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Abstract In various fern species, a large amount of rbcL
sequence variation has been reported, and it is possible that
these species contain several reproductively isolated cryptic
species. In our previous study on Asplenium nidus L., it was
suggested that the plants growing in Mt. Halimun National
Park, West Java, Indonesia, consist of several cryptic species
based on the results of crossing experiments among rbcL
sequence types. In this study, we examined allozyme poly-
morphisms of five rbcL sequence types found in West Java
in order to test the hypothesis that the assemblages of A.
nidus delimited based on the rbcL sequences are separate
Mendelian populations and gene flow is disrupted by repro-
ductive isolation from one another. The calculated fixation
indices suggested that the individuals in each rbcL type are
randomly crossing at least in the investigated localities.
Nevertheless, these rbcL-based assemblages were geneti-
cally differentiated in allozymes that are encoded in their
nuclear genomes, and it is also suggested that gene flow is
disrupted even between sympatrically distributed pairs of
rbcL sequence types. Therefore, our findings support the
view that the five rbcL sequence types in West Java are
potential cryptic species.

Key words Allozyme polymorphism - Asplenium nidus -
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Introduction

In systematic research on homosporous ferns, data from
cytotaxonomical and enzyme electrophoretic studies have
revealed cryptic species in many lineages such as Adiantum,
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Botrychium, and Pityrogramma (Paris et al. 1989).
Recently, in various fern species such as Asplenium nidus
L., Hymenasplenium obliquissimum (Hayata) Sugimoto, H.
cheilosorum (Kunze ex Mett.) Tagawa (Aspleniaceae), Steg-
nogramma pozoi (Lagasca) K. Iwats. (Thelypteridaceae),
Osmunda cinnamomea L., O. claytoniana L., O. regalis L.
(Osmundaceae), and Cheiropleuria bicuspis (Bl.) Pr. (Dip-
teridaceae) a large amount of rbcL sequence variation has
been reported (Murakami et al. 1998a, b; Yatabe et al. 1998,
1999; Kato et al.2001). Average substitution rates of rbcL in
the Osmundaceae were estimated to be approximately 7 x
10 nucleotide substitutions per year (Yatabe et al. 1999).

Considering the slow evolutionary rate of rbcL, the large
amount of rbcL sequence variation in these species may
suggest that they contain several reproductively isolated
cryptic species. In Ceratopteris thalictroides (L.) Brongn.
(Parkeriaceae), Masuyama et al. (2002) have revealed three
cryptic species, which were suggested to be reproductively
isolated from one another and genetically differentiated in
rbcL sequence as well as in allozyme polymorphism.

Asplenium nidus is one of the species assigned to Asple-
nium sect. Thamnopteris. Asplenium sect. Thamnopteris is a
group of epiphytic ferns with simple leaves and is found
throughout the Old World tropics. In this group, only tetra-
ploids at 2n = 144 have been recorded (Bir 1960; Abraham
et al. 1962; Kawakami 1970; Koul 1970; Tsai and Shieh 1983;
Yatabe et al. 2001). Murakami et al. (1999a, b) examined
rbcL sequences of this group and found that the divergence
of rbcL sequences reached 4-5% in the plants identified as
A. nidus sensu Holttum (1974).

In West Java, five rbcL sequence types of Asplenium
nidus were recorded (Murakami et al. 1999b). The phy-
logenetic analyses based on rbcL sequences suggest that
these five types are distantly related in Asplenium sect.
Thamnopteris. Three of the five rbcL types have been found
from Mt. Halimun National Park. The results of crossing
experiments suggested that at least two pairs of these three
types were not capable of forming F1 hybrids and are repro-
ductively isolated (Yatabe et al.2001). In addition, the three
rbcL types from Mt. Halimun National Park were ecologi-
cally differentiated. Habitats differ among rbcL types with
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respect to altitude or the position where the plants grow on
the tree trunks (Murakami et al. 1999b). Such ecological dif-
ferentiation among the rbcL types indirectly suggests that
these rbcL types keep their separate identities. All of these
data support the view that A. nidus consists of several cryp-
tic species.

The species boundaries are, however, still uncertain and
it remains to be verified that the assemblages that are delim-
ited based on the rbcL sequences are separate Mendelian
populations and gene flow is disrupted by reproductive iso-
lation from one another. In this study, we examined alloz-
yme polymorphism of Asplenium nidus collected from a
small area of West Java in order to clarify whether sympa-
trically distributed rbcL-based assemblages are also genet-
ically distinct populations in their nuclear genomes. We
addressed the following questions. (1) Are individuals ran-
domly crossing in each rbcL-based assemblage? (2) Are
these rbcL-based assemblages genetically differentiated
also in allozyme loci that are nuclear genetic markers? (3)
Do any genetic loci other than rbcL support the species
boundary drawn based on rbcL?

Materials and methods

From 1997 to 2000, a total of 117 individuals, which were all
identified as Asplenium nidus L., were collected from Mt.
Halimun National Park. Within the park, we collected mate-
rials haphazardly along the trails climbing up to the top of
Mt. South-Kendang and Mt. Botol (Fig.1). Mt. Botol is
about 4 km from Mt. South-Kendeng. At the lower eleva-
tion of Mt. Botol, the forest had been destroyed and only
the area higher than 1,600 m altitude could be investigated.
We also collected 25 and four individuals from Bogor
Botanical Garden and on the way from Bogor to Mt.
Halimun National Park, respectively. Bogor Botanical
Garden is about 50 km from Mt. Halimun National Park
(Fig. 1). Vouchers are deposited in the herbarium of the
Graduate School of Science, Kyoto University (Kyo). Total

Fig. 1. Map showing the
investigated localities

Mt. Botol

DNA was extracted from all 146 individuals using a 2 X
CTAB (hexadecyl trimethyl ammonium bromide) solution
according to Doyle and Doyle (1987).

For rbcL sequencing, we used 40 of the individuals in
order to investigate the distribution of each rbcL type
in West Java in addition to the previous investigation
(Murakami et al. 1999b). Polymerase chain reaction (PCR)
amplification of rbcL fragments used the method of
Murakami et al. (1999a). The PCR products were purified
using a Gene Clean kit (BIO101, Vista, Calif.) after electro-
phoresis in 1.0% agarose gels, and then were used as tem-
plates for direct sequencing. Sequencing reactions were
prepared using the Big Dye terminator cycle sequencing kit
(Perkin Elmer Applied Biosystems, Foster, Calif.). The
reaction mixtures were analyzed on an Applied Biosystems
Model 377 automated sequencer (Perkin Elmer).
Sequences were aligned using Sequence Navigator software
(Perkin Elmer).

For single strand conformation polymorphism (SSCP)
analysis (Yap and McGee 1994), we used 116 materials,
including ten of the same individuals that were used for
rbcL sequencing. A newly designed primer set, SSCP-
2F CACGGTATGCATTTTCGTGT, and SSCP-2R
TAGATACCCAATCTTGAGTG were used for PCR
amplification of 193 bp rbcL fragment. This fragment con-
tains 11 of 57 variable sites observed in the rbcL sequence
of A. nidus (Fig.2) and can be used for recognizing any of
the five rbcL types found from West Java so far. The PCR
products were electrophoresed on GenePhor (Amersham
Pharmacia Biotech, Buckinghamshire, UK) at 5°C. After
electrophoresis, the gels were stained by the DNA silver
staining method of Hoefer (Amersham). Each of the elec-
trophoretic patterns is shown in Fig. 3. After recognizing the
rbcL type of each individual by the SSCP method, 20 indi-
viduals of each rbcL type were used as materials for the
following allozyme analyses. Fresh leaves were ground in
1.0 ml of cold extraction buffer containing 0.1 mM Tris-HCI,
1mM EDTA (4Na), 10mM KCI, 10 mM MgCl,, 0.4% 2-
mercaptoethanol, and 10% polyvinyl-pyrrolidone with the
pH adjusted to 7.5. Enzymes were resolved on 7.5% poly-

Mt. Halimun
National Park o

’ ; . 3
Mt. South- g °
Kendeng
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Results
Distribution of each rbcL type

We determined 1,194 bp nucleotide sequences of rbcL for
40 individuals. All five types of rbcL sequences recognized
so far in West Java (Murakami et al. 1999b) were found also
in this study. These five types are designated as A, B, C, D,
and E and the sequence of each type is shown in Fig. 2. The
DNA database accession numbers of these five types
are AB023500, AB023501, AB013245, AB023502, and
ABO023508. No rbcL sequence variants other than these five
types were found.

The altitude where the 40 sample individuals for rbcL
sequencing grew and the distributions of each rbcL type are
shown in Fig.4. All five rbcL types were found in Mt.
Halimun National Park. Only one individual from that loca-
tion turned out to be type E. Types A, B, C, and E were
found along the trail of Mt. South-Kendeng, and types C
and D were found from higher elevation of Mt. Botol. Types
A and B, A and C, and C and D were found together at the

(m alt.)
1, 800 [m[m[m]
A 3
1,500 [~ A
AA
w1200 - EEAAA
a HEEEXX
= n ONN B EXXXX
[
- -
X 900 00
®)
600 [~
30000000
gz;vlﬁzrh d Mt. South-Kendeng Mt. Botol
0 Bogor Mt. Halimun N.P. Mt. Halimun Nation.al Park

Fig. 4. The distribution of each rbcL type in the investigated localities.
The rbcL type is indicated for each individual’s 1,194 bp rbcL
sequence. Filled box type A; cross type B; triangle type C; empty square
type D; circle type E

same elevation and sometimes found growing on the same
tree trunk. Types B and C were distributed parapatrically
at adjacent elevations. The other pairs of the rbcL types
were found at different elevations and were distributed
allopatrically.

Only type E was found in Bogor Botanical Garden. At
the roadside between Bogor and Mt. Halimun National
Park, types A and E were found.

Allozyme diversity within rbcL types

After recognizing each rbcL sequence type by its SSCP pro-
file, we examined allozyme diversity for 20 individuals each
of types A, B, C, and D from Mt. Halimun National Park,
and 20 individuals of type E from Bogor Botanical Garden.
We did not examine the allozyme polymorphism of type E
in Mt. Halimun National Park because only one individual
of type E was found from there. Eleven putative gene loci of
nine enzyme systems were resolvable and polymorphic: aat,
lap, pgi, dia, pgm, tpi-1, tpi-2, tpi-3, hk, gbpd, and 6pgd.

Allele frequencies estimated for each rbcL type are
listed in the Appendix. Levels of allozyme variability in
each rbcL type are presented in Table 1. Allozyme variabil-
ity was high in the populations from West Java, and mean
expected heterozygosities (He) range from 0.195 (type B) to
0.361 (type C). The fixation index (F), calculated for every
variable locus of each rbcL type, is shown in Table 2. Chi-
square tests were performed for every applicable locus and
the results are also shown in Table 2. The hypothesis that the
allele frequencies are in Hardy—Weinberg proportions was
not rejected for any locus of any rbcL types.

Table 1. Levels of allozyme variability in each rbcL type. A Mean
number of alleles per locus; P the proportion of polymorphic loci; He
mean expected heterozygosities; SD standard deviation

A SD P He SD
Type A 2.818 (1.601) 0.909 0325 (0.229)
Type B 2.455 (1.128) 0.818 0.195 (0.221)
Type C 3.182 (1.328) 1.000 0361 (0.167)
Type D 1.909 (0.831) 0.636 0251 (0.227)
Type E 3.000 (1.844) 1.000 0270 (0.183)
Mean 2.672 (1.415) 0.873 0.280 (0.207)

Table 2. The fixation index (F) in each rbcL type. The number in parentheses indicate the significance probability calculated by the % test

rbcLtype Allozyme loci
ATT LAP PGI DIA PGM TPI-1 TPI-2 TPI-3 HK GopP 6PG mean

A -0.132 0.231 0.283 -0.234 0.184 -0.212 0.063 -0.026 -0.404 - -0.026 -0.027
(0.430)  (0.204)  (0.205)  (0.154)  (0.391) - - - (0.041) - -

B -0.026 0.382 -0.056 -0.081 -0.026 -0.026 -0.162 -0.026 0.297 - - 0.031
- (0.074)  (0.987) - - - (0.343) - (0.182) - -

C 0.031 0.002 -0.081 0.024 -0.088 0.177 0.161 -0.254 -0.013 -0.053 0.165 0.006
(0.964)  (0.658) - (0.987)  (0.619)  (0.548)  (0.858)  (0.194) (0.371) - (0.858)

D - -0.062 -0.176 -0.103 0.079 0.253 - - 0.177 -0.068 - 0.014
- 0.717) - - - - - - (0.257)  (0.565) -

E 0.134 0.100 -0.111 -0.026 -0.093 -0.250 0.375 -0.026 0.216 0.314 -0.039 0.054
(0.548)  (0.723) - - (0.523) - - - (0201) - -
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Table 4. Genetic identity (above diagonal) and genetic distance
(below diagonal)

A B C D E
A - 0.599 0.702 0.596 0.659
B 0.513 - 0.621 0.379 0.693
C 0.353 0.476 - 0.401 0.806
D 0.517 0.970 0.913 - 0.516

E 0.417 0.366 0215 0.663 -
Type D
Type B
Type A
Type C

0.1

Nei's genetic distance

Type E

Fig. 5. UPGMA dendrogram of Asplenium nidus from West Java
based on Nei’s genetic distance

Allozyme diversity between rbcL types

The extent of the genetic differentiation based on allozyme
data between the rbcL types is shown in Table 3. For every
pair of rbcL types, we found some loci where the allele fre-
quencies deviated significantly from each other. In most of
the loci, however, alleles were shared by several different
rbcL types. In eight of ten pair-wise comparisons, at least
one locus showed complete differentiation in alleles. Nei’s
genetic distance (D) and genetic identity (I) calculated
among rbcL types are shown in Table 4. A dendrogram
based on Nei’s genetic distance is shown in Fig. 5.

Discussion

The calculated fixation index and the results of chi-square
tests (Table 2) suggest that the individuals are randomly
crossing in each rbcL type of Asplenium nidus from West
Java (types A-E). Asplenium nidus can be considered as
out-crossing species. Therefore, we can test the hypothesis
that these rbcL sequence types are separate Mendelian
populations and gene flow is disrupted by reproductive iso-
lation from one another by examining sympatrically distrib-
uted populations and verifying whether these rbcL types
are also genetically distinct or differentiated in nuclear
genomes. Although the allozyme data on Asplenium sect.
Thamnopteris were provided by Murakami et al. (1999a),
this data did not include the locality where several rbcL
types grow sympatrically. Therefore, we could not test this
hypothesis or discuss the species status in Asplenium sect.
Thamnopteris.

In this study, we collected the materials from the same
locality, Mt. Halimun National Park, for allozyme analyses
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of four of the five rbcL types found from West Java. Three of
the six pairs of these four rbcL types, types A and B, A and
C, and C and D, were found from the same elevation (Fig. 4)
and sympatrically distributed. Nevertheless, significant
genetic differentiation was also observed in the allozyme
data between the rbcL types (Table 3). Therefore, some
factors other than geographical isolation were expected to
prevent the gene flow from occurring among rbcL types.
Yatabe et al. (2001) performed crossing experiments and
reported that at least two pairs of types A, B, and C are inca-
pable of forming hybrids between them (A x B and A x C;
other pairings were not tested). Therefore, one of the fac-
tors that prevent gene flow was thought to be reproductive
isolation.

It was confirmed that the rest of the pairs, types B and C,
A and D, and B and D, were distributed parapatrically or
allopatrically because they were found in adjacent or dif-
ferent elevations (Fig. 4). Their distributions were, however,
continuous and no geographical isolation was recognized
among their habitats. Significant differentiation was
observed in six, seven and eight loci between the pairs of
types B and C, A and D, and B and D, respectively (Table 3).
Considering the high abilities of spore dispersal in homo-
sporous ferns, it is still possible that reproductive isolation
may prevent gene flow even between these pairs of rbcL
types.

Significant differentiation in allele frequencies of the
allozyme loci was also observed between type E and the
other types (Table 3). It is, however, still not clear whether
type E and the other rbcL types are reproductively isolated
because the materials for type E were collected from Bogor
Botanical Garden and did not originate from the same
locality as the other rbcL types did.

Soltis and Soltis (1989) reported the range of genetic
identity (I) between congeneric species and that between
conspecific populations of homosporous pteridophytes to
be 0.00-0.85 and 0.78-0.996, respectively. All genetic iden-
tities (I) estimated in this work fall into the range of that
between congeneric species (Table 4). Only the value esti-
mated between types C and E falls into the range of that
between conspecific populations as well (Table 4). Our find-
ings support the view that the five rbcL sequence types in
West Java are separate cryptic species.

Types B and D were entirely differentiated from the
others in one or two allozyme loci (Appendix, Table 3). The
other three rbcL types were, however, less distinct popula-
tions according to allozyme alleles. The pairs of types A and
C, and C and E shared some alleles in every locus and no
other genetic loci other than rbcL support the species
boundary drawn based on rbcL in these three types. Types
A, C, and E formed a cluster in the obtained UPGMA den-
drogram (Fig. 5). These three types also formed a clade with
93% bootstrap reliability in the molecular phylogenetic
analysis based on the rbcL sequence although many other
plants, collected from Thailand, China, Japan and so on,
were nested within this clade (Yatabe et al. 2001).

There are three possible reasons for the ambiguous
boundaries of these assemblages of types A, C, and E. The
first is the formation of F1 hybrids or introgression between

the rbcL types. The extent of introgression between these
rbcL types, however, should be small enough that these
rbcL types are still significantly differentiated at several loci
(Table 3). Indeed, types A and C did not form F1 hybrids in
the crossing experiments (Yatabe et al. 2001), suggesting
that the frequency of the formation of a F1 hybrid cannot be
high in nature either. The second is the difference in the
effective population size between rbcL and allozymes.
The effective population size for rbcL is expected to be
one-quarter that of allozymes because rbcL is coded on
the maternally inherited chloroplast DNA (Gastony and
Yatskievych 1992) whereas allozymes are encoded on
nuclear genomes. It has been suggested theoretically that
the smaller the effective population size is, the more seri-
ously genetic drift causes a loss in variation of alleles
(Wright 1931). The larger effective population size also may
cause incomplete lineage sorting (Moore 1995). This means
that chloroplast DNA sequence data can be more useful
than allozyme data as a first approximation for recognizing
reproductively isolated assemblages in a locality. The last
possible reason is the presence of cryptic alleles of allozyme
not recognized during electrophoresis. In order to discuss
which reason is most feasible, further investigations will be
required.

In Asplenium sect. Thamnopteris, sporophyte morphol-
ogy does not provide good qualitative taxonomic characters
for species recognition. Holttum (1974) monographed 15
species of sect. Thamnopteris using gross morphological
characters. However, species delimitation is unclear and the
naturalness of these taxa as species is questionable because
most of the characters that he adopted as keys to the species
were quantitative characters such as frond width and frond
apex shape. In cases such as this, in which morphology fails
to yield clear hypotheses, the characters of chloroplast
DNA sequences can provide useful alternative information
for species recognition. When we combine DNA sequence
data and nuclear genomic markers such as allozyme poly-
morphism, we are able to clarify whether the assemblages
based on the rbcL sequence are reproductively isolated and
to recognize the cryptic species more effectively in homo-
sporous ferns.
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Locus Allele rbcL type Locus Allele rbcL type
A B C D E A B C D E
AAT a 0.000 0.025 0.000 0.000 0.175 TPI-1 a 0.000 0.000 0.000 0.625 0.000
b 0.850 0.975 0.425 1.000 0.825 b 0.000 0.000 0.075 0.000 0.000
c 0.100 0.000 0.550 0.000 0.000 c 0.000 0.000 0.000 0.375 0.000
d 0.050 0.000 0.025 0.000 0.000 d 0.825 0.975 0.825 0.000 0.800
LAP a 0.000 0.050 0.000 0.000 0.000 e 0.175 0.025 0.100 0.000 0.200
b 0.000 0.025 0.000 0.000 0.050 TPI-24 a 0.000 0.050 0.000 0.000 0.000
c 0.050 0.500 0.100 0.000 0.025 b 0.000 0.000 0.150 0.000 0.400
d 0.025 0.000 0.050 0.000 0.050 c 0.000 0.000 0.000 1.000 0.000
e 0.000 0.000 0.025 0.000 0.000 d 0.200 0.825 0.625 0.000 0.600
f 0.150 0.000 0.000 0.000 0.025 e 0.800 0.125 0.225 0.000 0.000
g 0.000 0.425 0.650 0.000 0.575 TPI-3 a 0.000 0.000 0.200 0.000 0.025
h 0.000 0.000 0.100 0.000 0.000 b 0.975 0.975 0.775 1.000 0.975
I 0.275 0.000 0.000 0.000 0.000 c 0.025 0.025 0.025 0.000 0.000
j 0.425 0.000 0.050 0.925 0.225 HK a 0.000 0.050 0.000 0.000 0.000
k 0.025 0.000 0.000 0.025 0.025 b 0.000 0.475 0.000 0.000 0.000
1 0.050 0.000 0.000 0.050 0.025 c 0.000 0.450 0.000 0.000 0.000
m 0.000 0.000 0.025 0.000 0.000 d 0.000 0.025 0.000 0.000 0.000
PGI a 0.000 0.000 0.075 0.000 0.100 e 0.600 0.000 0.000 0.000 0.000
b 0.000 0.125 0.000 0.000 0.000 f 0.025 0.000 0.000 0.000 0.000
c 0.775 0.775 0.925 0.000 0.900 g 0.375 0.000 0.200 0.625 0.000
d 0.000 0.050 0.000 0.000 0.000 h 0.000 0.000 0.000 0.000 0.025
e 0.225 0.050 0.000 0.850 0.000 I 0.000 0.000 0.750 0.350 0.250
f 0.000 0.000 0.000 0.150 0.000 j 0.000 0.000 0.000 0.000 0.700
DIA a 0.025 0.000 0.000 0.000 0.000 k 0.000 0.000 0.050 0.025 0.025
b 0.025 0.000 0.000 0.000 0.000 Go6P a 0.000 0.000 0.050 0.000 0.000
c 0.300 0.000 0.025 0.000 0.000 b 0.000 0.000 0.000 0.050 0.000
d 0.650 0.000 0.775 0.000 0.000 c 1.000 1.000 0.950 0.725 0.875
e 0.000 0.000 0.000 0.000 0.025 d 0.000 0.000 0.000 0.225 0.000
f 0.000 0.925 0.200 0.525 0.975 e 0.000 0.000 0.000 0.000 0.125
g 0.000 0.075 0.000 0.475 0.000 6PG a 0.025 0.000 0.000 0.000 0.025
PGM a 0.000 0.025 0.000 0.000 0.000 b 0.975 0.000 0.625 1.000 0.950
b 0.000 0.000 0.000 0.000 0.025 c 0.000 1.000 0.200 0.000 0.025
c 0.375 0.975 0.000 0.000 0.050 d 0.000 0.000 0.175 0.000 0.000
d 0.000 0.000 0.000 0.425 0.000
e 0.000 0.000 0.900 0.000 0.875
f 0.550 0.000 0.000 0.575 0.000
g 0.000 0.000 0.000 0.000 0.050
h 0.075 0.000 0.075 0.000 0.000
I 0.000 0.000 0.025 0.000 0.000
Masuyama S, Yatabe Y, Murakami N, Watano Y (2002) Cryptic species
References in the fern Ceratopteris thalictroides (L.) Brongn. (Parkeriaceae). 1.

Abraham A, Ninan CA, Mathew PM (1962) Studies on the cytology
and phylogeny of the pteridophytes. VII. Observations on one hun-
dred species of south Indian ferns. J Indian Bot Soc 41:339-421

Bir SS (1960) Cytological observations on the East Himalayan mem-
bers of Asplenium Linn. Curr Sci 29:445-447

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochemistry 19:11-15

Felsenstein J (1995) PHYLIP(Phylogeny Inference Package) v. 3.57.
University of Washington

Gastony GJ, Yatskievych G (1992) Maternal inheritance of the chloro-
plast and mitochondrial genomes in Cheilanthoid Ferns. Am J Bot
79:716-722

Holttum RE (1974) Asplenium Linn., sect. Thamnopteris Presl. Gard
Bull Singapore 27:143-154

Kato M, Yatabe Y, Sahashi N, Murakami N (2001) Taxonomic studies
of Cheiropleuria (Dipteridaceae). Blumea 46:513-525

Kawakami S (1970) Karyological studies on Aspleniaceae. II.
Chromosomes of seven species in Aspleniaceae. Bot Mag Tokyo
83:74-81.

Koul AK (1970) Supernumerary cell divisions following meiosis in the
spider plant. Genetica 41:305-310

Molecular analyses and crossing tests. J Plant Res 115:87-97

McCauley DE, Whittier DP, Reily LM (1985) Inbreeding and the rate
of self-fertilization in a grape fern, Botrychium dissectum. Am J Bot
72:1978-1981

Moore WS (1995) Inferring phylogenies from mtDNA variation —
mitochondrial-gene trees versus nuclear-gene trees. Evolution
49:718-726

Murakami N, Yokoyama J, Cheng X, Iwasaki H, Imaichi R, Iwatsuki K
(1998a) Molecular taxonomy of Hymenasplenium obliquissimum
complex (Aspleniaceae) based on rbcL sequence comparisons. Plant
Species Biol 13:51-56

Murakami N, Yokoyama J, Iwatsuki K (1998b) Hymenasplenium
inthanonense (Aspleniaceae), a new fern species from Doi Inthanon,
and its phylogenetic status. Thai For Bull 26:40-52

Murakami N, Yokoyama J, Yatabe Y, Iwasaki H, Serizawa S (1999a)
Molecular taxonomic study and revision of the three Japanese
species of Asplenium sect. Thamnopteris. J Plant Res 112:15-
25

Murakami N, Yatabe Y, Iwasaki H, Darnaedi D (1999b) Molecular tax-
onomy of a morphologically simple fern Asplenium nidus complex
from Mt. Halimun National Park, Indonesia. In: Kato M (ed) The
biology of biodiversity. Springer, Berlin Heidelberg New York,
pp 53-66



490

Nei M (1972) Genetic distance between populations. Am Nat 106:283—
292

Paris CS, Wagner FS, Wagner HW (1989) Cryptic species, species
delimitation, and taxonomic practice in the homosporous ferns. Am
Fern J 79:46-54

Shiraishi S (1988) Inheritance of isozyme variations in Japanese black
pine, Pinus thunbergii Parl. Silvae Genet 37:93-100

Soltis DE, Soltis PS (1989) Isozymes in plant biology. Chapman and
Hall, London

Tsai JL, Shieh WC (1983) A cytotaxonomic survey of the pteridophytes
in Taiwan. J Sci 20:137-158

Wright S (1931) Evolution in Mendelian populations. Genetics 16:97—
159

Yap E, McGee J (1994) Non-isotopic single-strand conformation poly-

morphism (SSCP) analysis of PCR products. In: Griffin H, Griffin A
(eds) PCR technology: current innovations. CRC, Boca Raton,
pp 165-177

Yatabe Y, Takamiya M, Murakami N (1998) Variation in the rbcL
sequence of Stegnogramma pozoi subsp. mollisima (Thelypteri-
daceae) in Japan. J Plant Res 111:557-564

Yatabe Y, Nishida H, Murakami N (1999) Phylogeny of Osmundaceae
inferred from rbcL nucleotide sequence and comparison to the fossil
evidences. J Plant Res 112:397-404

Yatabe Y, Masuyama S, Darnaedi D, Murakami N (2001) Molecular
systematics of the Asplenium nidus complex from Mt. Halimun
National Park, Indonesia. Evidence for reproductive isolation
among three sympatric rbcL sequence types. Am J Bot 88:1517-
1522



