

[ Summary ]

Four new cultivars from native plants o f Taiwan are described in this paper: Fraxinus griffithii
‘Spring Snow’ (Oleaceae), Maesa perlaria ‘Fushan’ (Myrsinaceae), Michelia compressa ‘Taiwan’
(Magnoliaceae), and Scaevola sericea ‘Emerald’ (Godeniaceae). These cultivars are useful for ornamental
and landscape planting.

Key words : cultivar, Fraxinus, Maesa, Michelia, Scaevola.
Lu SY, Cheng YP, Lo RM, Chang YS. 2003. New cultivars from native plants of Taiwan (VI). Taiwan J
For Sci 18(3):255-8.
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Research note

New Cultivars from Native Plants of Taiwan (VII)

Sheng-You Lu,"” Yu-Pin Cheng,” Rong-Mong Lo”

[ Summary ]

Four new Ficus (Moraceae) cultivars from native plants of Taiwan are described in this paper: F.
microcarpa ‘Fu Pau ’, F. microcarpa ‘Emerald °, F. microcarpa ‘Milky Way °, F. microcarpa ‘Shi Tzyy
Wan’. These cultivars are useful for ornamental and landscape planting.

Key words: cultivar, Ficus.
Lu SY, Cheng YP, Lo RM. 2003. New cultivars from native plants of Taiwan (VII). Taiwan J For Sci
18(3):259-61.
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Research note

New Cultivars from Native Plants of Taiwan (VII)

Sheng-You Lu,” Yu-Pin Cheng,"” Rong-Mong Lo”

[ Summary ]

Four new cultivars from native plants of Taiwan are described in this paper: Cinnamomum kotoense
‘Miniature Leaves’, Ficus microcarpa ‘Reddish Petioles’, Pittosporum tobira ‘Ching Shin’, and Viburnum
taitoense ‘Mini’. These cultivars are useful for ornamental and landscape planting.

Key words: cultivar, Cinnamomum, Ficus, Pittosporum, Viburnum.
Lu SY, Cheng YP, Lo RM. 2004. New cultivars from native plants of Taiwan (VIII). Taiwan J For Sci
19(3):259-62.
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Research note

New Cultivars from Native Plants of Taiwan (IX)

Sheng-You Lu,"” Yu-Pin Cheng,"” Rong-Mong Lo *

[ Summary ]

Four new cultivars from native plants of Taiwan are described in this paper: Clerodendron kaempferi
“Variegated Leaves’ (Verbenaceae), Crinum asiaticum ‘Tainan’ (Amaryllidaceae), Gelonium aegureum
“Variegated Leaves’ (Euphorbiaceae), and Podocarpus costalis ‘Mini’ (Podocarpaceae). These cultivars are
useful for ornamental and landscape planting.

Key words: cultivar, Clerodendron kaempferi, Crinum asiaticum, Gelonium aegureum, Podocarpus
costalis.

Lu SY, Cheng YP, Lo RM. 2005. New cultivars from native plants of Taiwan (IX). Taiwan J For Sci
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Potential refugia in Taiwan revealed by the phylogeographical
study of Castanopsis carlesii Hayata (Fagaceae)

YU-PIN CHENG,  $SHIH-YING HWANGY and TSAN-PIAO LIN’

Abstract

In this study, we examined spatial patterns of chloroplast DNA (cpDNA) variation in a total of 30
populations of Castanopsis carlesii Hayata (Fagaceae), a subtropical and temperate tree species, including
201 individuals sampled throughout Taiwan. By sequencing two cpDNA fragments using universal
primers (the t7nL intron and the trnV-trnM intergenic spacer), we found a total of 1663 bp and 21
polymorphic sites. These gave rise to a total of 28 cpDNA haplotypes. The level of differentiation among
the populations studied was relatively high (Gg; = 0.723). Two ancestral haplotypes are widely distributed.
The Central Mountain Ridge (CMR) of Taiwan represents an insurmountable barrier to the east—west
gene flow of C. carlesii. Among the populations studied, three separated populations, at Lienhuachih,
Fushan and Lichia, have high nucleotide diversity. Estimates of Ny—Gg; for populations on both sides of
the CMR indicate that no phylogeographical structure exists. According to the genealogical tree, number
of rare haplotype and population genetic divergence, this study suggests that two potential refugia existed
during the last glaciation: the first refugium was located in a region to the north of Hsuehshan Range (HR)
and west of the CMR; the second refugium was located in south, especially southeastern Taiwan. In fact,
the second refugium happens to be the same as that reported for Quercus glauca. A ‘star-like’genealogy
is characteristic when all haplotypes rapidly coalesce and is a general outcomeof population expansion.
The neutrality test and mismatch distribution also suggest demographic expansion recovering from a

bottleneck.

Keywords: Castanopsis carlesii Hayata, cpDNA, phylogeography, refugium, Taiwan
Received 1 January 2005; revision accepted 1 March 2005
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Contrasting phylogeographical patterns of two closely related
species, Machilus thunbergii and Machilus kusanoi (Lauraceae),
in Taiwan

Su-Hwa Wu'f, Ching-Yuan Hwang'f, Tsan-Piao Lin’>, Jeng-Der Chung’, Yu-Pin Cheng®
and Shih-Ying Hwang""

ABSTRACT

Aim The purpose of this paper was to study the patterns of genetic variation, demographic history,
haplotype relationships and potential location of diversity centres of two closely related species, Machilus

thunbergii and Machilus kusanoi.

Location The phylogeography of M. thunbergii and M. kusanoi was examined by sampling 110 and
106 individuals from 25 and 16 sampling sites, respectively, across their distributional range in Taiwan.
Machilus thunbergii is distributed on the Asian mainland, South Korea, southern Japan, the Ryukyus,
Taiwan and the Philippines, whereas M. kusanoi is endemic to Taiwan. These two species are closely

related, and both are widely distributed in Taiwan but occupy different altitudinal zones and habitats.

Methods The range-wide variation of M. thunbergii and M. kusanoi in Taiwan was studied using
chloroplast DNA (cpDNA) variations. A haplotype network was constructed with the computer program
TCS. Nested clade analysis was conducted with the computer program GEODIS, and various parameters
of genetic diversity were calculated and neutrality tested by the computer program DnaSP. Population
differentiation was estimated using the programs ARLEQUIN and HAPSTEP. The contribution of the
populations to gene diversity and to allelic richness was calculated using the software CONTRIB. The level
of divergence for each population from the remaining populations was calculated as the mean value of

pairwise F; for each population against the rest of the populations.

Results Extremely low levels of genetic differentiation were found for both species. This result suggested
that these two species probably survived in multiple relict refugia with different population sizes
throughout the island during low-temperature periods of the Pleistocene. In addition, nested clade analysis
(NCA) of cpDNA haplotypes indicated that restricted gene flow with isolation-by-distance characterized
the recolonization after the Pleistocene by Tashueshan and Shiouhluan populations of M. thunbergii in
the north-central area west of the Central Mountain Range (CMR). In contrast, NCA analysis indicated

that a major diversity centre on the southern tip of the island (Kending population) and contiguous
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range expansion characterized the recolonization by M. kusanoi of northern areas along the east side of
the CMR. The major diversity centres found for the two species examined were further supported by
the results of the mean F; for individual populations in comparison with other populations, and of the

contribution of the divergence component to the total diversity.

Main conclusions This research supports the multiple relict refugia hypothesis for both species
investigated. Populations of M. thunbergii at Shiouhluan and Tashueshan in the north-central area west of
the CMR represent a diversity centre currently expanding its size. A diversity centre at the southern-edge
population of M. kusanoi, and a contiguous range expansion from Kending, were found. These results
indicate that the M. thunbergii populations at Tashueshan and Shiouhluan and the M. kusanoi population

at Kending, and even Soukar, are evolutionarily significant units for conservation programmes.

Keywords
cpDNA, diversity centre, Machilus kusanoi, Machilus thunbergii, phylogeography, Taiwan.
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Allozyme Variation of Populations of Castanopsis carlesii
(Fagaceae) Revealing the Diversity Centres and Areas of the
Greatest Divergence in Taiwan

YU-PIN CHENG'?, SHIH-YING HWANG 2, WEN-LIANG CHIOU® and TSAN-PIAO LIN"

+ Background and Aims The genetic variation and divergence estimated by allozyme analysis were
used to reveal the evolutionary history of Castanopsis carlesii in Taiwan. Two major questions were
discussed concerning evolutionary issues: where are the diversity centres, and where are the most

genetically divergent sites in Taiwan?

+ Methods Twenty-two populations of C. carlesii were sampled throughout Taiwan. Starch gel
electrophoresis was used to assay allozyme variation. Genetic parameters and mean Fg; values of
each population were analysed using the BIOSYS-2 program. Mean Fg; values of each population
against the remaining populations, considered as genetic divergence, were estimated using the FSTAT
program.

+ Key Results Average values of genetic parameters describing the within-population variation, the
average number of alleles per locus (4 = 2.5), the effective number of alleles per locus (4,= 1.38),
the allelic richness (4, = 2.38), the percentage of polymorphic loci (P = 69 %), and the expected
heterozygosity (H, = 0.270) were estimated. High levels of genetic diversity were found for C. carlesii
compared with other local plant species. Genetic differentiation between populations was generally
low.

« Conclusions From the data of expected heterozygosity, one major diversity centre was situated in
central Taiwan corroborating previous reports for other plant species. According to the mean Fg;
value of each population, the most divergent populations were situated in two places. One includes
populations located in north central Taiwan between 24.80° N and 24.20° N. The other is located
in south-eastern Taiwan between 22.40° N and 23.10° N. These two regions are approximately
convergent with the most divergent locations determined for several other plant species using
chloroplast DNA markers published previously. An important finding obtained from this study is that
unordered markers like allozymes can be used to infer past population histories as well as chloroplast
DNA markers do.

Key words: Diversity centre, allozymes, Castanopsis carlesii, Fagaceae, genetic divergence.
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Phylogeographic study reveals the origin and evolutionary
history of a Rhododendron species complex in Taiwan

Jeng-Der Chung*, Tsan-Piao Lin®, Yu-Ling Chen®, Yu-Pin Cheng‘, Shih-Ying Hwang **

Abstract

This study infers a single origin and a once-widespread distribution of the Rhododendron
pseudochrysanthum species complex in Taiwan based on chloroplast DNA (cpDNA) variation. In total,
124 individuals from five endemic Rhododendron species were used for amplifications of two chloroplast
intergenic spacers: trnL-trnF and atpB-rbcL. The haplotype and nucleotide diversities were much lower
for the R. pseudochrysanthum complex, comprised of the species R. pseudochrysanthum, R. morii,
Rhododendron rubropunctatum, and Rhododendron hyperythrum, than for Rhododendron formosanum.
Two measures of pairwise population differentiation, Ny and Fy;, consistently revealed mostly non-
significant levels of genetic divergence between populations of the R. pseudochrysanthum complex. No
genetic difference was found among the four species of the R. pseudochrysanthum complex by analysis of
molecular variance (AMOVA), which is concordant with the parsimonious topology of cpDNA haplotypes
for the complex. Nested clade analysis (NCA) of the cpDNA haplotypes indicated that restricted gene
flow with isolation-by-distance characterized the recolonization pattern of the R. pseudochrysanthum
complex. In contrast, the NCA analysis indicated a contiguous range expansion for cpDNA haplotypes
of R. formosanum. This research suggests a once-widespread distribution of the R. pseudochrysanthum
complex probably via north-to-south colonization of mid-elevations during low-temperature periods of
the Pleistocene. Population fragmentation followed the warmer climate which began in the Holocene and

resulted in the present-day range contraction into high elevations.

© 2006 Elsevier Inc. All rights reserved.
Keywords: cpDNA; Evolutionary origin; Phylogeography; Rhododendron; Species complex; Taiwan
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Divergent Evolution of the Chloroplast Small Heat Shock
Protein Gene in the Genera Rhododendron (Ericaceae) and
Machilus (Lauraceae)

MIAO-LUN WU', TSAN-PIAO LIN?, MIN-YI LIN®, YU-PIN CHENG" and SHIH-YING
HWANG"

+ Background and Aims Evolutionary and ecological roles of the chloroplast small heat shock protein
(CPsHSP) have been emphasized based on variations in protein contents; however, DNA sequence
variations related to the evolutionary and ecological roles of this gene have not been investigated. In
the present study, a basal angiosperm, Machilus, together with the eudicot Rhododendron were used

to illustrate the evolutionary dynamics of gene divergence in CPsHSPs.

+ Methods Degenerate primers were used to amplify CPsHSP-related sequences from 16
Rhododendron and eight Machilus species that occur in Taiwan. Manual DNA sequence alignment
was carried out according to the deduced amino acid sequence alignment performed by CLUSTAL X.
A neighbour-joining tree was generated in MEGA using conceptual translated amino acid sequences
from consensus sequences of cloned CPsHSP genes from eight Machilus and 16 Rhododendron
species as well as amino acid sequences of CPsHSPs from five monocots and seven other eudicots
acquired from GenBank. CPsHSP amino acid sequences of Funaria hygrometrica were used as the
outgroups. The aligned DNA and amino acid sequences were used to estimate several parameters
of sequence divergence using the MEGA program. Separate Bayesian inference of DNA sequences
of Rhododendron and Machilus species was analysed and the resulting gene trees were used for
detection of putative positively selected amino acid sites by the Codeml program implemented in
the PAML package. Mean hydrophobicity profile analysis was performed with representative amino
acid sequences for both Rhododendron and Machilus species by the Bioedit program. The computer
program SplitTester was used to examine whether CPsHSPs of Rhododendron lineages and duplicate
copies of the Machilus CPsHSPs have evolved functional divergence based on the hydrophobicity

distance matrix.

+ Key Results Only one copy of the CPsHSP was found in Rhododendron. However, a higher
evolutionary rate of amino acid substitutions in the Hymenanthes lineage of Rhododendron was
inferred. Two positively selected amino acid sites may have resulted in higher hydrophobicity in
the region of the « -crystallin domain (ACD) of the CPsHSP. By contrast, the basal angiosperm,
Machilus, possessed duplicate copies of the CPsHSP, which also differed in their evolutionary rates
of amino acid substitutions. However, no apparent relationship of ecological relevance toward the
positively selected amino acid sites was found in Machilus.

+ Conclusions Divergent evolution was found for both Rhododendron lineages and the paralogues of
CPsHSP in Machilus that were directed to the shift in hydrophobicity in the ACD and/or methionine-

FhR focsk




rich region, which might have played important roles in molecular chaperone activity.

Key words: Adaptive evolution, chloroplast small heat shock protein, Machilus, Rhododendron.
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