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ABSTRACT.—We analyzed nucleotide variation in rbcL (the gene encoding the large subunit ot
ribulose 1,5-bisphosphate carboxylase/oxygenase) from 99 genera of leptosporangiate terns 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 rbeL
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 tor which rbel. 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 tollowed 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 theretore speciftic 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 ot Marchantia polymorpha; Ohyama et al., 1986) was tsed for
phylogenetic analyses.

For the NJ analyses, we used PHYLIP version 3.5¢c (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 (Swotford, 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 fastDNAmI 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 identity 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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Fic. 1. Tree obtained using the neighbor joining (NJ) 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 terns 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



























































































































