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ABSTRACT.—We analyzed nucleotide variation in rbcL (the gene encoding the large subunit of
ribulose 1,5-bisphosphate carboxylase/oxygenase) from 99 genera of leptosporangiate ferns rep-
resenting 31 of the 33 extant families. Phylogenetic relationships were inferred using three meth-
ods: neighbor joining, maximum parsimony, and maximum likelihood. All three methods resulted
in optimal trees that were similar. Within the context of those taxa examined, these trees suggest
that: 1) Polypodiaceae, Grammitidaceae and Pleurosoriopsis form a monophyletic group that is
most derived among indusiate ferns; 2) Davallia is closely related to the Polypodiaceae; 3) Tectaria
is related to Oleandraceae rather than to other members of Dryopteridaceae; 4) Rumohra and
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Elaphoglossum are closely related; 5) Dryopteridaceae are polyphyletic; 6) a monophyletic group
consists of Polypodiaceae, Grammitidaceae, Davalliaceae, Oleandraceae, Nephrolepidaceae, Lo-
mariopsidaceae, Dryopteridaceae, Thelypteridaceae, Blechnaceae, Aspleniaceae, and Pleuroso-
riopsis; 7) Dennstaedtiaceae, Monachosoraceae, Pteridaceae, Vittariaceae, and the previous clade
form a monophyletic group; 8) Dennstaedtiaceae are polyphyletic; 9) tree ferns in the Cyatheaceae,
Metaxyaceae, and Dicksoniaceae form a monophyletic group that emerged early in the diversifi-
cation of leptosporangiate ferns; 10) Plagiogyriaceae and Loxomataceae emerge with the tree ferns;
11) heterosporous water ferns form a monophyletic group that diverged prior to the tree ferns; 12)
Schizaeaceae, Cheiropleuriaceae, Dipteridaceae, Gleicheniaceae, Matoniaceae, and Hymenophyl-
laceae are basal to the heterosporous aquatic ferns; and 13) Osmundaceae are the most basal
lineage of the leptosporangiate ferns.

Nucleotide variation in the gene encoding the large subunit of ribulose 1,5-
bisphosphate carboxylase/oxygenase (rbcL) has provided the most extensive
molecular data set for plant systematists {e.g., Chase et al., 1993). In the last
five years almost every major lineage of land plants has been surveyed for rbcL
sequence data (e.g., Chase et al., 1993; Manhart, 1994; Mishler et al., 1994),
including three studies of ferns. Hasebe et al. (1993) analyzed rbcL from two
leptosporangiate ferns (Adiantum and Osmunda) and two eusporangiate ferns
(Angiopteris and Botrypus), and inferred their relationships with other land
plants. Translated amino acid sequences, rather than DNA sequences, were
used in that study, because variation in GC content across widely divergent
taxa can bias phylogenetic analyses (Hasegawa et al., 1993). Maximum likeli-
hood analyses supported monophyly of the ferns but relationships among bas-
al taxa within the ferns were not fully resolved. Polymerase Chain Reaction
(PCR)-mediated direct sequencing has recently become feasible and accumu-
lation of fern rbcL data has accelerated. Hasebe et al. (1994) analyzed rbcL
from 64 species (62 genera, 29 families sensu Kramer and Green, 1990) using
neighbor joining and maximum parsimony methods. Wolf et al. (1994) ana-
lyzed rbcL from 45 species of dennstaedtioid ferns using maximum parsimony.
The two studies produced almost concordant results, although both pointed
out the need for more sequence data to increase taxon sampling, especially in
large and diverse families such as Dryopteridaceae and Pteridaceae.

In this study, we compiled information from 180 fern rbcL sequences avail-
able to us (Appendix). We selected 107 taxa representing all major extant lin-
eages of ferns and analyzed the data using three different tree construction
methods: neighbor joining (NJ), maximum parsimony (MP), and maximum
likelihood (ML). We also estimated the number of synonymous (Ks) and non-
synonymous (Ka) nucleotide substitutions in fern rbcL sequences. The goals
of our study were to 1) infer relationships among the major lineages of leptos-
porangiate ferns, 2) compare the results of three different tree making methods,
3) compare average interfamilial and intergeneric (intrafamilial) Ks and Ka in
ferns with those in angiosperms, and 4) infer the phylogenetic positions of the
historically problematic taxa Loxoma, Orthiopteris, and Pleurosoriopsis.
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MATERIALS AND METHODS

We randomly selected one species from each genus for which rbcL data were
available at the time of this analysis (Appendix), incorporating representatives
from all extant families and subfamilies (see Fig. 1) except the Lophosoriaceae
and Hymenophyllopsidaceae. We followed Kramer and Green’s (1990) system
for the delimitation of families. However, generic delimitation was not always
concordant with Kramer and Green’s (1990) system, and several genera were
treated as in the original references from which sequence data were cited (see
Appendix). The 107 selected sequences were used in the NJ and MP analyses.
Due to limitations in computer capabilities and time, ML analyses were per-
formed on a reduced data set of 72 species.

The rbcL sequences themselves were generated in ten different laboratories,
and therefore specific protocols for DNA extraction, PCR amplification, clon-
ing, and sequencing vary. Details are provided in the original citations given
in the Appendix (see also Ranker, 1995).

The sequences could be aligned without any insertions or deletions. The
1206 bp region between base pair positions 73 and 1278 (from the initial me-
thionine codon of Marchantia polymorpha; Ohyama et al., 1986) was tused for
phylogenetic analyses.

For the NJ analyses, we used PHYLIP version 3.5c (Felsenstein, 1993). In
calculating the distance matrix, Kimura’s 2-parameter model of nucleotide sub-
stitution (Kimura, 1980) was implemented, in which the transition (ts)/trans-
version (tv) ratio was fixed to 3 {(Hasebe et al., 1994). Support for each inter-
node was estimated using bootstrap resampling of nucleotide positions (Fel-
senstein, 1985; Felsenstein and Kishino, 1993). We also generated a NJ tree
using the MOLPHY ver. 2.2 program (Adachi and Hasegawa, 1994). We cal-
culated a distance matrix based on a maximum likelihood model of nucleotide
substitution (HKY85 model; Hasegawa et al., 1985) using the “distance option”
of NucML (Adachi and Hasegawa, 1994) with the assumption of ts/tv=3.

For the MP analyses, we used PAUP version 3.1 (Swofford, 1993). We
searched for multiple islands of equally most parsimonious trees (Maddison,
1991) using the heuristic search method. We assigned equal weight to each
codon position and conducted 500 searches using random-order-entry starting
trees and nearest neighbor interchanges (NNI) branch swapping with MUL-
PARS and STEEPEST DESCENT selected. The equally most parsimonious trees
from these 500 searches were used as starting trees for tree bisection-recon-
nection (TBR) branch swapping with MULPARS and STEEPEST DESCENT
selected (see Olmstead and Palmer [1994] for other search strategies for mul-
tiple islands with large data sets). We also implemented the differential char-
acter-state weighting model of Albert et al. (1993) and conducted 1000 searches
using random-order-entry starting trees and NNI branch swapping with MUL-
PARS and STEEPEST DESCENT selected. The equally most parsimonious trees
from these 1000 searches were then used as starting trees for subtree pruning-
regrafting (SPR) and TBR branch swapping with MULPARS and STEEPEST
DESCENT selected. Bootstrap (Felsenstein, 1985; Sanderson, 1989; Hillis and
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Bull, 1993; Felsenstein and Kishino, 1993) and decay analyses (Bremer, 1988)
were used to obtain a measure of confidence for each branch. Five hundred
bootstrap replications were carried out with equal weighting, simple sequence
addition, and NNI branch swapping with MULPARS and STEEPEST DESCENT
selected. Bootstrap values were recorded for nodes supported in more than
half the replicates. For the decay analysis, the equally most parsimonious trees
from the heuristic searches above were used as starting trees for a further
search using TBR branch swapping with MULPARS and STEEPEST DESCENT
selected. All trees up to two steps longer than the equally most parsimonious
trees were saved. The strict consensus trees were calculated to determine de-
cay values for each branch, i.e., the number of steps that could be added to
the tree before causing the branch to collapse.

For the ML data set, we eliminated 35 species that always clustered in mono-
phyletic groups with other taxa with more than 85% bootstrap probability
during preliminary analyses with NJ and MP methods. The data set containing
72 genera was analyzed on a Silicon Graphics Indigo II with IRIX 5.2 and the
MIPS R4400 coprocessor using fastDNAmI version 1.0.6 (Felsenstein, 1981;
Olsen et al., 1992). Thirty replications of the ML analysis were executed, each
with different randomly determined orders of sequence addition and local
branch swapping in effect. The “Categories” option was invoked to specify the
different rates of substitution by codon position. Codons were categorized (1.0:
0.39:8.0 for first: second:third codon positions, respectively) based on empir-
ical estimates of base substitution rates at each codon position for fern rbcL
sequences (Hasebe et al., 1994). As with the NJ and MP analyses, a ts/tv ratio
of 3.0 was specified. One tree resulted from each of the 30 random sequence
addition searches. Using fastDNAmIl version 1.1 (Felsenstein, 1981; Olsen et
al., 1994), we performed a statistical test (Kishino and Hasegawa, 1989) of each
of these trees against the one with the best log-likelihood. This test uses the
standard error of the difference of log-likelihood from the best ML tree to de-
termine whether the log-likelihoods of any of the trees are significantly worse
(lower) than that of the best ML tree. In addition, the “Global and User Tree”
option was invoked to identify the best of these 30 trees and to carry out global
branch swapping to attempt to find a more likely tree.

In the MP and ML analyses, the eusporangiate ferns (Marattiaceae and
Ophioglossaceae) and Psilotaceae were designated as outgroup taxa based on
previous molecular phylogenetic results (Hasebe et al., 1993; Hiesel et al.,
1994; Manhart, 1994). Only a single taxon could be designated as the outgroup
in the NJ analyses; we chose Angiopteris (Marattiaceae).

The number of synonymous and nonsynonymous nucleotide substitutions
per site were counted by the NG method (Nei and Gojobori, 1986) for the taxa
indicated in the Appendix, using the program kindly provided by N. Saitou
(National Institute of Genetics, Mishima, Japan). The expected numbers of syn-
onymous and nonsynonymous nucleotide substitutions per site (Ks and Ka,
respectively) estimated by the Jukes and Cantor equation (Jukes and Cantor,
1969) were averaged among species-pairs in different families (interfamilial
distances) and among pairs of species in different genera that formed a mono-
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FIG. 1. Tree obtained using the neighbor joining (N]) method. The branch lengths are arbitrary.
Bootstrap values are indicated for nodes supported in =50% of 1000 bootstrap replicates. Taxa
shown in the tree are indicated in the Appendix. The tree was rooted by Angiopteris (Maratti-
aceae). The basal and upper portions of the tree are connected along the branch labeled “A”.
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FiG. 2. An arbitrarily selected tree from the 160 equally most parsimonious trees in the maximum
parsimony (MP) analyses with equal weighting. Branch lengths correspond to the number of nu-
cleotide substitutions (ACCTRAN optimization). Decay indices are indicated on those nodes where
the number of additional steps needed for a branch to collapse is = 2. A decay index of “+0”
means that the node collapses in the strict consensus of the 160 equally most parsimonious trees.
CI=0.196; RI=0.596; RCI=0.117. Taxa shown in the tree are indicated in the Appendix. The tree

was rooted by the eusporangiate ferns and Psilotaceae. The basal and upper portions of the tree
are connected along the branch labeled “A”.
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Fic. 2. Continued.

phyletic group within families (intergeneric distances). We also calculated the
Ks and Ka values for angiosperm rbcL sequences available in the DNA data-
bases DDBJ, EMBL, and NCBI. We selected 20 families for which more than 5
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Fic. 3. Strict consensus of 160 equally most parsimonious trees obtained using maximum par-
simony (MP) with equal weighting, simple sequence addition, and NNI branch swapping with
MULPARS and STEEPEST DESCENT selected. Bootstrap values are indicated for nodes supported
in =50% of 500 bootstrap replicates. Taxa shown in the tree are indicated in the Appendix. The
tree was rooted by the eusporangiate ferns and Psilotaceae. The basal and upper portions of the
tree are connected along the branch labeled “A”.
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FIG. 4. Strict consensus tree of the eight equally most parsimonious trees obtained using maxi-
mum parsimony (MP) with the weighting criterion of Albert et al. (1993). Branch lengths are
arbitrary. Taxa shown in the tree are indicated in the Appendix. The tree was rooted by the
eusporangiate ferns and Psilotaceae. The basal and upper portions of the tree are connected along
the branch labeled “A”.
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Fic. 5. The best maximum likelihood tree with a log-likelihood of —21540.3479 obtained after
30 random sequence addition searches with local branch swapping. Codons were categorized (1.0:
0.39:8.0 for first:secong:third codon positions, respectively), and ts/tv was assumed as 3.0. Taxa
shown in the tree are indicated in the Appendix. The tree was rooted by the eusporangiate ferns
and Psilotaceae. The basal and upper portions of the tree are connected along the branch labeled
“A”.

genera were reported in the databases. The dataset and the complete table of
Ks and Ka values are available from K. Ueda upon request.

RESULTS

The NJ tree obtained using Kimura’s 2-parameter model is shown in Fig. 1.
The NJ analysis with a maximum likelihood model of nucleotide substitution
resulted in the same tree.

Using the MP method with equal weighting, 160 equally most parsimonious
trees of 5978 steps were found in two islands (40 and 120 trees, respectively).
Using random-order-entry starting trees, the bigger island was found at the first
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Fic. 5. Continued.

Lindsaea

Orthiopteris

search and the smaller island at the 48th search. The same strict consensus
tree was calculated for both islands. These trees had a consistency index of
0.196, a retention index of 0.596, and a rescaled consistency index of 0.117.
One arbitrarily selected tree from the 160 equally most parsimonious trees is
shown (with decay values) in Fig. 2. The strict consensus of the 160 equally
most parsimonious trees is shown in Fig. 3. The weighted MP analysis resulted
in eight equally most parsimonious trees from one island found at the first
search using random-order-entry starting trees. These eight trees were then
used as starting trees for further searches with both SPR and TBR swapping.
Additional trees of shorter or equal length were not found. The strict consen-
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FiG. 6. Strict consensus tree of the best ML tree and the 21 trees whose log-likelihoods were not
significantly worse than the best ML tree. Taxa shown in the tree are indicated in the Appendix.
The tree was rooted by the eusporangiate ferns and Psilotaceae. The basal and upper portions of
the tree are connected along the branch labeled “A”.
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TABLE 1. Mean and standard error (SE) of synonymous (Ks) and nonsynonymous (Ka) nucleotide
substitutions per nucleotide site in ferns and angiosperms. The t-test is based on the difference between
the mean values of fern and angiosperm families.

Ferns Angiosperms t-test
Mean SE Mean SE t P
Interfamilial Ks 1.170 0.461 0.372 0.111 1789 < 0.0001
Ka 0.028 0.008 0.025 0.010 351 < 0.0001
Intergeneric Ks 0.411 0.258 0.104 0.074 29 < 0.0001
Ka 0.018 0.011 0.013 0.006 8 < 0.0001

sus tree of these eight equally most parsimonious trees is shown in Fig. 4. All
of these equally most parsimonious trees obtained by the weighted MP anal-
ysis corresponded in topology to the trees 2 steps longer (5980 steps) than the
equally most parsimonious trees obtained using the equal weighting criterion.

The ML analysis produced 25 different trees, because some of the 30 random
addition sequence searches resulted in the same trees. The ML tree with the
best log-likelihood (—21540.3479) is shown in Fig. 5. Three of the 30 random
addition sequence searches resulted in finding the same best tree. A statistical
test of the variance of log-likelihood differences (Kishino and Hasegawa, 1989)
between each of the 24 less likely trees and the best ML tree was carried out
to determine whether any of the trees were significantly worse than the best
ML tree. Three trees had a significantly lower log-likelihood than that of the
best ML tree, whereas the log-likelihoods of the other 21 trees were not sig-
nificantly worse than that of the best ML tree. The strict consensus tree of
these 21 trees and the best ML tree is shown in Fig. 6. Although global branch
swapping was executed on all of the 30 trees, no trees with a higher log-
likelihood than the best ML tree (Fig. 5) were obtained.

The average interfamilial and intergeneric Ks and Ka values for ferns and
angiosperms are shown in Table 1. A t-test shows that these values are signif-
icantly higher in ferns than in angiosperms at the 1% level. The intrafamilial
Ks and Ka values among fern and angiosperm genera are shown in Table 2.

We also attempted to calculate Ks and Ka values using the Li et al. (1985)
method, however, the “LWL91” program (Li, 1993) kindly provided by Li (The
University of Texas, Houston) could do the calculations for only up to 30
species-pairs. We were unable to expand the taxon number limitation of the
program. Preliminary indications were that Ks and Ka values were very similar
using both methods.

DiscussiOoN

PHYLOGENETIC ANALYSES.—The results of computer simulation studies have
shown that ML tends to be the most robust method to infer phylogenetic re-
lationships (Kobayashi-Fukami and Tateno, 1991; Hasegawa et al., 1991), al-
though the method takes relatively more time than other methods. MP may
give erroneous results under some conditions {Hendy and Penny, 1989; DeBry,
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1992; Zharkikh and Li, 1993; Takezuki and Nei, 1993) especially when the rate
of nucleotide substitution is quite high or not constant (Felsenstein and Sober,
1986). However, those studies are based on the simulation of a small number
of data sets using simple models, and more studies are necessary to reveal the
applicability of each method for real data sets. In this study we therefore used
the three different methods (Nj, MP, and ML) to infer phylogenetic relation-
ships, and incorporated all of the results in the following discussion.

Optimal trees recovered from all three methods of tree construction had a
similar overall topology. The trees we recovered were not completely congru-
ent with any formerly proposed phylogenetic scheme (e. g., Bower, 1928; Holt-
tum, 1949; Wagner, 1969; Nayar, 1970; Bierhorst, 1971; Mickel, 1974; Lovis,
1977), although each scheme is at least in part consistent with our results. The
phylogenetic patterns observed in our analyses are discussed here in order,
from the most basal lineages to the uppermost branches.

Osmundaceae (Osmunda and Plenasium) tended to be a sister taxon to all
other leptosporangiate ferns on the rbcL trees. This phylogenetic position was
supported with less than 50% bootstrap probability in both the NJ and equally
weighted MP analyses. The distinctness of the Osmundaceae from other lep-
tosporangiate ferns has been documented using both morphological and mo-
lecular data (e.g., Gifford and Foster, 1988; Stein et al., 1992). The basal
branching of the Osmundaceae is concordant with the fossil record (Stewart
and Rothwell, 1993). Although a phylogenetic relationship of Osmundaceae
to Plagiogyria has been suggested (e. g., Mickel, 1974), rbcL trees do not sup-
port this hypothesis. The placement of Plagiogyriaceae as a sister group to
Osmundaceae in the MP tree {Fig. 2} would require 78 additional steps.

The gleichenioid ferns (Cheiropleuriaceae, Dipteridaceae, Gleicheniaceae,
and Matoniaceae) and Hymenophyllaceae were basally situated in all trees
(Figs. 1-6). The relationships were nearly identical to those inferred by Hasebe
et al. (1994). Our NJ tree (Fig. 1) weakly supported monophyly of the glei-
chenioids, and intergeneric relationships were not well resolved. A relation-
ship between the gleichenioid and polypodioid (Grammitidaceae and Poly-
podiaceae) ferns has been suggested (e.g., Bierhorst, 1971; Holttum, 1973; Gif-
ford and Foster, 1988), but detailed morphological analyses by Jarrett (1980)
did not support this hypothesis, suggesting instead that Polypodiaceae are
among the most derived, mainly indusiate fern families. The rbcL analyses
here (Figs. 1-6) and in Haufler and Ranker (1995) clearly support the latter
hypothesis.

Stromatopteris is usually treated as a subfamily of the Gleicheniaceae (e.g.,
Kramer, 1990a) or as a separate family (Bierhorst, 1971). The rbcL analyses
strongly support the monophyly of Dicranopteris, Diplopterygium, and Stro-
matopteris. Although generic relationships within the family were not inferred
with high statistical confidence (Figs. 1 and 3), it appears from the rbcL results
(Figs. 1-6) that the segregation of Stromatopteris as a separate family would
result in a paraphyletic Gleicheniaceae senso stricto Furthermore, as shown
in Tables 1 and 2, the Ks value between Diplopterygium and Stromatopteris
(0.29) was much smaller than the average interfamilial Ks value (1.17* 0.46)
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TaBLE 3. Differences in the estimated numbers of synonymous nucleotide substitutions per nucleotide
site (Ks) between two fern species, labeled A and B, where species C is a reference species for each Ks
value. This difference for each species pair is in the column labeled Ks(A,C}Ks(B,C), and those values
indicated with an asterisk (*) are significantly different from the null hypothesis: Ks(A,C)-Ks(B,C) = 0
at the 5% level. The column labeled SpA/SpB contains the ratio of the differences in the estimated number
of nucleotide substitutions between species A and species B.

Species A Species B Species C Ks(A,C)-Ks(B,C) SpA/SpB
Anemia Salvinia Dipteris 0.011 =+ 0.28 1.0
Actinostachys Salvinia Dipteris —0.084 = 0.28 0.94
Lygodium Salvinia Dipteris -0.023 + 0.29 0.98
Ceratopteris Acrostichum Doryopteris 0.048 + 0.071 1.2
Ceratopteris Prteris Doryopteris 0.15 = 0.073* 1.6
Ceratopteris Taenitis Doryopteris 0.12 = 0.071 1.5
Ceratopteris Onychium Doryapteris 0.17 = 0.071* 1.7
Ceratopteris Platyzoma Doryopteris 0.10 = 0.074 1.5

for ferns and closer to the mean intergeneric Ks value (0.41 * 0.26). Our results
are therefore consistent with Kramer’s (1990a) treatment of these genera in one
family.

Cardiomanes has been treated in a separate subfamily from other genera in
Hymenophyllaceae because it has a thicker lamina than other filmy ferns (Iwat-
suki, 1990). The rbcL trees (Figs. 1-6) suggest that this segregation of Cardio-
manes results in the paraphyly of the remaining genera (subfamily Hymeno-
phylloideae). Thus, revision of subfamilial classification in Hymenophyllaceae
may be necessary after more sequence data for this family are accumulated.

Schizaeaceae were the next clade to diverge in all three methods of analysis
(Figs. 1, 2, and 5). As shown in Tables 1 and 2, the average Ks value among
the three genera in Schizaeaceae (Actinostachys, Anemia, and Lygodium) was
1.4*0.36, which is higher than the average intergeneric Ks value (0.41+0.26)
and higher than the average interfamilial Ks value (1.17+0.46) for ferns. This
suggests that the genera in Schizaeaceae diverged from each other at an earlier
time than did most families and genera of ferns. An alternative hypothesis is
that rbcL has an accelerated rate of base substitution in the Schizaeaceae. How-
ever, the latter hypothesis is not supported, because the results of the relative
rate tests (Wu and Li, 1985) using Dipteris as a reference species did not show
any significant rate variation between each of the schizaeaceous lineages and
Salvinia (Table 3). This result was also supported when we used Calochlaena
or Lindsaea instead of Salvinia (data not shown). Thus, we interpret the high
sequence divergence among schizaeaceous genera as evidence of a long evo-
lutionary history. This is consistent with the substantial morphological diver-
gence among these genera (Kramer, 1990b) and a long fossil history (Stewart
and Rothwell, 1993). This result supports the classification in which the four
genera are treated as separate families (e.g., Pichi Sermolli, 1977). Pteridaceae
(Wagner, 1969; Mickel, 1974; Holttum, 1973; Lovis, 1977; Kramer, 1990c) and
Marsileaceae (Bierhorst, 1971; Pichi Sermolli, 1977; Lovis, 1977) have been
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postulated to have a close relationship to Schizaeaceae, but our analyses do
not support these hypotheses.

Monophyly of the heterosporous water ferns was supported by morpholog-
ical and fossil evidence (Rothwell and Stockey, 1994), by a previous molecular
study that included Marsilea and Salvinia (Hasebe et al., 1994), and by this
study, where we used all extant water fern genera (Azolla, Marsilea, Pilularia,
' Regnellidium, and Salvinia). The trees in this study (Figs. 1—4) show the same
intergeneric relationships among the water ferns as those inferred by Rothwell
and Stockey (1994).

The tree ferns (Cyatheaceae and Dicksoniaceae) diverged after the water
ferns in most of the rbcL analyses (Figs. 1, 2, 4, and 5), although this order
was not well supported by the bootstrap analyses for either NJ or MP analyses
(Figs. 1 and 3). Monophyly of the tree ferns was also inferred by Hasebe et al.
(1994) and Wolf et al. (1994). The incorporation of rbcL data for additional
tree fern taxa in the present study provided some fresh insights into relation-
ships within this clade. For example, Loxoma (Loxomataceae) and Plagiogyria
(Plagiogyriaceae) are depicted as sister taxa within the tree fern clade in the
NJ, MP and ML analyses, although bootstrap support for the monophyletic
relationship between Loxoma and Plagiogyria is not strong, especially with
MP. Morphological evidence that supports Loxoma and Plagiogyria as sister
taxa is lacking; therefore this hypothesis requires further testing. Nevertheless,
rbcL data provide strong support for inclusion of both Loxoma and Plagiogyria
within the tree fern clade. Some morphological traits that support this rela-
tionship are sporangial annuli, spore wall, and gametophyte morphology (At-
kinson, 1973; Tryon and Tryon, 1982; Tryon and Lugardon, 1990). Overall ge-
neric relationships among tree ferns, resolved by the different algorithms, were
not concordant. Monophyly of Dicksonia and Calochlaena was supported by
the Nj and ML methods, but not by the MP method.

Pteridaceae are a large family, sometimes subdivided into six groups (Tryon
and Tryon, 1982; Tryon et al., 1990; Table 4). As in a previous study (Hasebe
et al., 1994), rbcL data suggest that members of the Pteridaceae share a recent
common ancestor. However, the Pteridaceae are not a monophyletic group be-
cause the Vittariaceae are placed in the Pteridaceae as a sister group to Adian-
tum (Figs. 1-6). This relationship did not change, even when the number of
taxa in Vittariaceae was increased (Crane et al., 1995). The following five
monophyletic groups were recognized with a high degree of confidence in all
three tree construction methods: Group 1 = Onychium, Platyzoma, Pteris, and
Taenitis; Group 2 = Acrostichum and Ceratopteris; Group 3 = Argyrochosma,
Bommeria, Cheilanthes, Doryopteris, Hemionitis, Notholaena, and Pellaea;
Group 4 = Coniogramme; and Group 5 = Adiantum and the Vittariaceae.
These five monophyletic groups were partly congruent with traditional clas-
sifications (Table 4). A more detailed analysis of relationships in Group 3 is
provided by Gastony and Rollo (1995).

A relationship between evolutionary rate and life history factors was dem-
onstrated in seed plants by Bousquet et al. (1992), with rbcL evolving more
rapidly in annual plants than in perennials. We used the relative rate test (Wu
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This rbcL study

Tryon and Tryon (1982) Tryon et al. (1990) (Figs. 1-4)
Platyzoma Platyzomateae Platyzomatoideae Group 1
Taenitis Taenitideae Taenitidoideae Group 1
Onychium Cheilantheae Taenitidoideae Group 1
Pteris Pterideae Pteridoideae Group 1
Ceratopteris Ceratopterideae Ceratopteridoideae Group 2
Acrostichum Pterideae Pteridoideae Group 2
Argyrochosma Cheilantheae Cheilanthoidcae Group 3
Pellaea Cheilantheae Cheilanthoideae Group 3
Cheilanthes Cheilantheae Chetlanthoideae Group 3
Doryopteris Cheilanthese Cheilanthoideae Group 3
Hemionitis Cheilantheae Cheilanthoideae Group 3
Notholaena Cheilantheae Cheilanthoideae Group 3
Bommeria Cheilantheae Cheilanthoideae Group 3
Coniogramme Taenitideae Cheilanthoideae Group 4
Adiantum Adianteae Adiantoideae Group 5

and Li, 1985) to compare Ceratopteris (an annual fern) to some perennial spe-
cies in the Pteridaceae, using Doryopteris as a reference species (Table 3).
When we compared the evolutionary rate of Ceratopteris to Onychium or Pter-
is, the null hypothesis of constancy in evolutionary rate in both lineages was
rejected at the 5% significance level. However, the null hypothesis was not
rejected for other perennial pteroid ferns (Table 3). More data from other gene
sequences are necessary to determine whether the evolutionary rate of rbcL is
accelerated in annual ferns as in annual angiosperms.

A detailed analysis of phylogenetic relationships in Dennstaedtiaceae sensu
lato was provided by Wolf et al. (1994) and Wolf (1995). The taxa of Denn-
staedtiaceae sampled here formed four distinct groups, but the relationships
among the groups were weakly resolved. The four groups are: Group 1 = Den-
nstaedtiaceae sensu stricto (Blotiella, Dennstaedtia, Histiopteris, Hypolepis,
Microlepia, Paesia, and Pteridium) and Monachosoraceae; Group 2 = Lonchi-
tis; Group 3 = Lindsaea and Sphenomeris; and Group 4 = Orthiopteris.

The most derived indusiate ferns (Aspleniaceae, Blechnaceae, Davalliaceae,
Dryopteridaceae, Grammitidaceae, Lomariopsidaceae, Nephrolepidaceae,
Oleandraceae, Polypodiaceae, Thelypteridaceae) diverged after the dennstaed-
tioid (Dennstaedtiaceae and Monachosoraceae) and pteroid (Pteridaceae and
Vittariaceae) ferns. All of our analyses are consistent with the branching of the
Aspleniaceae at the base of this group. The relationships among the Blech-
naceae, Thelypteridaceae, and Dryopteridaceae subfamily Athyrioideae sensu
Kramer and Kato (1990) were different in the three tree construction methods.

The rbcL results indicate that Dryopteridaceae sensu Kramer et al. (1990)
are polyphyletic, as inferred by Hasebe et al. (1994) and Wolf et al. (1994). For
example, Tectaria does not cluster with other members of the Dryopteridaceae
(also reported by Wolf et al., 1994), but shows a close relationship to the Olean-
draceae. Although Tectaria and Ctenitis are usually included in the same sub-
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group of Dryopteridaceae, they appear on divergent branches in all the rbcL
trees (Figs. 1-5). This result was confirmed even when we included other spe-
cies of Tectaria and Ctenitis: T. gaudichaudii (Wolf et al., 1994), T. fauriei, and
C. sinii (Hasebe et al., unpublished data) in our analyses.

RbcL data show that the Polypodiaceae, Davalliaceae, Grammitidaceae,
Oleandraceae, and Nephrolepidaceae share a recent common ancestor with
some members of the Dryopteridaceae. Within the polypodioids (Grammiti-
daceae and Polypodiaceae), Loxogramme is the most basal. Additional details
of relationships within the Polypodiaceae are provided in Haufler and Ranker
(1995). Loxogramme shares several morphological characters with Grammiti-
daceae and Polypodiaceae, and Tryon and Tryon (1982) suggested that Loxo-
gramme was derived from the common ancestor of both groups, which is sup-
ported by the rbcL trees (Figs. 1-5).

Pleurosoriopsis is a small epilithic fern distributed only in eastern Asia.
Phylogenetic relationships of this genus are controversial and Pleurosoriopsis
has been placed in Pteridaceae (Copeland, 1947), Aspleniaceae (Love et al.,
1977), Grammitidaceae (Tryon and Tryon, 1982) and Pleurosoriopsidaceae (Ku-
rita and lkebe, 1977). Our results suggest a close affinity of Pleurosoriopsis
with the Polypodiaceae and Grammitidaceae, and support the hypothesis of
Tryon and Tryon (1982) based on spore germination and morphological char-
acters of the petiolar trichomes, spores, and gametophytes.

REPLY TO SMITH (1995).—Sixteen questions concerning fern relationships from
the standpoint of non-molecular data were posed by Smith (1995, this vol-
ume). The global analyses of rbcL nucleotide sequence data provide responses
for all of them except one. Below we list each question and the answer sug-
gested by rbcL data. 1) Where goes Saccoloma? We analyzed Orthiopteris,
which is often segregated from Saccoloma in the paleotropics. The MP and
ML rbcL trees (Figs. 2—6) placed Orthiopteris basal to Dennstaedtiaceae sensu
lato. Wolf (1995) added two species of Saccoloma to his analysis and found
them to emerge within the Hypolepis clade (Blotiella to Pteridium in Fig. 2),
but with Orthiopteris in the same position as we found it in the global analysis.
2) What are the relationships of Monachosorum? This genus is often included
in the Dennstaedtiaceae and the rbcL analyses support this treatment. Wolf et
al. (1994) and Wolf (1995) further resolved the basal position of Monachoso-
rum to the Hypolepis clade. 3) What are the relationships of Ceratopteris?
Ceratopteris is in the Pteridaceae and is most closely related to Acrostichum.
4) What are the affinities of Pleurosoriopsis? Pleurosoriopsis is closely allied
to Grammitidaceae and Polypodiaceae. 5) What are the relationships of Hy-
menophyllopsidaceae? We have been unable to get living material of this fam-
ily, which is endemic to the highlands of the Roraima formation in South
America. 6) What are the relationships of the Hymenophyllaceae? Hymeno-
phyllaceae are basally situated in rbcL trees. 7) What is the relationship, or
lack thereof, between Polypodiaceae and Grammitidaceae? The members of
these families used in the present study form a monophyletic group. 8) What
are the relationships of Plagiogyriaceae? Plagiogyriaceae are closely related to
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the tree ferns (Cyatheaceae, Dicksoniaceae, and Metaxyaceae) and appear to
have an affinity with Loxoma. 9) What are the relationships and origin of the
heterosporous fern families? The heterosporous ferns are more closely related
to the most derived leptosporangiate ferns (including the tree fern group) than
they are to the Schizaeaceae. Azollaceae, Salviniaceae, and Marsileaceae form
a strongly supported, monophyletic group. 10) What are the relationships of
Psilotaceae? Psilotum and Tmesipteris form a monophyletic group in the NJ
tree (Fig. 1; tree rooted by Angiopteris only) and do not have a close relation-
ship with any leptosporangiate ferns including Stromatopteris (contrary to
Bierhorst, 1968, p.266), which is a sister taxon to Diplopterygium. This result
also was supported when we assigned only Angiopteris as an outgroup in the
MP and ML analyses (analysis not shown). Psilotum and Tmesipteris grouped
with Ophioglossaceae in trees produced from plastid 16S {Manhart, 1995) and
nuclear 18S ribosomal RNA sequences (Wolf et al., unpublished). 11) What
are the relationships of Thelypteridaceae? Thelypteridaceae do not form a sis-
ter group with Cyatheaceae (Holttum and Sen, 1961) or Aspleniaceae (Nayar,
1976; Pichi Sermolli, 1977), but are closely related to the athyrioids (Athyrium
to Woodsia in Fig. 1) in our analyses. 12) What are the relationships among
the Schizaeaceae? Schizaeaceae form a monophyletic group. In Schizaeaceae,
Lygodium is sister to Actinostachys and Anemia. 13) Are the Pteridaceae (and
Vittariaceae) most closely related to or derived from the Schizaeaceae, or are
they more closely allied to the higher leptosporangiate ferns? Pteridaceae di-
verged from Dennstaedtiaceae sensu lato and are not among the most derived
clades of indusiate, leptosporangiate ferns; nor are they closely related to Schi-
zaeaceae. 14) Are the Dennstaedtiaceae allied with the Dicksoniaceae or are
they part of a higher leptosporangiate clade, ancestral to, or an early offshoot
from the line leading to the dryopteroids, asplenioids, and blechnoids? Den-
nstaedtiaceae are polyphyletic with some taxa diverging after the tree ferns,
and the rest forming a monophyletic clade closely related to the most derived
indusiate ferns. 15) What is a reasonable circumscription of Dryopteridaceae?
Dryopteridaceae are polyphyletic and share a common ancestor with the As-
pleniaceae and Oleandraceae (Fig. 1). Dryopteridaceae sensu lato perhaps
should be divided after more detailed analyses. 16) Do the higher leptospor-
angiate families, including Aspleniaceae, Blechnaceae, Davalliaceae, Den-
nstaedtiaceae sensu lato, Dryopteridaceae, Grammitidaceae, Pteridaceae, and
Polypodiaceae form a clade? All together, these taxa form a well-supported,
monophyletic group.

Ks AND Ka VALUES.—Ks and Ka values are useful for comparing the variation
in nucleotide substitutions per nucleotide site among lineages. Average Ks and
Ka values between families and between genera within families were signifi-
cantly higher in ferns than in angiosperms (Table 1). There are at least two
explanations for this: 1) fern genera and families are older than those of an-
giosperms, on average, and have therefore accumulated more nucleotide sub-
stitutions, or 2) nucleotide substitution rates are accelerated in ferns (Hasebe
et al., 1993). To choose between these will require inferring the correct phy-
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logenetic relationships among land plants, identifying an appropriate outgroup
for the ferns, and then applying the relative rate test (Wu and Li, 1985; Muse
and Weir, 1992).

FUTURE PROSPECTS.—Global analyses of rbcL sequences in leptosporangiate
ferns have provided possible answers to many questions in fern systematics.
So far, we have extensive data for only one plastid gene. Inferences from this
study must be tested with non-molecular data and also with more conserved
or more rapidly evolving regions of the fern genome. A comparison of trees
obtained from both rbcL and non-molecular data is reported elsewhere in this
volume (Pryer et al., 1995). Some fern plastid genomes have been shown to
be maternally inherited (Gastony and Yatskievych, 1992). This may lead to
conflicts between rbcL phylogenies and those based on biparentally inherited,
nuclear-encoded, gene sequence data, although the possibility of conflicts at
the interfamilial level, where hybridization has not been reported in ferns, is
much lower than at the infrageneric or intergeneric levels.

One of the most limiting factors in this type of study is data analysis. Com-
putational speed is unlikely to be improved by many orders of magnitude in
the near future and thus a more efficient approach may be to examine smaller
data sets, although this can lead to the problem of long branch attraction,
especially when using maximum parsimony analysis (Felsenstein, 1978; Hen-
dy and Penny, 1989; Huelsenbeck and Hillis, 1993). Selection of tree construc-
tion methods is another problem that has not been fully studied. In our anal-
yses, the results of three different methods gave almost concordant results for
relationships among ferns, giving us confidence in our results.
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rbcL PHYLOGENY OF FERNS

HASEBE ET AL.:
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