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Abstract. Hypotheses of character evolution require a phylogeny for polarization of transfor-
mations and optimization of state changes. Our goal is to provide a phylogenetic hypothesis for
diplolepidous meosses to investigate the evelution of morphological features associated with the
transition to pleurocarpy. We performed cladistic analyses of morphological and molecular data
sets for exemplars of the main diplolepidous lineages. These analyses were designed to sample
Jamilies commonly included in the Leucodontales, Hookeriales, and Hypnales with some exemplars
also from the Bryales. Diplolepidous taxa (Bryaceae, Splachnaceae, Orthotrichaceae, Macromi- *
triaceae, and Hedwigiaceae) were included as close outgroups, and Dicranum scoparium, Grim-
mia apocarpa, and Funaria hygrometrica were included as distant outgroups. We constructed a
molecular data set derived from sequences of the chloroplast tbcl gene for 36 species, 22 of
which were pleurocarp exemplars. In the molecular analysis, the bryalean pleurocarps were the
sister group of acrocarp exemplars from the Bryales. However, in the analyses of combined
morphological and tbcl data, the bryalean pleurocarps were the sister group of a clade that
includes the 11 exemplars from the Leucodontales, Hypnales, and Hookeriales, thus pleurocarpy
appeared monophyletic. Decay analyses suggested that the grouping of bryalean and hypnobiy-
alean pleurocarps together was weak, whereas both the hypnobryalean and bryalean pleurocarp
clades were individually robust. Present cladistic analyses provide an inferential basis for struc-
tural investigations of branching systems and the evolution of pleurocarpy in a phylogenetic
context.

Intriguing problems of character evolution in the
diplolepidous mosses, such as the origin of pleu-
rocarpy. have recently received renewed interest
(Hedends 1994; La Farge-England 1996; Withey
1996a). The transition to pleurocarpy represents an
event of morphological innovation in several fea-
tures of the gametophyte. While relatively simple
branching systems and naked branch primordia are
common among acrocarps, pleurocarps are char-
acterized by complex. iterative branching, and
branch primordia surrounded by scale-like leaves
and specialized leaf-like structures (pseudopara-
phyllia). Available hypotheses explain the evolu-
tion of pleurocarpy as two events (Buck & Vit
1986), or as a gradual process involving changes in

' Present address: Department of Botany, Natural His-
tory Museum, London SW7 SBD, U.K.

several characters (Hedenis 1994), some of which
may have occurred independently in at least two
lincages of mosses with diplolepidous alternate
peristomes (Withey 1996a).

Empirical and methodological limitations have
hindered the study of character evolution in pleu-
rocarpous mosses. Empirically, it has been difficult
to study the origin and early diversification of pleu-
rocarp mosses due to different definitions of pleu-
rocarpy (Buck & Vitt 1986: La Farge-England
1996; Meusel 1935; Schofield & Hébant 1984). An
architectural analysis of modular construction and
an ontogenetic approach are becoming crucial to
the understanding of pleurocarpy as a combination
of many independent features of the archegonial
module, branching system, and structures derived
from a single merophyte (Mishler & De Luna 1991;
Newton & De Luna 1999). Morphological studies
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by Hedenids (1994, 1995) have revealed the con-
ceptual and empirical difficulties of interpreting ga-
metophyte diversity and peristome specializations
in the pleurocarps. However, a molecular approach
can provide independent data sets from gene se-
quences to facilitate the discovery of large scale
patterns of relationships among phylogenetic
groups in the diplolepidous mosses. Using this ap-
proach, a preliminary rbcL phylogeny for a limited
number of pleurocarp taxa allowed Withey (1996a)
to infer correlations among morphological charac-
ters associated with pleurocarpy.

Another difficulty has been methodological be-
cause of the lack of cladistic analyses for the diplo-
lepidous mosses to guide inferences on the evolu-
tion of pleurocarpy. Available classifications and
postulated relationships among the Bryales, Leu-
codontales, Hypnales. and Hookeriales (Buck &
Vitt 1986; Crosby 1980; Robinson 1971) are the
current best estimates. However, such classifica-
tions do not provide an explicit and objective phy-
logenetic framework necessary for studies of char-
acter evolution. At the ordinal level, preliminary
hypotheses of the phylogenetic relationships of
pleurocarp taxa were developed by Hedenis (1994,
1995, 19964,b), but the results of these analyses
should be treated with caution in view of his 4
priori dismissal of some morphological features. In
his data matrices, similarities in the reduced peri-
stomes in the pleurocarps have been coded as un-
known because ‘‘characters cannot be homolo-
gized, or if it cannot be made sure that the reduced
peristomes found have a common origin'’ (Hedeniis
1994, p. 226; but see Newton & De Luna 1999).
However, such interpretations of homoplasy can
only be made following the congruence test of ho-
mology i.e., after a cladogram has been produced
(Mishler & De Luna 1991).

Al the family level, some bryalean and hypno-
bryalean pleurocarp groups already have been an-
alyzed cladistically, but this has had little impact
on ordinal relationships (Anomodontaceae, Gran-
zow-de la Cerda 1990; Neckeraceae, Hyvénen &
Enroth 1994; Pterobryaceae, Newton 1993; Rigo-
diaceae, Zomlefer 1993; Spiridentaceae, Withey
19965). Other cladistic studies (Cox & Hedderson
1999; De Luna 1995; Newton 1993; Withey 19965)
are also of limited application, but for a different
reason: the sparse sampling across the pleurocar-
pous taxa. In summary, the large scale scheme of
phylogenetic relationships among orders and fami-
lies of pleurocarpous mosses remains inconclusive.

In this paper we provide a phylogenetic hypoth-
esis for the large-scale relationships of diplolepi-
dous pleurocarpous mosses. We address the ques-
tion of whether the pleurocarpous mosses in the
Bryales, Leucodontales, Hypnales, and Hookeriales
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together form a monophyletic group. This question
is closely related to the problem of how pleurocar-
py should be defined. We approach such morpho-
logical questions in a separate paper on the recon-
struction of the evolution of features associated
with pleurocarpy (Newton & De Luna 1999). Here,
we present a molecular data set derived from rbcL
gene sequences, The cladistic analyses of these data
separately and in combination with the morpholog-
ical data set from Newton and De Luna (1999) pro-
vide phylogenetic reconstructions that we use as an
inferential basis for assessing whether pleurocarpy
has evolved only once or several times among di-
plolepidous mosses.

MATERIALS AND METHODS

Choice of representative families—Traditionally, the
classification of families with diplolepidous alternate peri-
stomes into orders has been based on variation of two
character systems: the features of the peristome, and the
position of archegonia on branches. Thus. the mainly ac-
rocarpous mosses in the Bryales and Orthotrichales have
been regarded as basal to a “derived” group composed of
pleurocarpous families in the Hypnales, Leucodontales,
and Hookeriales (Buck & Vitt 1986: Crosby 1980: Rob-
inson 1971). Although this is not a phylogenetic classifi-
cation, we used it here as a basic scheme for sampling
families, We also took into consideration a recent prelim-
inary rearrangement within the Bryales following Withey
(19964a). Thus. we designed the cladistic analyses to sam-
ple morphology and rbecl sequences from representative
families of pleurocarpous mosses commonly included in
the Bryales, Hypnales, Leucodontales, and Hookeriales.

We sampled the seven families from Clade “A™ sensu
Withey (1996a). This clade includes the acrocarpous Mni-
aceae and Bartramiaceae and the pleurocarpous Spiriden-
taceae, Hypnodendraceae (previously in the Hypnales,
Buck & Vitt 1986), Cyrtopodaceae (previously in the Leu-
codontales), Racopilaceae (transferred from the Hypnales
to the Bryales, Buck & Vitt 1986), and Rhizogoniaceae.
The other seven families also in the Bryales sensu Vitt
(1984), Leptostomataceae, Mitteniaceae. Schistostega-
ceae, Timmiaceae, Aulacomniaceae, Meesiaceae, and Ca-
toscopiaceae, were not included in present analyses. The
Bryaceae was included, but as one of several outgroups.

Putative “true” pleurocarps sensu Buck and Vitt (1986)
were sampled by including 13 exemplar species {rom the
three currently recognized orders. Our goal was not to test
or propose a classification of families. Rather, we wanted
to represent putative major lineages by sampling a wide
collection of hypnobryalean pleurocarpous mosses of di-
verse ordinal relationships. We selected four exemplar
species from the Hypnales (four families), six species
from the Leucodontales (six families), and three species
from the Hookeriales (Table 1),

The selection of close outgroups for tree orientation was
guided by previous cladistic studies by De Luna (1995)
and Withey (1996a.5). These studies suggested a sister
group relationship between the pleurocarpous mosses and
a clade of cladocarpous families in either the Orthotri-
chales or the Bryales, respectively. To represent these or-
ders we selected seven exemplar species of the following
families: Bryaceae (2), Splachnaceae (1), Orthotrichaceae
(1), Macromitriaceae (2), and Hedwigiaceas (1). Addi-
tionally, Dicranum scoparium, Grimmia apocarpa, and
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Tasre 1. Exemplar species selected among diplolepidous mosses for rbel gene sequencing. Pleurocarp groups
represented are according 1o the classification of Buck and Vitt (1986). Sequence reference numbers following the
species names indicate lab of origin (M = Berkeley, W = Duke, D = Xalapa, G = B. Goffinet). Genbank accession

numbers are given where available. Voucher information is in Appendix 1.

Group represented Exemplar species Sequence
Grimmiales
Grimmiaceae Grimmia (=Schistidium) apocarpa M-24
Dicranales
Dicranaceae Dicranum scoparium M-11
Funariales
Funariaceae Funaria hygrometrica M-49
Splachnales
Splachnaceae Splachnum ampullaceum M-52
Orthotrichales
Macromitriaceae Macromitrium longifolivm G
Schlotheimia brownii G
Orthotrichaceac Orthotrichum pumilum M-83
Hedwigiaceae Hedwigia ciliata M-78
Bryales
Bryaceae Bryum billardieri W
Leptobryum pyriforme M-39

Bartramiaccae
Cyrtopodaceae
Hypnodendraceae

Mniaceae
Racaopilaceae
Rhizogoniaceae

Spiridentaccae

Hypnales subord. Hypnineae
Brachytheciaceae
Fabroniaceae
Thuidiaceae

Hypnales subord. Fontinalineae
Fontinalaceae

Hypnales subord. Hypnodendrineae
Pleuroziopsidaceae

Leucodontales subord. Pterobryineae
Meteoriaceae
Prionodontaceae
Pterobryaceae

Leucodontales subord, Leucodontineae
Leucodontaceae

Leucodontales subord. Neckerineae
Neckeraceae

Hookeriales
Hookeriaceae
Hypopterigiaceae

Bartramia halleriana
Philonaotis nitida

Cyrtopus setosus
Bescherellia elegantissima
Hypnodendron vitiense
Hypnodendron menziesii
Plagiomnium cuspidatum
Racopilum convolutaceum
Pyrrhobryum mnioides
Crypropodium bartramioides
Mesochaete undulara
Spiridens vieillardii
Franciella spiridentoides

Brachvthecium salebrosum
Anacamptodon splachnoides
Thuidium delicatulum
Fontinalis dalecarlica
Plewrozium schreberi
Papillaria deppei
Prionodon densus
Pterobrvon densum
Leucodon julaceous
Neckera urnigera
Hoolkeria acutifolia

Hypopterigium tahitense
Hypopterigivm tamariscinum

£€2€Egx€€g€<g
s

M-32 (AF158176)
M-48

M-12 (AF158177)
M-34

M-59

D-6 (AF158172)
D-21 (AF158174)
D-22 (AF158175)
M-50

D-& (AF158173)
M-=-22 (AF158170)
W

D-7 (AF158171)

Funaria hygrometrica were included as a set of more dis-
tant outgroups to properly locate an overall root for the
trees that included the ingroup and the close outgroup
taxa.

Morphological data,—The morphological studies by
Hedenis (1994, 1995) have revealed the difficulty of in-
terpreting variation in the gametophyte and specializations
in the peristomes in pleurocarpous mosses. We re-exam-
ined many of the same morphological characters, but add-
ed others derived from the previous studies by De Luna
(1992). Newton (1993), and Withey (19965). Several

specimens were studied from the exemplar species includ-
ed in the present cladistic analyses. These observations
were complemented by additional specimens representing
other species from the same genera. Relevant descriptions
in the literature were also consulted for each taxon. The
morphological character analyses are presented in detail
separately (Newton & De Luna 1999).

DNA sequence data.—Molecular data are increasingly
being used to infer phylogenetic relationships among ma-
jor clades of mosses, liverworts, and hornworts (Bopp &
Capesius 1995; Mishler et al. 1992, 1994; Waters et al.
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TABLE 2. Primers for amplification and sequencing the rbcl. gene in pleurocarp mosses for present studies.

PCR amplification
Forward primers
M34
RHI1
Reverse primers
MI1390R
Primers for sequencing
Forward primers

5'-GGATTTARAGCTGGTGT-3'
5'-ATGTCACCACAAACAGAAACTARACGC-3'

3'-GACGACGAACACTTTAAACCTTTC-5'

M34 5'-GGATTTARAGCTGGTGT-3'

RHI 5'-ATGTCACCACAAACAGAAACTAAAGC-3'

M636 5’ -GCGTTGGAGAGATCGTTTCT-3'
Reverse primers

MI1390R 3'-GACGACGAACACTTTAAACCTTTC-5"

MT740R 3'-CGATGACGTCCATGTAC-5'

1992). Within the mosses, variation in the nuclear 18s
rRNA gene has been explored for a general outline of
relationships (Hedderson pers. comm.). Also, sequences
of the chloroplast rbcll gene have been used for an over-
view of embryophyte phylogeny (Mishler pers. comm.).
Among diplolepidous mosses, this is the first attempt to
document rbcL sequences from pleurocarps. Gene se-
quences of the rbcL were obtained in three laboratories:
University of California (Berkeley, California, coded as
“M™), Duke University (Durham, North Carolina, coded
as “W™), and Instituto de Ecologia (Xalapa, México, cod-
ed as “*D™); the origin of sequences is identified in Table
1. Two sequences included to represent the Orthotrichales
were kindly send by Bernard Goffinet (Duke University).
Procedures for extraction, amplification, and sequencing
of taxa marked as “M’" and “W" (Table 1) can be found
through Mishler (pers. comm.) and Withey (1996b), re-
spectively. Details of procedures for DNA extraction, am-
plification, and sequencing for taxa marked "D are pre-
sented here since these were modified substantially from
the regular CTAB method of Doyle and Doyle (1987).

DNA extraction.—Total DNA for PCR amplification
was prepared using a modification from the Doyle and
Doyle (1987) protocol as follows. Clean moss gameto-
phytes were first finely sliced with a razor blade to yield
an homogeneous pulp (about 125 to 200 mg, fresh
weight). This pulp was deposited into an Eppendorf tube
with 400 pl of CTAB 1X added for extraction during 30
minutes. If this extraction time was not sufficient, the pulp
was kept and reused for subsequent extractions (15 min-
utes) as needed in some taxa. The extract solution was
recovered into another Eppendorf tube and mixed with
200 pl of Chloroform-Isoamidic alcohol for 5-10 minutes
at room temperature. This mix was centrifuged (13,000
rpm, 10 min) and about 400 pl of supernatant were re-
covered. Absolute alcohol (600 pl) was added and the
solution was stored at —20°C for two hours. Precipitated
DNA was recovered by centrifuging (13,000 rpm, 10
min), washing the pellet with ethanol (70%, 200 wl), and
vacuum drying for five mins. This DNA extract was sus-
pended in 20 pl of TE and purified using a low-melting
point agarose gel (0.6% Sigma). The high molecular-
weight DNA was cut out from the gels and diluted to a
concentration of 0.1 ng per pl. Each sample was incubated
at 65°C to dissolve the agarose before preparation of the
PCR reactions.

PCR amplification.—Primers used for amplification are
those listed in Table 2. The amplification of the rbcL gene
was set up with Amplitag DNA polymerase using the con-
ditions recommended by the manufacturer (Perkin-Elmer)
and carried out in an automated thermocycler. Purified

DNA (10 pl) was subjected to 30 PCR cycles in 50 ul of
reaction volume. Temperature profiles for each cycle con-
sisted of 94°C (one minute) for denaturation, 48°C (one
minute) for annealing, and 72°C (two minutes) for exten-
sion. After the last cycle, samples were incubated at 72°C
(seven minutes). Upon completion of reactions, the excess
of deoxy terminators and Tag polymerase was removed
with a phenol/chloroform extraction.

Gene sequences.—Amplified PCR products were se-
quenced with the AmpliTaq cycle sequencing kit (Perkin-
Elmer), performing successive rounds of denaturation, an-
nealing, and extension. Each sequencing reaction con-
tained a PCR-amplified template, a primer, and fluorescent
dideoxynucleotides. Sequence products were then purified
with a phenol/chloroform extraction. Samples were loaded
on a 4.25% acrylamide-bis-acrylamide gel and electro-
phoresed at 47 W. These reactions were analyzed with a
sequencer ABI model 373A (Perkin-Elmer).

Phylogenetic analyses.—The molecular data matrix in-
cluded 1,320 nucleotides for 36 taxa. Alignment of se-
quences was performed visually. The morphological data
set for 39 exemplars consisted of 91 characters, with from
two to eight states. The independent treatment of this data
and cladistic results are reported elsewhere (Newton & De
Luna 1999). A combined data matrix was also produced,
including only those 28 taxa for which both rbcL sequenc-
es and morphological data were available. The two Nexus
files are available from the authors on request.

Cladistic analyses using the molecular data alone and
the molecular data combined with the morphological data
are reported here—see Newton and De Luna (1999) for
analysis of the morphological data. All searches for most
parsimonious cladograms were performed with the pro-
gram PAUP 3.1.1 (Swofford 1993). Given the number of
taxa included (36 rbcL; 28 combined), the only available
option was to execute multiple heuristic searches. Each
heuristic exploration evaluates an island of trees derived
from a single random starting tree. A large number of
different starting trees are necessary to avoid limiting the
search to one island (Maddison 1991). We performed rep-
licated heuristic searches (with PAUP steepest descent op-
tion in effect), in which a starting tree is built by random
stepwise addition of taxa and then swapped to completion
(PAUP branch swapping option = TBR) saving all most
parsimonious trees (PAUP option MULPARS = ON). We
replicated this tree search procedure 300 times for each
analysis.

The data were analyzed first under equal weighting,
then the molecular characters were analyzed using the
character-state weighting method of Albert et al. (1993).
This approach simultaneously accounts for differential
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probabilities of change in transition/tranversion ratios and
codon position biases, through the use of three symmetric
step matrices (one for each codon position). Values for
parameters in the model were estimated from previous
studies of rbell evolution in land plants as discussed by
Albert et al. (1992, 1993). For the three codon positions
respectively, the character state weights for transitions/
tranversions applied were: 0.552/0.662; 0.637/0.747;
0.404/0.513.

One estimation of historical pattern in a data set is the
shape of the tree-length frequency distribution of all pos-
sible trees (skewness—Huelsenbeck 1991). The gl statistic
is <0 for a left-skewed distribution, indicating phyloge-
netically informative data. Using the “‘random trees’ op-
tion in PAUP, we estimated the statistics of the frequency
distribution of lengths from a sample of 10,000 trees for
both the rbel data and the combined data sets.

The stability of branches or cladograms was examined
with additional analyses excluding particular taxa from the
tree search. Topological stability was explored by the use
of different combinations of exemplars to represent large
clades. The relative support for different branches in the
most parsimonious trees was evaluated by relaxing par-
simony one step at a time and seeing which branches re-
mained supported the longest (the decay or branch support
index, Bremer 1994; Mishler et al. 1991). Levels of clade
support for both the #bcL. and the combined data sets were
conducted with PAUP by doing heuristic searches using
TBR and saving all trees up to four steps longer than the
most parsimonious. Decay indices (di) were taken from
examining the strict consensus of each increasingly sub-
optimal class of trees.

RESULTS

Analysis of rbeL sequence data.—The sequences
of the rbcL. gene were 1320 bases long. These were
aligned with previously known sequences from
Sphagnum, Andreaea, and several haplolepidous
mosses (Mishler pers. comm.). Alignment among
sequences resulted in 206 informative sites and did
not require the inclusion of gaps. The cladistic anal-
ysis of sequence data alone yielded three most par-
simonious trees (742 steps, CI = 0352, RI =
0.528). The strict consensus tree (Fig. 1) is almost
completely resolved and reveals the existence of
three main clades (A, B, C) relevant to the question
of the evolution of pleurocarpy. One group (clade
A, Fig. 1) incorporates families of pleurocarpous
and some acrocarpous mosses traditionally placed
in the Bryales. This is consistent with clade “A”
found in previous studies by Withey (1996a). A
second clade (Fig. 1, B), sister to the first, includes
taxa traditionally classified in the Hookeriales, Leu-
codontales, and Hypnales, However, these orders
are not recovered as monophyletic groups, except
for the few exemplars of the Hookeriales (Hookeria
and Hypopterygium). The Hedwigiaceae (repre-
sented by Hedwigia) is placed as sister group to
clades A and B. The third clade (C, Fig. 1) consists
of representatives of the acrocarpous Bryales and
is sister to A + B + Hedwigiaceae. Consequently,
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the rbcL data places the pleurocarpous taxa in two
separate clades.

Evaluations of tree stability in relation to exem-
plar sampling were obtained from simple experi-
ments involving the exclusion of particular taxa
from the analyses. The three main clades in the
rbcL tree were stable under different combinations
of particular exemplar species (results not shown),
or when single ingroup taxa were excluded. Simi-
larly, the removal of distant (Dicranales, Grimmi-
ales) or close outgroups (Orthotrichales) had no ef-
fect on tree topology.

The character-state weighting analysis resulted in
only a single optimal tree. This had the same to-
pology as one of the three MP trees (shown as Fig.
2).

The level of clade support as measured by decay
indices varied from one to five or greater. In terms
of the rbcL data alone, clade A is the most robust
group since it persisted until parsimony was relaxed
three steps. Optimization of changes on this branch
show at least eight states supporting this clade (Fig.
2). Interestingly, the other main groups (B and C)
decay in trees only one step longer than the MP
trees (Fig. 1), although there are six and twelve
character changes reconstructed for each branch re-
spectively (Fig. 2), demonstrating why branch
length per se can be so misleading as a measure of
support. None of the three main clades nor the large
clade containing Hedwigia + A + B was found in
the consensus of trees four steps longer than the
MP trees.

Analysis of rbcL sequences and morphology
combined.—Multiple heuristic searches using a
data set with the 91 morphological characters
(Newton & De Luna 1999) and rbcL sequences
combined yielded only two most parsimonious
trees (1162 steps, CI = 0.373, RI = 0.444). The
strict consensus reveals three main clades (D, E, F)
relevant to the question of the evolution of pleu-
rocarpy (Fig. 3). The first group (D) incorporates
representatives of pleurocarpous mosses tradition-
ally classified in the Hookeriales, Leucodontales,
and Hypnales. The question of monophyly of each
of these orders is outside the scope of this current
study, requiring more extensive taxon sampling,
and the resolution of the taxa included in this clade
is consequently not discussed further. The second
clade (E) is sister to D and includes exemplars of
pleurocarpous families in the Bryales, such as the
Racopilaceae, Hypnodendraceae, Spiridentaceae,
and Cyrtopodaceae. Thus, clade [D + E] includes
all and only the pleurocarpous mosses sampled in
this study. It includes representatives of Clade B
plus the pleurocarp exemplars from Clade A in the
molecular tree (Fig. 1). The Rhizogoniaceae (as
represented by Pyrrhobryum) is sister to the clade
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FIGURE 1. Strict consensus of three equally most parsimonious trees (742 steps, CI = 0.352, RI = 0.528) found in
a heuristic search based on sequences of the rbcL gene for 36 exemplar species selected from the Bryales (A, C),
Leucodontales, Hypnales, and Hookeriales (B). The tree was rooted with Dicranum, Funaria and Grimmia. Numbers
below the branches are estimated values of the decay index (number of steps in suboptimal trees to collapse a particular
clade). Taxa with black squares are exemplars of the hypnobryalean pleurocarps, gray squares are representative taxa
of the bryalean pleurocarps, and triangles indicate cladocarp taxa.
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FIGURE 2. One tree selected from the set of three equally most parsimonious trees found in a heuristic search using
the rbell data alone. This is also the single most parsimonious tree found in a heuristic search applving character-state
weighting. Numbers above branches are branch lengths (ACCTRAN), indicative of the number of character state
changes (unambiguous and ambiguous).
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[D + E] and the Hedwigiaceae is sister to the large
clade incorporating the Rhizogoniaceae and the
bryalean and hypnobryalean pleurocarps. The third
important clade (F) includes acrocarpous taxa tra-
ditionally classified in the Bryales (Bartramiaceae,
Bryaceae) and the Splachnaceae; this clade is sister
to the group [[[D + E] + Pyrrhobryum] + Hed-
wigia] (Fig. 3).

The combined data matrix has 28 taxa, a subset
of taxa in the morphological and molecular matri-
ces. Nevertheless, this sample of families in the
Bryales, Leucodontales, Hookeriales. and Hypnales
suggests some details of phylogenetic patterns in
the pleurocarps. The three main clades in the com-
bined tree (D, E, F) are stable under different com-
binations of particular exemplar species (results not
shown), when single ingroup taxa are excluded, and
with the exclusion of distant (Dicranales) or adja-
cent outgroups (Orthotrichales). Decay indices and
the number of character changes on particular
branches suggest that the combined tree has several
robust branches that might survive further sampling
of taxa and characters. Estimated levels of clade
support on the strict consensus tree (Fig. 3) range
from one to five or more, suggesting at least three
robust clades relevant to the origin of pleurocarpy.
Clade D (di = 4) includes representatives of the
Hookeriales, Leucodontales, and Hypnales. This
group is supported by 19 character state changes
(Fig. 4). The second clade with a high decay index
(di = 5+) is clade E. grouping the pleurocarpous
Bryales (Cyrtopodaceae, Spiridentaceae, Hypno-
dendraceae, and Racopilaceae). This group is sup-
ported by 18 character state changes (Fig. 4). The
third robust group is a large clade including clades
D and E, as well as Pyrrhobryum (di = 3, 12 char-
acter state changes, Fig. 4). The bryalean acrocarps
(Clade F) and the monophyletic group including all
the bryalean and hypnobryalean pleurocarps [D +
E] have good character support (18 changes each,
Fig. 4), nevertheless, both clades decay quickly as
longer trees are examined (di = 1).

Excluding uninformative characters, the consis-
tency index (CI) was only slightly higher in the
combined data set (CI = 0.373) than in the rbcL
(CI = 0.352), suggesting similar levels of homo-
plasy. Measures of the amount of synapomorphy in
data sets, the retention index (RI), and the rescaled
consistency index (RC), are only slightly higher in
the rbcL. analysis (RI = 0.527, RC = 0.193) than
in the combined tree (RI = 0.444, RC = 0.165).
Observed differences in these values do not seem
significant when placed in the wider context of oth-
er phylogenetic studies. We examined cladistic
analyses with the same number of taxa among those
reviewed by Sanderson and Donoghue (1989), who
found that homoplasy increases as the number of
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taxa increases. Comparisons show similar levels of
homoplasy in the molecular data set (38 taxa, CI =
0.366) and the morphological data set (39 taxa, CI
= (.328, Newton & De Luna 1999), which would
be expected if there are no real differences in phy-
logenetic pattern between the two data sets. Neither
of these indices from our separate analyses nor the
CI of the combined analysis (28 taxa, CI = 0.373)
were different from indices observed for the same
number of taxa in other studies reviewed by San-
derson and Donoghue (1989). These patterns of
variation in homoplasy suggest that phylogenetic
signal (homology) is equivalent in our different
data sets.

The skewness test showed that the rbcl. mean
random tree-length (x = 1156 steps, sd = 21.74)
and the combined data mean random tree-length (x
= 1549 steps, sd = 26.37) are 414 and 387 steps
longer than the most parsimonious rbcL and com-
bined trees, respectively. In both cases, the length
distribution of a random sample of 10,000 trees has
a left skewed frequency curve (gl = —0.5594 for
the rbcL data, gl = —0.4668 for the combined
data). These values suggest that both data sets
(rbel. alone, and combined) are consistent with one
or very few phylogenetic hypotheses in the left tail
of their corresponding curves, and are thus highly
correlated with history.

DiscussioN

Methodological issues.—A current debate on
“taxonomic congruence™ vs. “total evidence™ (De
Queiroz et al. 1995; Kluge & Wolf 1993) focuses
on how different types of data (morphological, fos-
sils, molecular) should be analvsed and integrated,
either by comparing trees. or by combining data.
The methodological and theoretical assumptions
that should be considered include asymmetry in the
size of the data sets (number of characters and
states), reliability of molecular data, homoplasy in
morphological data, different evolutionary models
of character change in the different character sets,
different tree resolutions, and different consensus
techniques. Empirical analyses have shown the
weakness of some of these assumptions. For ex-
ample, molecular data is commonly perceived as
being better than morphological data at revealing
homology and monophyletic groups. However. a
review of cladistic studies found that levels of ho-
moplasy are equivalent in morphological and mo-
lecular data sets (Sanderson & Donoghue 1989). In
addition, simulation studies have revealed a posi-
tive relationship between levels of homoplasy and
the number of taxa in a data matrix (Klassen et al.
1991).

Two strong arguments in favor of the use of a



642 THE BRYOLOGIST [VOL. 102

Dicranum

Funaria
Orthotrichum

5+

5+ A& Macromitrium
A Schlotheimia

5+ — Bartramia

S5+ 1 L Philonotis

APlagiomnium F

5+ Enum
1 54+ —— Splachnaceae

—— Leptobryum

Hedwigia

1 A Pyrrhobryum

Racopilum
5+

B Hypnodendron =

4 [—@Spiridens

e Cy/rtopus

m Thuidium

W Hypopterygium
W Fontinalis

— M Hookeria

mBrachythecium D

M Pleurozium

M Papillaria

M [ eucodon

Analysis of rbel. & morphology 1
combined.

Strict consensus of two equally most .
parsimonious trees @ 1162 steps. 1 [——™®™Prionodon
Numbers are decay indices. W Pterobnon |

FIGURE 3. Phylogenetic relationships of diplolepidous pleurocarp bryalean (E) and hypnobryalean (D) mosses.
Strict consensus of two equally most parsimonious trees (1162 steps, CI = 0.373, Rl = 0.444) found in a heuristic
search using the combined rbcL. and morphology data for 28 exemplar species. The tree was rooted with Dicranum
and Funaria. Numbers above the branches are estimated values of the decay index. Squares and triangles as in
Figure 1.

MW Neckera




1999]

DE LUNA ET AL.: PHYLOGENETIC ANALYSIS

17

Macrom

44 Dicranum
59 Funaria
20 Orthotrichum
22 39
1£

|23 Schilotheimia

itrium

Analysis of rbel. & morphology
combined.

Representative most parsimonious
tree @ 1162 steps.

Numbers are branch lengths under
ACCTRAN optimization.

FiGure 4.

13

13

—25 __ Thuidium
21 Brachythecium

9
21

20

8 | 21

Pleurozium
Papillaria
10 22 [ eucodon

16 ; —
27 N Bartramia
18 __ Ppnilonotis
18 >
3 Plagiomnium F
13 21 Bryum
32
o5 30 Splachnaceae
23
15 Lepiobryum ]
34 Hedwigia
5 24 Pyrrhobryum
23 Racopilum
12 12 - 18 _ Hypnodendron E
35 —18 _ Spiridens
- 19 Cyriopus
40 Hypopterygium ]
12
— 1 29 36 Fontinalis
19 31 Hookeria

Neckera

Prionodon

11

20

Pterobryon |

643

One tree selected from the set of two equally most parsimonious trees found in a heuristic search using

the combined rbel. and morphology data. Numbers above branches are branch lengths (ACCTRAN), indicative of the
number of character state changes (unambiguous and ambiguous).



combination of several kinds of data in an analysis
are that they are likely to be independently evolving
and that some will have phylogenetic signal at one
level while others will be useful at other levels. The
advantages of combining data sets are revealed in
several recent cladistic studies (Doyle et al. 1994,
Eernise & Kluge 1993; Mishler et al. 1994; Pryer
et al. 1995) where well resolved and robust phy-
logenetic hypothesis resulted from the character
congruence present in the combined data matrices.
In the present study, the morphological and molec-
ular data sets were each analyzed separately, and
then as a combined data set, in preference to com-
paring trees from the separate analyses using con-
sensus techniques, since the most parsimonious ex-
planation of all characters is expected to be derived
from combined data analysis. The combined data
set, including characters of different rates of state
change and fixation relative to the rate of lineage
divergence, is expected to reveal phylogenetic his-
tory better than a consensus tree based on the trees
from analyses of separate data sets.

An evaluation of the data matrix, the most par-
simonious tree(s), and the relative robustness of
clades within a cladogram are required before ac-
cepting a cladogram (fundamental or consensus) as
a phylogenetic hypothesis. Different measures are
now commonly used to assess the phylogenetic
structure of the data matrix, to evaluate the stability
and structure of an entire tree, and to examine the
support of particular clades within a tree. The “per-
mutation tail probability” test (PTP, Faith & Cran-
ston 1991). the skewness of tree-length frequency
distribution (g1, Huelsenbeck 1991). the “‘total sup-
port” tests (ts, Killersjd et al. 1992), and the “‘total
support index’ (tsi, Bremer 1994) attempt to esti-
mate data structure and tree stability as a whole.
Another set of related procedures aim to examine
the support for particular clades within a single
cladogram. Relative measures of group support in-
clude random resampling statistics (such as the
“bootstrap” and “‘jackknife’ frequencies, Cracraft
& Helm-Bychowsky 1991; Felsenstein 1985; San-
derson 1989, 1995), the frequency distribution of
specific clades among most parsimonious trees (hi-
erarchic signal, Naylor 1992), the examination of
clades in each strict consensus of one-step succes-
sively suboptimal trees (decay or branch support
index, Bremer 1994; Mishler et al. 1991), and eval-
uations of successive character removals (clade sta-
bility index, Davis 1993).

Concerns have been raised that not all of these
quantitative estimations are equally useful (Killers-
jo et al. 1992) or that they may be misapplied in
systematics (Hillis 1995). In fact, Carpenter (1992)
has argued that interpretations of group frequencies
from randomization procedures (particularly the
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PTP test, and bootstrap percentiles) represent a mis-
application of statistics in phylogenetic systematics.
Additionally, Kluge and Wolf (1993) pointed out
that assumptions underlying procedures for random
resampling techniques and PTP tests are unrealistic;
they concluded that such estimators are applicable,
but only under empirical conditions that are rarely
met, and are therefore of limited use. In contrast to
these problematic statistical procedures, it seems to
us that parsimony and character based indices, such
as the decay or branch support index, are promising
means for assessing the reliability of phylogenetic
signal. Consequently, these were emphasised in as-
sessing support in our analyses. A phylogenetic hy-
pothesis based on the combined data and with ro-
bust and weak clades identified is presented as a
framework to interpret the evolution of pleurocarpy
among mosses with diplolepidous alternate peri-
stomes.

Complementarity of data sets.—The present phy-
logenetic study revealed some of the advantages of
separate and combined analyses of data sets. Mor-
phological and molecular characters initially ap-
peared to be discordant because each data set, when
analyzed separately, resolved clades at different
levels of inclusivity. For example, the rbcL se-
quences resolved a robust group of acrocarpous
plus pleurocarpous bryales (Fig. 1. Clade A, di =
3). However. the morphological characters alone
did not find this clade, while the combined data set
split the Clade A taxa into two separate clades. Part
of the apparent discordance here might be due to
the artifact of smaller taxon sampling in the com-
bined data set. Since only 28 taxa had both mor-
phology and rbcL. sequences, the combined data set
included only these taxa. A search for the most par-
simonious trees was conducted using rbcL sequenc-
es alone for only these 28 taxa (results not shown).
Clade A was not recovered in this reduced rbcL
tree presumably due to insufficient taxon sampling.
It still remains to be explored whether an expanded
matrix in which more taxa have both morphological
and rbcl. data will yield a phylogeny congruent
with the rbcL data alone.

The evaluation of results from the independent
analyses of rbcL (present study) and morphology
(Newton & De Luna 1999) indicates that the two
different types of data are complementary, as is
also shown by the combined tree (Fig. 3). For ex-
ample, the combined analysis found a well resolved
and robust clade of hypnobryalean pleurocarps
(Fig. 3, Clade D, di = 4) although the rbcL data,
for the few taxa sampled, found only a weak group
(Fig. 1, Clade B, di = 1) while the larger number
of taxa in the morphological data formed a well
resolved but weak clade (Newton & De Luna 1999,
Fig. 2, clade B, di = 2). Thus, cladistic analyses of
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combined data from rbcl. sequences and morphol-
ogy has more explanatory power in terms of levels
of clade support and topological resolution than
analysis of each data set alone. Under the present
conditions of taxon sampling, and by virtue of char-
acter congruence, the combined analyses of rbcL
and morphology provide a strong phylogenetic hy-
pothesis for the monophyly of the pleurocarps.

Monophyly and phylogenetic relationships of
hypnobryalean plewrocarpous mosses.—QOur results
show that pleurocarpous mosses currently classified
in the Hypnales, Leucodontales, and Hookeriales
together form a monophyletic group. either using
morphology (Newton & De Luna 1999) and rbcL
data sets alone (clade B, Fig. 1), or using the com-
bined data (clade D. Fig. 3). At this grouping level,
there are no contradictions between the data sets,
although there are differences in internal resolution,
branching order, and branch support. The mono-
phyly of our representatives from the Hypnales,
Hookeriales, and Leucodontales (clade D, Fig. 3)
agrees with the large scale classification scheme of
Buck and Vitt (1986). Previously, Koponen (1979)
had developed a hypothesis in which all families in
these three Orders were included in a single group,
the Hypnobryales. Recently, Hedends (1994) con-
cluded that the pleurocarps (Hypnales, Leucodon-
tales, and Hookeriales) formed a monophyletic
group. His study sampled eight putative represen-
tatives of these orders (Table 1, Hedenis, 1994) and
his analyses recovered a clade containing five of
those exemplars (Cyclodictvon, Homalia, Tham-
nobryum, Brachythecium, and Durthiella, Figs. 7-8,
Hedenids 1994), together with Hypopterygium. His
remaining exemplars (Hypnodendron, Pterobryella,
and Ptychomnion) were distributed across several
lineages with representatives of the bryalean pleu-
rocarps and the Orthotrichales. Analyses reported
here are based on a different combination of ex-
emplars and on a different application of the cla-
distic approach (see Newton & De Luna 1999) as
compared to that used in the analyses of Hedenis
(1994). However, despite our disagreements in cri-
teria for selection of morphological characters, tax-
on sampling, and different search strategies for
most parsimonious trees, the concurrence of our re-
sults indicates that there is sufficient historical sig-
nal in the observable similarities of the pleurocar-
pous mosses to strongly support an explicit hypoth-
esis of monophyly of the Hypnales, Hookeriales,
and Leucodontales (clade B, Fig. 1; clade D, Fig.
3.)

Phylogenetic relationships of the bryalean and
hypnobryalean pleurocarps.—The analyses of the
combined data shows that the phylogenetic position
of the pleurocarps traditionally classified in the
Bryales (clade A, Fig. 1; clade E, Fig. 3) seems to
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be as sister group to the other pleurocarps in the
Leucodontales, Hypnales, and Hookeriales. This
sister group relationship between clade E and D in
the combined analyses is weakly supported (di =
1, Fig. 3). Confirmation of the monophyly of pleu-
rocarps in clades E & D will require additional ex-
emplars as well as more morphological and molec-
ular data. Nevertheless, our results suggest that the
hypothesis that all the pleurocarps in the diplole-
pidous mosses form a monophyletic group (clade
D + E, Fig. 3) should be taken into consideration
for further studies. The sister group of this pleuro-
carp clade appears to be the Rhizogoniaceae (here
represented by Pyrrhobryum). The large monophy-
letic group that includes all exemplars from clades
E and D plus Pyrrhobryum is well supported (di =
3. Fig. 3). In addition, our study reveals the key
position of the Hedwigiaceae as potential outgroup
for future analyses of the Rhizogoniaceae and the
clade grouping the bryalean and hypnobryalean
pleurocarpous mosses (Fig. 3).

Our results contradict earlier hypotheses (Buck
& Vitt 1986; Hedenids 1994) that the bryalean and
hypnobryalean pleurocarps do not form a mono-
phyletic group (Fig. 5). Hedends (1994) proposed
that the set of pleurocarps from the Bryales do not
belong in the monophyletic group that included
representatives of the Leucodontales, Hypnales,
and Hookeriales (Fig. 5). He sampled 12 bryalean
pleurocarps (eight exemplars from the Rhizogoni-
aceae, two of the Spiridentaceae, and one each of
the Racopilaceae and Hypopterigiaceae), which
were placed by his analyses in a series of paraphy-
letic lineages that included the exemplars of the Or-
thotrichales and the Bartramiales. Thus, his conclu-
sions concerning potential outgroups for the hyp-
nobryalean pleurocarps, and his further analyses
using those outgroups (Hedenids 1995) are to be re-
garded with caution.

Systematic implications in the Bryales.—The
monophyly and classification of the Bryales re-
mains ambiguous. Several alternative groupings
have previously been proposed for the bryalean ac-
rocarpous mosses (see Fig. 5). In early classifica-
tions, this group included 13 families and was giv-
en either the rank of order (Bryales, Vitt 1982, p.
314) or suborder (Bryineae, Vitt 1984, p. 746). In
a preliminary cladogram discussing the classifica-
tion of the Mniaceae and it’s relatives, Koponen
(1979, fig. 4) separated some families (including
the Bryaceae and Mniaceae) in the Eubryales and
others (such as Bartramiaceae) in the Bartramiales,
based on spore morphology, leaf areolation, and
costa structure. Later, Buck and Vitt (1986) recog-
nized two suborders within the order Bryales: the
Bryineae and the Rhizogoniineae. The bryalean ac-
rocarpous mosses were classified in a single group,
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the suborder Bryineae, without recognizing Kopo-
nen’s two subgroups (Buck & Vitt 1986). The Rhi-
zogoniineae were differentiated as being pleurocar-
pous and consisted of the Rhizogoniaceae and Spir-
identaceae, together with three families recently
transferred from other orders. These were the Ra-
copilaceae (previously in the Hypnales sensu Vit
1984), Hypopterygiaceae (transferred from the
Hookeriineae sensu Vitt 1984), and Helicophylla-
ceae (from the Orthotrichineae sensu Vitt 1984). In
his study of the basal pleurocarpous mosses Hed-
enas (1994) dispersed the pleurocarpous and acro-
carpous members of the Bryales, together with the
exemplars from the Orthotrichales and Bartrami-
aceae, across several clades and paraphyletic
eroups basal to the hypnobryales (see Fig. 5).

The phylogenetic analysis by Withey (1996a)
based on rbel data indicated that the Bryales (sen-
su Buck & Vitt 1986) might be paraphyletic. Our
present studies increased the sampling of the hyp-
nobryalean pleurocarps and added a morphological
data set. It now seems clear from Withey's (1996a)
and our present rbcL. and combined analyses that
neither of the proposed groupings of 13 families in
the Bryales sensu Vit (1982; suborder Bryineae
sensu Vit 1984), or the 16 families in the Bryales
sensu Buck and Vitt (1986) can be regarded as
monophyletic (Fig. 5).

Our phylogenetic hypothesis based on the com-
bined data set is presented here as the best sup-
ported summary of our current state of knowledge
for the diplolepidous pleurocarp mosses (Fig. 5).
‘We use this cladogram as the only appropriate basis
for interpreting the evolution of characters associ-
ated with pleurocarpy (Newton & De Luna 1999).
However, it must be clear that the internal outline
of phylogenetic relationships among pleurocarp
mosses still remains inconclusive with the data, tax-
on sampling, and cladistic analyses at hand. As
more exemplars are added and data sets from dif-
ferent gene sequences become available. further
cladistic analyses should be designed to identify
other potential outgroups for the pleurocarps. With
an improved understanding of the outgroup taxa,
an attempt can be made to elaborate on the phylo-
genetic relationships within the ingroup of the pleu-
rocarpous families.

Directions for further research.—The present
study suggests directions for further phylogenetic
research. A detailed cladistic analysis of the collec-
tion of families placed in the Bryales (sensu Buck
and Vitt 1986) is critical to resolve the relationships
of these taxa, in particular the question of whether
clade A (Fig. 1) can be recognized as a taxonomic
group separate from clade C (Fig. 1), or whether
the two subgroups referable to the Bartramiales and
Eubryales (sensu Koponen 1979) should be rec-
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ognized. The possible existence of these two sub-
groups needs to be evaluated further The two
groups revealed by our combined analysis (clades
F and E, Fig. 3) place the bryalean acrocarps that
we sampled with the Bartramiaceae, and seems to
reinforce Koponen's (1979) recognition of two sub-
groups, with the Bartramiales as sister to the Eu-
bryales. However, the results of our rbcL analyses
recover a different relationship, splitting the bry-
alean acrocarps into two groups. Here, the clade
that includes the Bartramiaceae is sister to the bry-
alean pleurocarps, and the clade that includes
Bryum is sister to Splachnum and Leptrobryum (Fig.
1). Both the rbeL and the combined data analyses
place the Splachnales with a subset of mainly ac-
rocarpous bryalean mosses (Fig. 5).

Our sampling of the Bryales (sensu Buck & Vitt
1986) is incomplete, Seven families traditionally
classified in this order, the Leptostomataceae, Mit-
teniaceae, Schistostegaceae, Timmiaceae, Aula-
comniaceae, Meesiaceae, and Catoscopiaceae, still
need to be investigated for morphological and rbcL
sequence data and to be analyzed with formal cla-
distic methods. The phylogenetic position of these
families remains to be tested to determine their re-
lationships with other mosses in the Bryales (sensu
Buck and Vitt 1986). The inclusion of these seven
families will also help to explore the relationship
of the Splachnales to the bryalean acrocarpous
mosses (Fig. 5).

The Rhizogoniaceae seem to hold a critical po-
sition in the understanding of the pleurocarpous
taxa, and genera placed in this family need both
extensive sampling of sequence data and critical
analysis of the morphological characters, particu-
larly those related to pleurocarpy.

CONCLUSIONS

The data at hand and present cladistic analyses
suggest a phylogenetic hypothesis in which the bry-
alean pleurocarps are a sister group of the hypno-
bryalean pleurocarps. Both clades are well sup-
ported according to the number of character chang-
es (18 and 19, respectively) and both clades appear
to be relatively robust, as suggested by decay in-
dices of four or more. The combined analyses of
rbcL. sequences and morphology provide the stron-
gest phylogenetic hypothesis for the monophyly of
bryalean and hypnobryalean pleurocarps. This hy-
pothesis is not conclusive, but the cladogram in
Figure 3 is the best current summary of the large
scale relationships of these diplolepidous taxa. It is
offered here as an inferential basis for a phyloge-
netic interpretation of the origin of pleurocarpy (see
Newton & De Luna 1999). It is also a suitable start-
ing point for more detailed investigations into the
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morphology and ontogeny of special character sys-
tems, which will undoubtedly provide better reso-
lution of phylogenetic relationships at the ordinal
level.

Our present study shows the value of rbcLl. gene
sequences as a promising source of informative
characters for phylogenetic analyses of the pleuro-
carps. Besides allowing the recognition of two main
clades (bryalean and hypnobryalean pleurocarps),
this gene also seems to have resolution for terminal
taxa. The observed pattern of variation in the rbcL
gene makes it an excellent candidate for phyloge-
netic studies at the family level and above within
the pleurocarps. However, there does not seem to
be any justification to claim that molecular data are
superior compared to morphology as a historical
marker in the case of pleurocarp mosses. Neither is
there an indication that levels of homoplasy in mor-
phological data are higher than in sequence data for
the pleurocarps. Thus, a phylogeny based only on
molecules should not be used as a basis for changes
in the classification. In our future studies within the
pleurocarp mosses, we plan to use the rbeL gene
in combination with morphological data for phy-
logenetic analyses of the main groups of families.

In view of empirical and methodological ad-
vances, previous interpretations of morphological
features such as branching systems need to be re-
evaluated, before we can make any further progress
in our understanding of the origin of pleurocarpy.
The work of Catherine La Farge-England (1996)
has been essential here in highlighting crucial ele-
ments of* pleurocarpy. In such interpretations, it
must be evident that a phylogenetic approach is
necessary to analyze the growing body of morpho-
logical and molecular data and to test inferences
about homology and monophyletic groups. As ad-
ditional data become available, it is the formal ap-
plication of cladistic analyses to the full range of
data (morphology plus DNA sequences) that will
allow a more accurate explanation of phylogenetic
relationships within the pleurocarp mosses.
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APPENDIX 1. Specimens used to extract DNA for the 36 exemplar taxa included in present study.

D W —

30

31
32

33
34
35
36

Anacamptodon splachnoides (Brid.) Brid. U.S.A. INDIaNa. Portland Arch. Sargenr. 1 June 1981

Bartramia halleriana Hedw, AUSTRALIA. Victoria. Mount Donna Buag, Vit 27824 (DUKE)

Bescherellia elegantissima Duby NEW CALEDONIA. Parc Territorial de la Riviere Bleue. Withey 732 (DUKE)
Brachythecium salebrosum (Web. & Mohr) B.S.G. U.S.A. ILumvors. Urban, Sargenr, 8 Oct. 1977.

Bryum billardieri Schwaegr. FIIL VTt LEvu, Mt, Lomalangi, Withey 671. (DUKE).

Cryptopodium bartramicides (Hook.) Brid. NEW ZEALAND. SouTH IsLanp. Fiordland National Park. Vit 29618
(DUKE); Wilberg Range, Glenny 4963 (WELT).

Cyrtopus setosus (Hedw.) Hook. NEW ZEALAND. SoutH IsLanD, Wellington, Glenny 4827 (WELT).

Dicranum scoparium Hedw. U.S.A. NORTH CAROLINA. Durham, Mishler, Hopple & Thrall, 9 May 1989 (DUKE)
Fontinalis dalecarlica B.S.G. U.S.A, NeEw JErRSEY. Delaware Gap, Sargent, 29 Oct 1979,

Franciella spiridentoides Thér. NEW CALEDONIA. Mt. Panié, Withey 756 (DUKE).

Funaria hygrometrica Hedw. U.S.A. INDIANA. Busey Woods, Sargent, 1 June 1980.

Grimmia (=Schistidium) apecarpa Hedw. U.S.A. INp1aNa. Portland Arch. Sargenr, 23 March 1980

Hedwigia ciliata (Hedw.) P. Beauv. U.S A, NortH CAROLINA. Duke Forest, De Luna 1751 (DUKE)

Hookeria acutifolia Hook. U.S.A. INpiaNa. Portland Arch, Sargens, 30 Aug. 1981

Hypnodendron menziesii (Hook.) Par. NEW CALEDONIA. Parc Territorial de la Riviere Bleue, Withey 739 (DUKE)
Hypnodendron vitiense Mitt. AUSTRALIA. New SouTH WALES. Blue Mts., Anderson 23873 (DUKE)
Hypopterygium tahitense Aongstr, COOK ISLANDS. RARATONGA. Mt Te Ko'u, Withey 570 (DUKE)
Hypopterygium tamariscimon (Hedw.) Brid. MEXICO. VeEracruz. Jardin Botanico Clavijero, De Luna 2236 (XAL)
Leptobryum pyriforme (Hedw.) B.S.G. U.S.A. Inpiana. Portland Arch, Sargent, 19 May 1982,

Leucodon julacens (Hedw.) Sull. CANADA. ONTARIO. Eels Creek, Sargent, 5 Aug. 1989,

Macromitrium longifolinm (Hook.) Brid. Sequence data from Goffinet.

Mesochaete undulata Lindb. AUSTRALIA. QUEENSLAND. Ingham vicinity, Streimann 35245 (CBG).

Neckera urnigera C. Miill. MEXICO. VEracRUZ. Jardin Botinico Clavijero, De Luna 2235, (XAL)
Orthotrichuwmepumilum Sw. U.S.A. INpDIANA. Portland Arch, Sargent, 30 Aug. 1981,

Papillaria deppei (Hornsch.) Jaeg. MEXICO. VERACRUZ. Jardin Botdnico Clavijero, De Luna & Newton 2267 (XAL)
Philonotis nitida Mitt. (= P. revoluta Bosch & Lac) FUL Taveunt, Mt Des Voeux, Withey 608 (DUKE)
Plagiomnium cuspidatum Hedw. U.S.A. INpDIANA. Portland Arch. Sargenr, 11 May 1980.

Plewrozium schreberi (Brid.) Mitt. U.S.A. VErmonT. Lake Fairlee, Conklin, 23 Oct. 1975.

Prionodon densus (Hedw.) C. Miill. MEXICO. Veracruz, Jardin Botdinico Clavijero, Newron & De Luna 3872
(XAL)

Prerobryvon densum (Schwaegr.) Hornsch. MEXICO. Viracruz. Jardin Botdnico Clavijero, Newton & De Luna
3856 (xAL) .

Pyrrfiobryum mnioides (Hook.) Man. AUSTRALIA. VicToria, Marysville vicinity, Streimann 35245 (DUKE)
Racopilum convolutaceum (C. Miill.) Reichdt. NEW ZEALAND. SouTH IsLanp. Wellington, Haurangi Range,
Glenny 4941 (WELT)

Schlotheimia brownii Schwaegr. Sequence data from Goffinet

Spiridens vieillardii Schimp. NEW CALEDONIA, Mt Panié, Withey 526 (DUKE)

Splachnum ampullacewn Hedw, CZECH REPUBLIC. Sumava Mountains, town of Prdsily, Sargent, 29 Oct 1979,
Thuidinm delicatulum (Hedw.) Mitt. U.S.A. NorTH CArROLINA. Linville Falls, Newron, 18 Nov. 1988, (DUKE).




