1692

images, however, favor models with higher vis-
cosities and thicker weak zones. The predicted
deformation pattern (Fig. 1C) can match the
observations (Fig. 1A) better if a weak zone of
13 km and a viscosity of 1.6 x 10'® Pa-s are
used. Moreover, we find that the match be-
tween the InSAR images and model calcula-
tions can be improved if a nonuniform weak
layer, (24), is used. The weak layer thickness at
depth is determined from the geographical vari-
ations of the Moho depth (23). The calculated
amplitude of uplift to the west of the Johnson
Valley fault is closer to what is shown on the
inteferogram (25).

A viscosity on the order of 10'® Pa-s in the
lower crust is consistent with a maximum
viscosity of the lower crust of 10'° Pa-s that is
inferred from the uplift and tilting of Quater-
nary lake sediments on the Halloran Hills in
the eastern Mojave desert (26). The weakness
of the lower crust could be related to the
thermal structure of the Basin and Range
province, so it can help understand the phys-
ical mechanism responsible for the extension
of the general area.

Our study on postseismic rebound does
not resolve the mechanism responsible for
interseismic deformation associated with ma-
jor strike-slip faults (27). The postseismic
deformation involves a sudden coseismic
stress concentration close to the rupture zone,
while the interseismic deformation only in-
volves gradual strain concentration. So it is
possible that a mechanism other than vis-
coelastic flow, such as stable sliding, is also
related to the interseismic process (27).

Because viscosity governs the evolution
of the stress field and thus the loading and
unloading processes of major earthquake-
generating faults, our estimate of the viscos-
ity beneath the Landers earthquake region
will help to assess earthquake hazards in
southern California and further characterize
the behavior of earhquake-related processes.
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In Search of the First Flower:
A Jurassic Angiosperm,
Archaefructus, from Northeast
China

Ge Sun,* David L. Dilcher,* Shaoling Zheng, Zhekun Zhou

Angiosperm fruiting axes were discovered from the Upper Jurassic of China.
Angiosperms are defined by carpels enclosing ovules, a character demonstrated
in this fossil. This feature is lacking in other fossils reported to be earliest
angiosperms. The fruits are small follicles formed from conduplicate carpels
helically arranged. Adaxial elongate stigmatic crests are conspicuous on each
carpel. The basal one-third of the axes bore deciduous organs of uncertain
affinities. No scars of subtending floral organs are present to define the indi-
vidual fertile parts as floral units, but the leaf-like structures subtending each
axis define them as flowers. These fruiting axes have primitive characters and

characters not considered primitive.

It has been thought that angiosperms first
appeared about 130 million years ago in the
Lower Cretaceous (/, 2). There are several
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recent reports of Triassic, Jurassic, and low-
ermost Cretaceous-aged fossils identified as
angiosperms (3—7), but none of these reports
can be accepted as conclusive evidence for
the presence of angiosperms. Many reports of
early angiosperms are based on pollen,
leaves, and wood with vessels, none of which
are definitive characters of angiosperms.
Some are based on flowers and fruits that are
too poorly preserved to demonstrate ovules or
seeds enclosed in the carpels. The unique
character of angiosperms is that the ovules
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are completely enclosed in a carpel. Here, we
describe such early angiosperm fruits collect-
ed from the Upper Jurassic “Jianshangou
Bed” in the lower part of the Yixian For-
mation of Huangbanjiegou village near
Shangyuan Town of Beipiao City, western
Liaoning Province, northeast China (Fig. 1).

The Yixian Formation (§—12) consists of
layers of volcanic rocks sandwiched between
sedimentary rocks. The sedimentary rocks
contain abundant freshwater and terrestrial
fossils, including plants, bivalves, fish, con-
chostracans, ostracods, gastropods, insects,
turtles, lizards, shrimps, dinosaurs, birds, and
mammals that constitute the Jehol biota (73,
14). The Yixian Formation is about 2000 to
2500 m thick and is considered to be latest
Jurassic in age (8—15). We classify our dis-
covery as follows:

Division Magnoliophyta

Class Magnoliopsida

Subclass Archaemagnoliidae

Genus Archaefructus Sun, Dilcher, Zheng

et Zhou, gen. nov.

Type-species: Archaefructus liaoningen-
sis Sun, Dilcher, Zheng et Zhou, sp. nov.

Generic diagnosis: Reproductive axes
branched or unbranched, bearing helically ar-
ranged fruits (follicles) on short pedicels.
Fruits mature distally, occupying the distal
two-thirds of an axis; carpels or stamens de-
ciduous, leaving short peg-like pedicel bases
on the proximal one-third of an axis. Fruits
derived from conduplicate carpels commonly
bearing three (two to four) ovules. Fertile
axes are subtended by leaf-like structures
(16). Details of the diagnosis of Archaefruc-
tus liaoningensis are presented in (/7).

The fruits presented here are recognized
as angiosperms on the basis of the ability to
remove seeds completely enclosed within
them. The occurrence of this angiosperm-
defining character in Archaefructus is impor-
tant because it demonstrates that Archaefiuc-
tus has angiosperm affinities, and it establish-
es a benchmark in time for when the closed
carpel is first found. This character occurs in
combination with other reproductive charac-
ters, resulting in a new mixture of characters.
This unique set of characters should change
our understanding of the nature of the early
angiosperm flower.

The pollen-bearing organs of Archaefiuctus
are unknown. They were not present with car-
pels in the fossil material examined. The prox-
imal one-third of each fertile axis has what
appears to be pedicel bases that may have borne
deciduous fruits or other organs such as sta-
mens. Archaefructus may have been either uni-
sexual (monoecious or dioecious) or bisexual.
No pollen was found attached to any surface of
the fruits or axes, and no angiosperm pollen has
been isolated from the matrix. The only sterile
organs associated with Archaefructus are two
poorly preserved leaf-like structures (Fig. 2A).

REPORTS

The lateral axis is borne in the axil of a leaf-like
structure occurring on the main axis. Examina-
tion by epi-illumination and fluorescence epi-
illumination of the surfaces of this fertile com-
plex revealed some cellular detail of the epider-
mal cells covering the fruits and axes, but no
pollen or evidence of scars of any deciduous
organs were found except for the peg-like pedi-
cels basal in each fertile axis. Therefore, there
may have been deciduous floral organs of an
unknown nature associated with these fruiting
axes when they were young. These fossils are
fruiting axes bearing individual conduplicate
carpels (Fig. 2, A and B), and each axis should
be regarded as originating from a floral unit
(Fig. 2A). The elongate nature of the axes may
have been more extended in the fruiting stage
than at pollination. The crowded carpels at the
apices suggest this (Fig. 2B). Also, in the young
carpels the stigmatic tissue occupies propor-
tionately more area, and the apical prominence
appears to continue to enlarge as the carpel
matures.

The carpels of Archaefructus are closed in a
conduplicate fashion, contain more than one
ovule, and are clustered together. Subtending
each “flower” is a leaf-like structure consisting
of a petiole that terminates in a branched pattern
of possibly three major veins extending into a
crumpled leaf lamina (Fig. 2A). A few of the
basal reproductive organs were deciduous at
maturity while the subtending leaves and distal
carpels remained attached. It is possible that the
crumpled leaf-like organs subtending each fer-
tile axis were colored or patterned in some way
to attract the attention of insect pollinators. The
stigmatic surface may have produced an exu-
date on which the dipterians, known from the
same sediments, may have fed (/2). It is also
possible that the extended tips on the stigmatic
crests of each carpel functioned similarly to
those of Ascarina of the Chloranthaceae, which
is wind pollinated (/8). Thus, there is no single
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Fig. 1. Map showing the geographic location of
the angiosperm fruiting axes Archaefructus liao-
ningensis gen. et sp. nov. Vertical lines represent
Liaoning Province. Fossil localities are southwest
of Beipiao.

pattern of pollination biology present, as is
found for specific fossil angiosperm taxa occur-
ring during the latter Cretaceous (/9), but both
insects and wind may have been involved. In-
sect pollination offers a biological environment
that would have contributed to an early and
rapid diversification of the angiosperms.
Archaefructus has helically arranged car-
pels, and the placement of the two leaf-like
organs suggests this pattern continued in the
foliage. In contrast, many members of Gn-
etales (20), found in the Mesozoic, are char-
acterized by oppositely placed leaves,
branches, and reproductive organs. Probable
fossils of Gnetales that co-occur with Archae-
fructus in the Yixian Formation include
Chaoyangia liangii (21) and Eragrosites
changii (22). These were both described re-
cently as the earliest record of angiosperms.
Chaoyangia liangii has ribbed stems with
conspicuous nodes, each bearing two oppo-
sitely arranged leaves. The stems branch op-
positely to produce a cyme-like pattern on
which winged fruits or seeds are borne. These
winged fruits or seeds are similar to those
previously described as Gurvanella (23, 24)

Fig. 2. Archaefructus liaoningensis Sun, Dilcher,
Zheng et Zhou gen. et sp. nov. (A) Holotype,
SZ0916; fruiting axes and remains of two sub-
tending leaves. Scale bar, 5 mm. (B) Enlarged
view of the carpels showing remains of the
adaxial crest, abaxial venation, seeds in each
carpel, and finger-like prominences. Scale bar, 5
mm. (C) Portion of a seed removed from a
carpel, as viewed by scanning electron micros-
copy. Scale bar, 25 pm.
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and have a distinct resemblance to the winged
seeds of Welwitchia mirabilis. Chaoyangia
liangii is an interesting fossil plant, but the
ribbed stems, opposite branching, and winged
fruits or seeds suggest that it has affinities
with Gnetales rather than the angiosperms. It
is unlike any living Gnetales, and careful
analysis of the described specimen and addi-
tional material needs to be carried out. Before
it can be accepted unequivocally as an angio-
sperm, the nature of the winged fruits or
seeds must be clearly understood, and we
conclude at this time that it most probably is
an extinct genus of Gnetales.

Eragrosites changii is a name given to
fossils interpreted as grass-like remains (22).
These fossils also have reproductive organs
borne on ribbed axes with distinct nodes that
are oppositely branched, characters typical of
Gnetales. In addition, the tightly crowded
grass-like seed heads have oppositely ar-
ranged bracts that are reminiscent of the seed-
bearing organs of Ephedra and Welwitchia.
We consider this fossil grass to represent
fossil remains of an extinct Gnetales, and it
definitely is not an angiosperm.

Archaefructus presents a new set of char-
acters not previously known in angiosperms.
Typically the division Magnoliophyta (25) is
used for angiosperms or flowering plants, and
the class Magnoliopsida is used for the dicot-
yledons and Liliopsida for the monocotyle-
dons. We suggest that a new subclass, Arch-
aemagnoliidae, be constructed for angio-
sperms that do not conform to the character
sets of any of the existing subclasses of the
Magnoliophyta. This new subclass is charac-
terized by flowers subtended by only a single
leaf or leaf-like organ. Flowers consist of
elongate receptacles bearing conduplicate
carpels helically. The nature of the male flo-
ral organs is unknown at this time. Flowers
appear to terminate axes and predate the evo-
Iution of any floral patterns. The subclass
does not fit the concepts of “paleoherb” or of
“eoangiosperm,” as both represent collec-
tions of angiosperm taxa already more spe-
cialized and modified (26) than Archaefruc-
tus of the subclass Archaemagnoliidae.

Although Archaefructus fits the general
plan of the “fundamental axis” for the prim-
itive angiosperm (26), there are no subtend-
ing bracts present; the carpels, leaves, and
branching are helical; and the development of
carpels is conduplicate (plicate) (27) rather
than ascidiate (27, 28). Some cladograms (28,
29) suggest that ascidiate carpels with one or
two ovules are most primitive, on the basis of
the occurrence of these characters in extant
angiosperms such as Chloranthaceae. This
family is schematically derived through a
gnetalian ancestry based on these characters
(28). Archaefructus does not support this pro-
posed evolutionary scheme.

In extant angiosperms, ovules are formed on
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the inner surface of the carpel, which histolog-
ically is different from the outer surface. After
fusion of the carpel, the ovules are enclosed and
isolated from external environmental factors.
Endress (27) has maintained that the so-called
“open carpels” of some angiosperms are a myth
because secretions produced by the inner lining
of the carpels fill any gap. The pollen grain and
the pollen tube are required to interact with the
biochemical barrier as well as, in most carpels,
the physical barrier to the male gametophyte
presented by the closed carpel (30, 31). This
important step in angiosperm reproduction is
clearly well developed in the Upper Jurassic in
Archaefructus. It allowed for incompatibility to
develop between the male gametophyte and the
carpel very early in angiosperm evolution.

Overall, Archaefructus looks more like a seed
fern—type plant than like bennettitalian or gn-
etalian plants, which have received support as
ancestral groups (26, 32, 33). The leaf-like nature
of the fertile shoots, the helical disposition of the
carpels, the conduplicate nature of the carpels
with multiple ovules, and the subtending leafy
structures are characters that would support the
possible seed fern ancestry of Archaefructus. Gn-
etales are considered a sister group of the angio-
sperms, just as they might be thought of as a
sister group of some of the Mesozoic seed ferns.
The Mesozoic seed ferns are poorly understood
and probably do not represent a natural group of
plants. Many seed ferns became extinct during
the Triassic or the Jurassic, and all became ex-
tinct by the mid-Cretaceous (34). Perhaps some
lineages of Mesozoic seed ferns are the ancestors
of the Mesozoic radiation of the angiosperms,
explaining why Gnetales and angiosperms are
often found to be sister clades.

Archaefructus is more than 85 mm long
and consists of two fertile axes, which give
rise to nearly 60 carpels and two leaves (Fig.
2, A and B). This compression-impression
plant material was recovered by cleaving
apart sedimentary layers of rock. The fossil is
unlike the charcoalified remains, recovered
by sieving, that have added much to our
knowledge of early angiosperm reproduction
(35, 36). Those flowers and fruits are minute
relative to the material of Archaefructus.
Thus, Archaefructus is a clear indicator that
large reproductive axes of angiosperms exist-
ed early in angiosperm evolution, even if
only a few have been recovered. This may
suggest that the small angiosperm flowers
and fruits of early angiosperms are derived
and reduced to small sizes from an ancestor
with large flowers.

By the mid-Cretaceous and into the lower
Upper Cretaceous, a tremendous increase in
angiosperm diversity appears in the fossil
record (37—41). Nearly all of these fossils
represent lines of evolution progressing to-
ward extant taxonomic clades of angiosperms
at the family or generic level (24). The evo-
lution of modern angiosperm taxonomic

groups thus seems to have transpired relative-
ly quickly during the Lower Cretaceous.

For nearly a century, many paleobotanists
and botanists have considered the angio-
sperms to have originated in the tropical re-
gions of the world (42—45). The presence of
Archaefructus and early angiosperms from
the Lower Cretaceous of Jixi, in northeast
China (46, 47), suggest that there were early
angiosperms in China and that this was one of
the areas where early diversification of the
angiosperms was taking place. Angiosperms
and angiosperm-like plants have also been
reported from the early Cretaceous of Mon-
golia and Lake Baikal in eastern Russia (23,
24, 48). These fossils are similar to the Yix-
ian flora and are associated with similar fossil
fauna (that is, the Jehol fauna characterized
by the Lycoptera-Eoestheria-Ephemeropsis
assemblage). Therefore, angiosperms may
have originated in Asia (42).
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Tracking the Long-Term Decline
and Recovery of an Isolated
Population

Ronald L. Westemeier,* Jeffrey D. Brawn,T Scott A. Simpson,
Terry L. Esker, Roger W. Jansen, Jeffery W. Walk,
Eric L. Kershner, Juan L. Bouzat, Ken N. Paige

Effects of small population size and reduced genetic variation on the viability
of wild animal populations remain controversial. During a 35-year study of a
remnant population of greater prairie chickens, population size decreased from
2000 individuals in 1962 to fewer than 50 by 1994. Concurrently, both fitness,
as measured by fertility and hatching rates of eggs, and genetic diversity
declined significantly. Conservation measures initiated in 1992 with translo-
cations of birds from large, genetically diverse populations restored egg via-
bility. Thus, sufficient genetic resources appear to be critical for maintaining

populations of greater prairie chickens.

The conservation implications of small pop-
ulation size are controversial (/—4). A signif-
icant loss in genetic variation may decrease
fitness or limit the long-term capacity of a
population to respond to environmental chal-
lenges (5). Alternatively, chance environ-
mental and demographic events may pose a
more immediate threat to small populations
(I, 2). Conservation strategies can be differ-
ent depending on the relative importance of
these factors (/, 3, 6), but fundamental ques-
tions persist because there are few data on
long-term changes in the demography and
genetics of wild populations.

Here we report the results of a long-term
study on a remnant population of greater prairie
chickens (Tympanuchus cupido pinnatus) in
southeastern Illinois (7). Over the 35-year peri-
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od of this study, we documented concurrent
declines in population size and fitness as well as
an overall reduction in genetic diversity. In
addition, we report on a conservation strategy
initiated in 1992, whereby translocations of in-
dividuals from large, genetically diverse popu-
lations increased fitness.

Greater prairie chickens are grassland-depen-
dent birds still found in areas of suitable habitat
ranging from northwestern Minnesota south to
northeastern Oklahoma, and from southeastern
Illinois west to northeastern Colorado (8). Leks
(or booming grounds) are used as arenas for
territorial display and breeding by two or more
males (9). Loss of habitat suitable for successful
nesting and brood rearing is the single most
important factor leading to declines, isolation,
and extirpations throughout the species’ range in
the midwestern United States (/0). The eastern
subspecies Tympanuchus cupido cupido, also
known as the heath hen, has been extinct since
1931 (11) and Attwater’s prairie chicken Tympa-
nuchus cupido attwateri, which is restricted to
Texas, is near extinction (12, 13).

In Illinois, native prairie habitat for prairie
chickens originally covered >60% of the state
(Fig. 1), but fewer than 931 ha (<0.01%) of the
original 8.5 X 10° ha of high-grade prairie
remain (/4). There were possibly several mil-
lion prairie chickens statewide in the mid-19th
century (15); by 1962 an estimated 2000 birds
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Archaefructaceae, a New Basal

Angiosperm Family

Ge Sun,' Qiang Ji,? David L. Dilcher,3* Shaolin Zheng,*
Kevin C. Nixon,® Xinfu Wang®

Archaefructaceae is proposed as a new basal angiosperm family of herbaceous
aquatic plants. This family consists of the fossils Archaefructus liaoningensis
and A. sinensis sp. nov. Complete plants from roots to fertile shoots are known.
Their age is a minimum of 124.6 million years from the Yixian Formation,
Liaoning, China. They are a sister clade to all angiosperms when their characters
are included in a combined three-gene molecular and morphological analysis.
Their reproductive axes lack petals and sepals and bear stamens in pairs below

conduplicate carpels.

The fossil record provides information about
the evolution of major groups of organisms
living on Earth today as well as those that
have become extinct. The earliest history of
flowering plants is poorly documented. Some
of the sparse data from fossils have been
accommodated into current phylogenetic
models. Current phylogenetic studies (/, 2)
and recent paleobotanic finds (3) support the
nature of the basal angiosperms (Admborella
and Nymphaeales) consistent with combined
multiple gene and morphologic analyses (4—
6). Newly discovered fossils reveal a combi-

nation of unique characters. These fossils
consist of new material of Archaefructus li-
aoningensis (7) and A. sinensis sp. nov. (§), a
new species preserved as nearly whole plants
in various stages of reproductive maturity.
The fossils were recovered from the lower
part of the Upper Jurassic/Lower Cretaceous
Yixian Formation (9) in Beipiao and
Lingyuan of western Liaoning, China
(41°12'N, 119°22'E). The formation is at
least 124.6 million years old (/0) and may be
as old as uppermost Upper Jurassic (/7). All
aspects of these plants are known, including
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their roots, leaves, and reproductive organs,
as complete plants with all organs attached.
When all characters of A. liaoningensis (7)
and A. sinensis (8) are evaluated in a phylo-
genetic context, they require a new extinct
family of flowering plants, Archaefructaceae
(12). An analysis of the characters of this
family demonstrates that it is best considered
a sister taxon to extant angiosperms (Fig. 1).
Morphologic characters, especially those
of the reproductive (flower) organs, have
been the traditional basis for organizing the
phylogeny of the angiosperms (/3). We need
to integrate a detailed morphologic character
database with the molecular database in order
to place fossils into the whole record of an-
giosperm phylogeny. The early angiosperm
fossils have various levels of preservation of
morphologic characters but lack any molec-
ular characters. With sufficient data, some
fossils can be intercalated into existing taxa
in the current molecular-based angiosperm
phylogenies (3). However, when novel char-
acter combinations are present that do not
clearly align a fossil with particular extant
angiosperm families, and when no molecular
data are available, it becomes necessary to
use methods that combine morphologic and
molecular characters in a “total evidence”
cladistic analysis. In this context, we per-
formed numerous phylogenetic analyses of
Archaefructus with modern angiosperms, us-
ing a combined matrix of morphology and
molecular data. Figure 1 presents the results
of one such analysis, in which we reduced the
number of morphologic characters to only
those relevant to the fossil. In all analyses,
Archaefructus was maintained in a position
as a sister taxon to the extant angiosperms.
The “flower” of Archaefructus is a unique
collection of female and male reproductive
organs (Fig. 2, Ato C, E to G, J, and K). The
carpels mature last, after the pollen has been
dispersed and the anthers have been lost on
the same axis. The shoot apex terminates in
the carpel production. The immature carpels
are clustered close together and then become
spaced out as the axis elongates and they
mature; most are arranged helically. Each
carpel is attached to the axis by a pedicle that
has no visible bract scars or evidence that
other organs were ever attached near them.
The same is the case for the stalks upon
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Chinese Academy of Geosciences, Beijing 100037,
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which the pairs of stamens are borne. In
Archaefructaceae, the carpels are terminal,
pseudo-whorled in threes or subopposite to
helical in arrangement, and subtended by he-
lical stamen-bearing stalks.

The stamens were produced in pairs and
remained attached to the stalks only while the
carpels were young (Fig. 2, A to C, E, J, and
K), as suggested by their small size and close
spacing. As the carpels matured, the stamens
abscised, leaving the short stalks that remain
on the mature shoots. Two stamens common-
ly arise from the terminus of each stalk. The
stamens consist of short slender filaments and
long anthers. The anthers are basifixed and
consist of two distinct parallel thecae, each
probably containing two longitudinal pollen
sacs. This is the typical organization of mod-
ern angiosperm anthers (/4—17). Each theca
opened by a longitudinal slit extending the
full length of the anther. Once opened, the
anthers probably remained open.

The anthers often show apical extensions
(Fig. 2, B, C, and E) that may have served as
pollinator attractants (/4—17). These stamens
demonstrate a distinct differentiation between
the short filament and the nonlaminar an-
thers. This finding supports the hypothesis
that there is no homologous relationship be-
tween the stamen and the carpel (/8). The
pre-Cenomanian record of stamens is sparse,
but new discoveries in Lower Cretaceous
sediments hold promise that more will be
found (3, 19, 20). Each stamen record pro-
vides useful information for the phylogenetic
analysis of angiosperm characters (2/-25).
For example, the presence of nonlaminar sta-
mens early in angiosperm history supports
the view that stalked anthers are primitive.

Stamen bundles are formed in a variety of
living angiosperms when there is a secondary
subdivision of the androecial primordium
(26). As a result of this secondary primordial
activity, a single primordium may produce
several stamens. The stamens produced this
way are basally fused. The stalks found in
Archaefructus may represent the remains of
stamen filaments that are fused together. The
paired stamens of Archaefructus may be col-
lateral pairs of stamens that result in doubling
of organs, as has been observed in the Mag-
noliidae and in the Alismatidae (26). Such
stamen pairs resulting from paired initial pri-
mordia might reflect an ancient history of this
character found in the stamen bundles of
Archaefructus. This type of primordia in the
androecium has been presented as a possible
primitive character (27, 28). An alternative
hypothesis is that the two stamens attached to
the stalks are the last remnant of larger
branching systems that contained male flow-
ers or terminal isolated stamens. In support of
this hypothesis, the paired stamens attached
to the stalks might represent the last remnants
of stamens attached to a reduced branching
system. We think the paired stamens are best
construed as dichotomous remnants of an
earlier, more extensive dichotomous branch-
ing system.

Pollen has been obtained in situ from the
anthers. The pollen is monosulcate (Fig. 2, F
and G). It is of moderate size (17 to 36 pm
long) with an exine pattern that is vermiform
(Fig. 2F) or fossulate, similar to large mono-
sulcate pollen described from the Lower Cre-
taceous (29). A granular texture is evident in
high magnification on a scanning electron
microscope (SEM) (Fig. 2G). Under epifluo-

Ginkgo
_: Ephedra
Pinus
_ Cycas
Bowenia
Zamia
1 Archaefructus
Amborella
2 Brasenia (Nymphaeales)

Austrobaileya
_:: IHlicium

Schisandra

_: Ceratophyllum

Tricolpates ("eudicots") [103]

Magnoliales sensu lato [19]
Acorus

Monocots [35]

Hedyosmum
_:: Chloranthus

Sarcandra

Fig. 1. Consensus cladogram of most parsimonious trees for analysis of 173 living taxa of seed
plants, plus the fossil Archaefructus. Various analyses included 1628 molecular characters and 17
to 108 morphological characters (47). Taxa with numbers in brackets after some names indicate the
number of species in that clade that were analyzed as separate terminals and monophyletic in all
trees but are not shown here to save space. The Bremer support (or “decay index”) for the branches
subtending the angiosperms and Archaefructus is indicated above the branches. For taxa and

character matrix, see (48).
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rescent microscopy, we observed some iso-
lated pollen on the stigmatic crests of the
carpels, particularly on the extended tips of
the young carpels (7).

Relatively long pedicles and apical exten-
sions characterize the young carpels associ-
ated with the shoots bearing stamens (Fig.
2J). The apical extension may be an elonga-
tion of the adaxial stigmatic crest that, in
combination with the elongated pedicle,

Fig. 2. (A to D, H, and I) Archae-
fructus sinensis Sun, Dilcher, Ji et
Nixon: samples J-0721 (A, B, C,
1), NMD-001 (D), and NMD-002
(H). (E to G, J to L) Archaefruc-
tus liaoningensis Sun, Dilcher,
Zheng et Zhou: samples B-2000
() to L), PB18943 (E to G). (A)
Whole specimen (holotype).
Scale bar, 5 cm. (B and C) Mul-
tiseeded stalked carpels and
paired stamens (indicated by ar-
row). Scale bars, 5 mm. (D)
Swollen leaf base of upper dis-
sected leaf. Scale bar, 5 mm. (E)
Two young fruits with stamens
below, from specimen PB18943.
Scale bar, 3 mm. (F and G) SEM
images of pollen from specimen
PB18943. Pollen grains show
monosulcate aperture (F) and
rugulate exine (G). Scale bars,
10 wm. (H) Base of stem (1) of a
fruiting plant folded in half upon
itself; root (2) bears a few sim-
ple lateral roots (3). Scale bar, 1
cm. (1) Lower dissected leaf.
Scale bar, 5 mm. (]J) Paratype
showing mature fruits and peg-
like projections on the main
shoot; to the left side is a lateral
shoot with stamens and young
fruits. Scale bar, 5 mm. (K) En-
largement of portion of (J).
Shoot shows paired stamens (in-
dicated by arrow). Scale bar, 2
mm. (L) Same as (). A leaf base
with missing petiole that ex-
tended across the lateral shoot
with the distal portion of the
dissected leaf preserved. Arrows
indicate leaf base and leaf blade.
Scale bar, 2 mm.
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could help accommodate wind or insect pol-
lination. As the carpels matured, they proba-
bly bent outward, forming a wider angle with
the shoot. At the same time, the relative
proportions of the parts of the carpel changed,
so that the extension of the carpel tip and the
pedicle are not as obvious in the fossils of
mature fruits.

Even though the stamens matured while
the carpels were young, it is impossible to

know whether Archaefructus was protan-
drous. The functional nature of the pollen and
stigmas cannot be determined from the fos-
sils, but it is possible for pollen to mature and
be dispersed before the carpels associated on
the same axis were receptive. This type of
dichogamy would increase the fitness of Ar-
chaefructus by establishing a self-isolating
mechanism to ensure outbreeding (/6). It is
possible that Archaefiuctus possessed the po-
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tential in its reproductive biology to avoid
self-pollination. The small size of the imma-
ture carpels and the ovules contained in them
suggests that unless pollination and fertiliza-
tion occurred, they would never have devel-
oped into mature fruits and seeds. Early in
angiosperm history, fruit development was
probably tied to successful pollination. In this
way, angiosperms avoided investing energy
in the production of sterile fruit and seed
tissue.

The carpels and stamens are borne togeth-
er on the same flowering shoots. The carpels
are terminal and the stamens subtend them.
There are no petals, sepals, or other organs
associated with the carpels and stamens. The
fertile shoots are produced in a leaf axis or a
leaf may subtend terminal fertile shoots. The
leaf petioles remain attached to these fertile
shoots. The leaf blades are seldom preserved
in specimens of A. liaoningensis, whereas
they are more often preserved attached in 4.
sinensis (Fig. 2, A, D, and I). In one specimen
of A. liaoningensis, the partial remains of a
preserved leaf are attached (Fig. 2, J and L).
More complete isolated dispersed leaves,
three to four times pinnately compound, are
found associated from the same sediments.

The Archaefructaceae probably were
aquatic plants. The herbaceous nature of the
plants is obvious by the thin stems that extend
for some distance, which would require water
for support. The finely dissected compound

Fig. 3. Reconstruction of A. sinensis. These
are terminal shoots. The main shoot is
more mature so the stamens are deciduous,
leaving short pegs. The latter shoot is
younger, the carpels are smaller, and the
stamens are borne in pairs on short pegs.
For interpretation and reconstruction, see
(48). [Diagram by K. Simons and D. Dilcher]
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leaves suggest an aquatic habitat. The basal
leaves have long petioles and are larger than
the more distal leaves. The basal leaves are
more dissected than the distal leaves. All
leaves have a swollen petiole base. It is es-
pecially enlarged in those leaves that are most
distal from the base but nearest to the repro-
ductive organs and probably the surface of
the water. These may have given some buoy-
ancy to the plant. The roots are poorly devel-
oped in A. sinensis (Fig. 2H). Numerous fish
(Lycoptera) are preserved and mixed in with
the fossil plants or found in association with
both species. The reproductive organs of 4r-
chaefructus probably were exposed above the
water during pollination and may have re-
mained so for seed dispersal.

A Lower Cretaceous (125 to 115 million
years old) fossil with affinities to the Nym-
phaeales (3) is more specialized in its floral
morphology and much smaller than 4rchae-
fructus. Although Archaefructus has some
features similar to Cabombaceae in the Nym-
phaeales, it does not fit the characters of that
order or any extant order. We consider A4r-
chaefructus distinct from the Nymphaeales
and Amborella. Figure 1 suggests that Ar-
chaefructus is a sister taxon to all known
angiosperms. The characters that are unique
to the Archaefructaceae are illustrated in the
reconstruction of A. sinensis (Fig. 3).

Although the reproductive structures of
Archaefructus superficially resemble those of

Caytonia and other seed ferns of similar or
older age, they are different when examined
closely. Archaefructus has female structures
clearly interpretable as angiospermous car-
pels that are closed along an adaxial stigmatic
crest, the stamens are angiospermous with
bilateral symmetry, and pollen is nonsaccate
and monosulcate. In contrast, the outer seed-
enclosing structure of Caytonia is not condu-
plicate, and in recent phylogenetic analyses is
usually interpreted as homologous with the
outer seed integument (25). In the male struc-
tures usually reconstructed as belonging with
Caytonia (Caytonanthus), the stamen sym-
metry is radial and the pollen is bisaccate, as
in various modern conifers (30). All these
features place Caytonia (and other seed ferns)
outside of the clade formed by Archaefruc-
tus + extant angiosperms. Because of the
fragmentary nature of Mesozoic seed ferns
such as Caytonia, and the markedly different
and complex interpretations of their repro-
ductive structures, it was not possible or ad-
visable to include these in our cladistic anal-
yses. For example, in addition to uncertainty
in interpretation of homology of the female
structures in Caytonia, the female and male
structures are not organically connected and
were likely borne on separate axes. In the
current analysis, these taxa would be unstable
but would clearly not be closer to angio-
sperms than Archaefructus, which possesses
strictly angiospermous features of carpels
borne above stamens on bisexual axes. It can
be confidently stated that Archaefructus is the
closest phylogenetically to angiosperms of
any available fossil, but has features that
exclude placing it within the angiosperm
“crown group” or extant clade.

The lack of similarity between Archae-
Sfructus and other known fossil plants during
the Upper Jurassic/Lower Cretaceous (37)
provides us with more information about the
primitive angiosperm (as defined by the char-
acteristic of seeds enclosed in carpels) than it
does about related pre-angiospermous seed
plants. However, it should be noted that, like
other angiosperms (both fossil and living),
Archaefructus does not represent the original
angiosperm and likely had its own derived
features. The complex of features seen in
Archaefructus provides an important point of
extrapolation to the original angiosperm, sug-
gesting the possibility that it lacked petals
and sepals (previous phylogenies without A7-
chaefructus favor an ancestor with a perianth)
and may have been a submerged aquatic (like
some Nymphaeales). Archaefiructus is, rather,
part of a complex basal group in angiosperm
evolution.

Detailed examination of the reproductive
shoots in Archaefructus by epifluorescence
microscopy reveals a continuous covering of
epidermal cells preserved on these shoots
extending between the attached organs.
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When examined cell by cell, no interruptions
in the cell pattern were found that would
indicate the presence of scars left by decidu-
ous bracts or other organs, so each entire
shoot represents a flower, not an inflores-
cence. In Archaefructus the leaves help to
define the morphologic floral units, begin-
ning at the point of its origin in a leaf axis and
extending to the reproductive tip of the shoot
(11). Thus, the Archaefructus flower termi-
nates a lateral branch system. Paired stamens
arise from the short stalks on these lateral
axillary shoots. Each of these stamen units
could be considered reduced complex male
branches existing in Archaefructus as small
individual male flowers. In that case, the
Archaefructus flower would be an inflores-
cence derived from a complex branched an-
cestor. On the other hand, the stalk with the
stamen pairs could be viewed as a normal
androecium in a single flower.

If we consider that the term “flower” is
related to an organizational plan (26), then it
is reasonable to consider that each set of
multiple carpels and stamens helically ar-
ranged along individual elongated shoots and
subtended by leaves could be considered a
flower. However, Archaefructus does not
lend itself to such easy interpretation. The
“flower” of Archaefructus may represent a
stage in evolution in which its reproduction
was angiospermous (ovules enclosed in car-
pels) while the organization of the traditional
floral unit(s) was still poorly defined. Per-
haps, just as the evolutionary history of the
modern ovulate pine cone can be understood
only by knowing its complex branching an-
cestors, the evolutionary history of the flower
may also involve complex branched ancestral
axes.

The origin of the organization of repro-
ductive organs seen in Archaefructus has a
bearing on how we view the potential ances-
tor of flowering plants. Many theories and
hypotheses of angiosperm origin have been
proposed; among these are the euanthium
(euthial) (32) and the pseudanthium (33-35)
theories. The euanthium theory indicates that
the angiosperm flower organization evolved
from a bisexual strobilus with numerous, he-
lically arranged ovules and pollen-bearing
organs, as found in Cycadoidea or other Me-
sozoic bennettialean fossil plants. The ovule
and pollen-bearing organs were already dif-
ferentiated and associated with perianth or-
gans that were suggested to be conspicuous
and attractive to insect pollinators (36, 37).
The pseudanthium theory proposed that the
ancestral plants of angiosperms had separate
branching systems containing ovules and pol-
len organs. As the hypothetical floral units
that formed these branching systems were
clustered together, they eventually condensed
and modified into a shoot with terminal car-
pels subtended by stamens. Petals and sepals
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probably evolved from subtending modified
leaves and became part of the whole unit
subtending these newly organized reproduc-
tive shoots. Ancestors with male and female
organs on separate branches are found in the
Mesozoic seed ferns. Archaefructus appears
to support the pseudanthium theory, with the
stalks bearing paired stamens perhaps being
remnants of an earlier branching system
while the petals and sepals have not yet
evolved from associated subtending leaves.
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Mammal Population Losses and

the Extinction Crisis
Gerardo Ceballos' and Paul R. Ehrlich?

The disappearance of populations is a prelude to species extinction. No geo-
graphically explicit estimates have been made of current population losses of
major indicator taxa. Here we compare historic and present distributions of 173
declining mammal species from six continents. These species have collectively
lost over 50% of their historic range area, mostly where human activities are
intensive. This implies a serious loss of ecosystem services and goods. It also
signals a substantial threat to species diversity.

Population extinctions are a more sensitive
indicator of the loss of biological capital than
species extinctions. This is because many of
the species that have lost a substantial portion
of their populations [thus altering ecosystems
and perhaps reducing the ability of those
systems to deliver services (/)] are unlikely
to go globally extinct and enter the species
extinction statistics in the foreseeable future
(2). Most analyses of the current loss of
biodiversity emphasize species extinctions
(3-5) and patterns of species decline (6-8)
and do not convey the true extent of the
depletion of humanity’s natural capital. To
measure that depletion, we need to analyze
extinctions of both populations and species.
Here we give a rough minimum estimate of
the global loss of continental mammal popu-
lations. We believe that mammals, because of
their great taxonomic diversity and the wide
range of ecological niches they exploit, can
serve as an indicator of what is occurring in
the rest of Earth’s biota.

Our data consist of historic (i.e., mostly
19th century) and present-day distributional
ranges of all of the terrestrial mammals of
Australia and subsets of the terrestrial mam-
mal faunas of Africa, South East Asia, Eu-
rope, and North and South America (Table 1
and table S1). These subsets consist of all
mammal species whose ranges are known to
be shrinking for which we had access to data.

TInstituto de Ecologia, Universidad Nacional Au-
tonoma de Mexico, Apdo, Postal 70-275, Mexico D.F.
04510, Mexico. 2Department of Biological Sciences,
Stanford University, Stanford, CA 94305-5020, USA.
E-mail: gceballo@miranda.ecologia.unam.mx (G.C.);
pre@Stanford.edu (P.R.E.)

They comprise roughly 4% of the ~4650
known species. We assume that loss of range
area is due to the extinction of populations,
but we do not attempt to equate a given areal
loss with a precise number of population
extinctions due to the complexities of defin-
ing and delimiting populations (9). Data were
gathered from the specialized literature (Web
references). In general, because they are bet-
ter known, most of our range data are from
medium- and large-sized species. Whether
globally these are more or less liable to pop-
ulation extinction than medium to small spe-
cies is a matter of conjecture (/0-12), but at
present there is little reason to assume an
important directional bias in our samples.
There was no correlation between body mass
and range shrinkage in our data (P > 0.05, r*
= 0.22). There does remain a possible source
of bias in the relative lack of very small
species in the total sample (72).

The ranges were digitized and the historic
and present range areas were calculated. For
each species, we estimated both total area
occupied historically and percent historic
range area now occupied. Using ArcView
3.1, the ranges were superimposed to produce
synthetic maps summarizing the losses of
species populations in 2 degree by 2 degree
quadrats (i.e., the number of species that have
disappeared from each quadrat because all of
their populations previously located in that
quadrat have disappeared). The area of these
quadrats, of course, varies with latitude, but
the average of such quadrats over land is
about 30,000 km?.

Declining species of mammals in our
sample had lost from 3 to 100% of their
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The Mitochondrial nad2 Gene as a Novel Marker Locus
for Phylogenetic Analysis of Early Land Plants:
A Comparative Analysis in Mosses
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The mitochondrial nad2 gene is established as a
novel marker locus for phylogenetic analyses among
carly land plants. The potential of this gene for phylo-
genetic resolution was checked with a broad taxon
sampling of 42 mosses (Bryopsida, including the enig-
matic genus Takakia) to allow both a comparative
analysis with the recently explored nad5 gene and the
fusion of independent data sets. The mitochondrial
gene sequences provide valuable phylogenetic infor-
mation on the relationships of classically defined or-
ders and their respective monophylies. The more rap-
idly diverging sequences of a group I intron in nad3
and of a group II intron in nad2 add information for
fine resolution. Although both genes provide phyloge-
netic information in the same taxonomic range (above
family level), the combined sequence alignment re-
sults in an approximate doubling in the number of
nodes with significant bootstrap support (>90). Ac-
cording to our data, Buxbaumiales are a paraphyletic
taxon in a key position between the earliest branching
taxa (Sphagnales, Takakiales, Andreaeales, Poly-
trichales, and Tetraphidales) and all other orders, pos-
sibly to be placed in the subclass Bryidae. A dichotomy
in the latter recalls two previously suggested super-
orders Hypnanae and Dicrananae. Both genes inde-
pendently question the monophyly of the orders Di-
cranales and Neckerales and reject the inclusion of
the genera Schistostega, Timmia, and Encalypta
among Eubryales. © 2000 Academic Press

Key Words: mosses; bryophytes; evolution; molecular
phylogeny; mitochondrial DNA; group II introns.

INTRODUCTION

Although an abundant fossil record for early vascu-
lar plants, most notably Iycopods, exists, fossil docu-
ments of old land plants with bryophyte characters are
rare and controversial (Edwards et al, 1995). Recent

' Current address: Angewandte Mikrobiologie und Hygiene, Uni-
versitét Ulm, D-89069 Ulm, Germany.

phylogenetic analyses, however, clearly support the
idea of bryophytes as the earliest land plants (Kenrick
and Crane, 1997; Qiu and Palmer, 1999). Systemati-
cally, bryophytes have been split into three classes:
liverworts, hornworts, and mosses. However, the rela-
tionships of these three groups relative to the pre-
sumed algal ancestors on the one hand and the vascu-
lar plants on the other have remained unclear,
Moreover, the monophyly of at least one of these
classes, the liverworts, has been questioned {Capesius
and Bopp, 1997). Based on the presence of three mito-
chondrial introns in all land plant groups except the
liverworts, Qiu et al. (1998) recently deduced liver-
worts as the earliest branching land plants, confirming
suggestions of a bryophyte paraphyly (Mishler and
Churchill, 1984).

Rather than short mitechondrial protein-coding se-
quences of the cox3 gene (Malek et al., 1996), we re-
cently used larger sequence regions from the faster-
evolving nad5 gene to derive phylogenetic trees for
cryptogamous plants (Beckert et al., 1999; Vangerow et
al., 1999). In this contribution we investigate the po-
tential of a novel mitochondrial protein gene, nadz, for
phylogenetic analyses among early land plants. This
mitochondrial gene is unique among land plants in
carrying the only group II intron that is positionally
conserved over the large evolutionary distance (pre-
sumably exceeding 400 Myr) between the liverwort
Marchantia polymorpha (Oda et al., 1992) and the seed
plant mitochondrial DNAs, such as that of Arabidopsis
thaliana (Unseld et al., 1997).

Gliven the observation that at least one group of
liverworts, the Marchantiidae, has a strikingly low
sequence divergence in mitochondrial DNA (Beckert et
al., 1999), we have chosen to investigate the mosses as
an alternative early branching and divergent group of
land plants. This choice allows a simultaneous exhaus-
tive comparative analysis with the earlier established
nad5 data set. Both genes, nad2 and nad§, encode
protein subunits of the NADH dehydrogenase (complex
I of the mitochondrial respiratery chain).
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The aims of this study were (i) a comparison of the
phylogenetic information content in two plant mito-
chondrial loci and within group I and group II intron
sequences, (ii) a test for congruency of phylogenetic
implications from the two independent data sets and
for a differential power of resolution on different taxo-
nomic levels, and (iii) the reconstruction of a phylogeny
of mosses with a wide taxon sampling covering all
extant orders.

The trees based on mitochondrial DNA extend stud-
ies based on other widely used molecular markers,
such as the nuclear 185 rRNA (e.g., Capesius and
Stech, 1997), the chloroplast rbcL gene (e.g., Goffinet et
al., 1998), chloroplast ITS sequences (Samigullin et al,
1998), or combinations of nuclear and chloroplast se-
quences (Cox and Hedderson, 1999; Hyvénen et al,
1998). The phylogenetic implications of the novel mi-
tochendrial data from the nad2 and nadd genes are
discussed in relation to those deduced from the other
studies.

MATERIALS AND METHODS

Plant material and nucleic acid preparation. Plant
material was generally collected in the field and vouch-
ered (Table 1), with parallel attempts at cultivation in
the greenhouse with varying success. DNA of some
species was derived from sterile moss cultures on agar
kindly provided by Dr. I. Capesius, Heidelberg. Taka-
kia Iepidozioides DNA was kindly provided by Dr. Y.-L.
Qiu, Zdarich. Total nucleic acids were extracted from
green plant material in the presence of cetyltrimethyl-
ammonium bromide (CTAB) or alternatively with the
Plant DNeasy kit (Qiagen). The CTAB extraction
method (Doyle and Doyle, 1990} was modified by add-
ing 1% polyvinyl-pyrrolidon (PVP 40), incubating at
RT for 15 min, and extracting once with phenol-chlo-
roform. DNA and RNA were differentially precipitated
in the presence of 2 M lithium acetate.

PCR amplification, cloning, and sequencing. The
novel primers NAD2UP (5'-gga gtt gtn ttt agt acc tet
aa-3') and NAD2DO (5'-agt agt aac gay ttn tca cga tec
at-3’) were designed for amplification of the nad2 gene
(see Fig. 1). The upstream primer K (5'-ata tgt ctg agg
atc cgc ata g-3') and the downstream primer L (5'-atc
ttt ggc caa gga tcc tac aaa-3') were routinely used for
amplification of the nad5 gene region (Beckert et al,
1999). PCR amplification assays contained 1 ul tem-
plate DNA (approximately 10 ng-1 ug), 10 ul 10X PCR
buffer (100 mM Tris/HCI, pH 8.85, 250 mM KCl, 50
mM (NH,),SO,, 20 mM MgSO,), 250 mM each dNTP,
0.25 ug of each primer, 2.5 U DNA polymerase, and
double-distilled water to 100 ul. Different commer-
cially available thermostable DNA polymerases were
used, e.g., a mixture (90:1) of Tag DNA Pol (Gibco BRL)
and Pwo DNA Pol (Boehringer Mannheim). A typical

BECKERT ET AL.

amplification assay included an initial denaturation (5
min, 94°C) followed by 35 cycles with 1 min denatur-
ation at 94°C, 1 min annealing at 50-55°C, and 2 min
30 s synthesis at 72°C, and a final step of synthesis for
6 min at 72°C. PCR fragments were blunt-end ligated
into pBlueskript II SK* (Stratagene). Positive clones
were sequenced with a Thermosequenase kit (Amer-
sham) using Cy5-fluorescence-labeled oligonucleotides
and run on an Alf Express sequencer (Pharmacia).
Sequencing primers were universal and reverse prim-
ers of the polylinker sequence and additional primers
matching internal sequences of the cloned gene frag-
ments.

Sequence analysis. Sequence handling was done
with the UWGCG (Genetics Computer Group, Univer-
sity of Wisconsin) software package 9.1 for UNIX (De-
vereux et al., 1984) including the construction of align-
ments with the program PILEUP as described in the
text.

Phylogenetic tree construction was done with the
commercial version (4.02b for Power Macintosh) of the
PAUP* software (Swofford, 1999). Factory default
settings were used for phylogenetic analyses of the
alignments in heuristic searches, notably TBR (tree
bisection-reconnection) branch swapping and the min-
imum-evolution objective function for distance matrix
(DM) analyses. Starting trees were obtained via neigh-
bor-joining (NJ) for DM and via stepwise addition for
maximum-parsimony (MP) and maximum-likelihood
(ML) analyses. Gaps were treated as missing data.
Bootstrap values were derived from heuristic searches
(generally 500 replicates with TBR, 5000 replicates
without TBR for trees in Figs. 2A and 2C). All experi-
mental alterations of parameters (e.g., character inclu-
sion, transition/transversion (ti/tv) ratios, distance
measures) are detailed under Results and Discussion.

RESULTS AND DISCUSSION

The nad? Gene Structure

The mitochondrial nad2 gene (Fig. 1) carrles four
group II introns that are well conserved among anglo-
sperm plants. We selected it as a novel marker gene for
phylogenetic analyses in plants, because one of these
intervening sequences (nad2i3) is the single intron
that is positionally conserved in the chondriomes of
seed plants (e.g., Arabidopsis thaliana; Unseld et al,
1997) and the liverwort Marchantia polymorpha (Oda
et al,, 1992). The nad2 gene is interrupted by the trans-
splicing intron nad?2iZ2 in seed plants (Binder et al,
1992) but this intron is cis-arranged in ferns (Malek
and Knoop, 1998). Amplification of nearly the entire
nad? coding region encompassing all known intron in-
sertion sites turned out to be feasible in bryophytes
(Fig. 1), where intron nad2i2 has so far been found to
be generally absent. To our surprise we found that,
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TABLE 1
Plant Material of This Study

Classification® Database accessions”

Order Species nad5 nad2 ‘ Voucher®
Sphagnales Sphagnum fallax AJ001225 A3299524 ULM:Muhle180597-2
Takakiales Takakia lepidozioides A3291553 A3299525 Qiu97126
Andreaeales Andreaea nivalis AJ001226 A3299526 ULM:Muhle140857-3
Polytrichales Atrichum undulatum AJ001229 A3289527 ULM:Muhle170897-2

Pogonatum urnigerum A3291554 A3299628 ULM:Muhlel70887-15
Tetraphidales Tetraphis pellucida AJZ224855 A3299529 ULM:Muhlel151197-1
Buxbaumiales Diphyscium sessile 298372 A3299530 ULM:Muhle191097-2
Buxbaumia aphylla A3291555 A3299531 ULM:Muhle070398-1
Bryidae
Timmiales Timmia bavarica Z95963 A3299532 ULM:MuhlelG1197-1
Encalyptales Encalypta streptocarpa A3291556 A3298533 ULM:Muhle151197-5
Funariales Funaria hygrometrica Z98959 A3299534 ULM:Muhle281197-1
Physcomitrella patens Z98960 A3299535 SC-1C
Dicrananae
Dicranales Dichodontium pellueidum A3291557 A3299536 ULM:Muhle191097-6
Orthodicranum montanum A3291558 A3299537 ULM:Muhle070198-1
Ditrichaceae Ceratodon purpureus 298955 A3299538 ULM:Muhle181097-4
Ditrichum cylindricum A3291558 A3299539 ULM:Muhle281097-2
Leucobryaceae Leucobryum glaticum A3291560 A3299540 ULM:Muhle281087-6
Fissidentales Fissidens cristatus Z98954 A3299541 ULM:Muhle200487-3
Grimmiales Racomitrium lanuginosum A3291561 A3298542 ULM:Muhle070997-10
Pottiales Pottia truncata Z98957 A3299543 ULM:Muhle191087-3
Tortula latifolia A3291562 A3299544 ULM:Muhle070198-2
Cinclidotaceae Cinclidotus riparius A3291563 A3299545 ULM:Muhle200497-5
Schistostegales Schistostega pennata AJ224856 A3299546 ULM:Muhle221097-10
Hypnanae
Bartramiales Bartramia halleriana 298961 A3299547 ULM:Muhle140897-6
Plagiopus oederi Z98962 A3299548 ULM:Muhle140897-10
Aulacomniaceae Aulacomnium androgynum A3291564 A32905649 ULM:Muhle090897-1
(Eu)-Bryales Pohlia nutans A3291565 A3299550 ULM:Muhle090897-4
Orthodontium lineare A3291566 A3299551 ULM:Muhle090897-3
Mniaiceae Mnium hornum A3201567 A3299552 ULM:Muhle090897-2
Orthotrichales Ulota crispa A3291568 A3299553 ULM:Muhle200497-6
Hedwiglaceae Hedwigia cillata Z98966 A3299554 ULM:Muhle070997-9
Rhacocarpus purpurascens Z98967 A3299555 IC
Isobryales (Leucodontales)
Leucodontaceae Pterogonium gracile Z98968 A3298556 ULM:Muhle1505697-1
Neckeraceae Homalia trichomanoldes A3281569 A3299557 ULM:Muhle291197-3
Fontinalaceas Fontinalis antipyretica A3291570 A3299558 ULM:Muhle291197-5
Thamniaceae Thamnobryum alopecurum A3291571 A3298559 ULM:Muhle291197-4
Hypnales
Brachytheciaceae Tomenthypnum nitens A3201572 A3299560 ULM:Muhle070198-4
Plaglotheciaceae Sharpiella seligeri A3291573 A3299561 ULM:Muhla181097-5
Amblystegiaceae Hygrohyprium ochraceum A3291574 A3289562 ULM:Muhle}81197-4
Scorpldium scorploides A3291575 A3299563 ULM:Muhle070997-6
Leskeaccae Leskea polycarpa A3291576 A3299564 ULM:Muhle231197.1
Lemhophyllaceae Isothecium alopecurtum A3201577 A3299565 ULM:Muhle291197-6

" Taxonomic designations are subject to discussion and controversy as discussed in the text; for a recent reference see Vitt ef al.,, 1998 for
a comparison of taxonomic treatments among the Hypnanac see e.g., Hedends, 1994, Names of families ave indicated only for those not
naming the respective order.

b A1l accesslons are new data obtained for this study, except for some of the nad5 data set established earller (Beckert et al., 1999), that
are glven In italics,

¢ Vouchers of materials collected by H. Muhle are held at the herbarium of the University of Ulm, SC-IC indicates sterlle moss cultures
maintalned on agar; IC indicates DNA kindly provided by Dr, I, Capesius, Heidelberg, Takakia lepiclozioides DNA was kindly provided hy
Dr. Y.-l. Qlu, Zirich, :

instead of nad2i3, another one of the four nad?2 introns species so far investigated (Table 1), including the
known from seed plants, nad2il, is positionally con- enigmatic genus Takakia The conserved intron nad2il
served as the single intervening sequence in all moss contributes sequence information of varlable length
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FIG.1. The nad2 gene reading frame is interrupted by four group ITintrons well conserved in anglosperm species (i1, 12, 13, and i4). One
of these, intron nad21i2, is trans-splicing (Binder et al., 1992), causing a noncontinuous gene arrangement and precluding PCR amplification
of the entire gene in seed plants. Cis-arranged counterparts to this intron have been identified in ferns and Isoetes (Malek and Knoop, 1998).
Intron i3 of the nad2 gene is the single intron position conserved in the chondriomes of anglosperms and the liverwort Marchantia
polymorpha and the only intervening sequence in nadz of the liverwort, A coding region of 1252 bp + respective intron sequences is
PCR-amplified (line with inverted arrowheads) from diverse mosses (Table 1) and intron il is conserved in mosses and seed plants.
Numbering is according to the Marchantia chondriome database entry M68929.

(from 936 bp in Diphyscium to 1004 bp in Sphagnum),
adding to the well-conserved amplified coding region of
the nad? gene (417 codons, 1252 bp). By differing in the
group II intron distribution, the nad2 gene stands in
contrast to the single group I intron of the nad5 gene,
which was found conserved in mosses and liverworts
(Beckert et al., 1999). These observations on the one
hand underline the positional stability of the mitochon-
drial introns on the class level, but may on the other
hand also be taken as a recommendation for caution in
the choice of introns whose sole presence or absence
would be taken as an indicator for the phylogeny of the
major land plant groups (Qiu et al., 1998).

RNA Editing and Intron Indels

Best starting alignments of the full mitochondrial
nad2 and nad5 sequences including introns were ob-
tained with PILEUP of the GCG program package
when gap and gap extension penalties were set to 2 and
0, respectively, and required only very minor manual
modification. No length variations exist for the coding
regions. Insertions unique to single species and small
regions of ambiguous alignment in the introns were
excluded for the phylogenetic analyses. Two shared
indels of Sphagnum and Takakia in the nadd intron
were binarily recoded in the alignment matrix. RNA
editing events, exchanging cytidine to uridine, to re-
constitute conserved codon identities can be predicted
from the moss nad?2 alignment compared to the known
seed plant cDNA sequences or the M. polymorpha se-
quence, as was similarly observed for the nadb se-
quences of bryophytes (Steinhauser et al., 1999). How
RNA editing positions should be treated in phyloge-
netic analyses is not entirely clear, but it was sug-
gested that DNA contains slightly more phylogenetic
information than ¢cDNA (Bowe and dePamphilis, 1996).
Based on analysis of the nad5 gene among pterido-
phytes, we had recently suggested that editing sites

most likely contribute some homoplasy to the data set
(Vangerow et al, 1999). However, as shown below and
also observed in the analyses of nad5 alignments of
pteridophytes (Vangerow et al,, 1999), neither the vari-
ation of alignment parameters nor the inclusion of all
positions (RNA editing sites, ambiguous intron indels)
affect the tree topologies significantly. The respective
potential character exclusions can be found in the as-
sumptions block of the corresponding NEXUS file of
the alignment (available from the authors upon re-
quest) and their influence in phylogenetic analysis is
discussed below.

Phylogenetic Analysis: Congruent Phylogenetic
Information in nad2 and nad5

Phylogenetic trees based on the maximum-likelihood
approach (for the default HKY model and ti/tv ratio of
2) are shown in Fig. 2 for the nad2 gene (A), the nad5
gene (C), and the fused data set (B). Total alignment
length and numbers of excluded (either affected by
RNA editing or within dublously aligned intron re-
gions) and parsimeny-informative (pi) positions are
given below each tree. Bootstrap values derived from
heuristic parsimony searches are indicated where they
exceed 70. Both genes have the same ratio of parsi-
mony-informative positions vs total included charac-
ters (0.18), but the nad?2 alignment contributes slightly
more characters. By and large, both genes determine
the same groupings with confidence and thus appear to
supply information on similar taxonomic levels. Nota-
bly, no single node determined with confidence by one
gene is contradicted by an alternative topology deter-
mined by the other, When the number of reliably de-
termined nodes with bootstrap confidence of varying
levels (>70/>80/>90) is listed, an increase in the num-
ber of nodes with bootstrap support at all three levels is
observed upon combining the data sets (Fig. 2). Most
significant is the near doubling of the number of nodes
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with very high bootstrap support (>90) in comparison
to the single-gene approaches (20 vs 12). The combined
alignment thus results in 50% (20/40) of all nodes in
the tree determined with very high bootstrap reliabil-
ity, a number that increases to 61% (19/31) when the
terminal Hypnales/Isobryales cluster is ignored, which
remains largely unresolved by the well-conserved mi-
tochondrial sequences,

Phylogenetic Analysis: Congruent Results from
Different Methods

The results of different tree construction methods
(maximum-parsimony, maximum-likelihood, and dis-
tance matrix approaches) for the joint nad2 + nadd
alignment reduced for ambiguous positions are shown
side-by-side in Fig. 3. The respective tree statistics are
given below each tree and bootstrap values from 500
replicates exceeding 70 are indicated for the MP and
DM analyses (Figs. 3A and 3C), both for the alignment
reduced for ambiguous positions and for the complete
nonreduced alignment (separated by slashes).

The ML tree calculated for a ti/tv ratio of 3 is shown
in Fig. 3B for comparison to the one in Fig. 2B (ML
searches with empirical ti/tv ratios were aborted after
50 h, at which time trees showing only minor topolog-
ical variations in the terminal Hypnales/Isobryales
cluster were identified).

Four equally parsimonious trees of 2571 steps, like-
wise with minor topological differences in the terminal
Hypnales/Isobryales group only, were obtained in the
heuristic search, and the tree with highest likelihood is
shown in Fig. 3A. All distance measures available in
PAUP were alternatively used for DM analyses. The
shortest trees (2579 steps) were obtained with the Ta-
jima-Nei/Tamura-Nei distances (Fig. 3C), and trees of
2582 steps were obtained with other distance mea-
sures.

Topological differences between all tree types were
rare and in all cases restricted to branches without
significant bootstrap support (Fig. 3}. The DM analysis
shows support for two groupings not identified (but
also not rejected with statistically supported alterna-
tive topologies) by the two other tree-building ap-
proaches: an Encalypta/Timmia/Funariales group and
a Hedwigiaceae/Bartramiaceae group.

To test for the influence of ambiguous positions
(RNA editing sites and highly varlable intron regions),
the full alignment (no characters excluded) was also
used for tree construction. Differences are essentially
restricted to minor variations of bootstrap support. The
single topological change of a node supported with a
bootstrap value exceeding 70 upon inclusion of all char-
acters is the loss of a Tetraphis/Polytrichales linkage in
the parsimony analysis with Tetraphis then appearing
basal to Bryidae (however, without bootstrap support).
A Tomenthypnum/Amblystegiaceae linkage is sug-
gested by MP and DM bootstrap analyses and a Homa-
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lia/Isothecium/Thamnobryum group receives moder-
ate bootstrap support in the DM analysis only after
including all characters.

Phylogenetic Implications for a Cladistic System of
Mosses: Basal Lineages

Earlier classifications of Takakia had suggested its
inclusion among liverworts, e.g., in the order Calobry-
ales (Schuster, 1984), due to gametophytic similarities,
such as the absence of rhizoids and food-conducting
cells, lateral origin of branches, or the development of
water-conducting cells. The late discovery of its moss-
like sporophytes (Smith and Davison, 1993) had sug-
gested its reclassification as a moss. In an elaborate
cladistic evaluation of a large morphological data set
(Garbary and Renzaglia, 1998), the gametophytic sim-
ilarities now appear as plesiomorphies. Molecular data
such as 18S rRNA sequences (Hedderson et al, 1998)
or the presence of mitochondrial introns generally ab-
sent in liverworts (Y. L. Qiu, V. Knoop, and B. Cran-
dall-Stotler, unpublished observations) likewise can-
not support an inclusion of Takakia among the
liverworts. The presence of i1 as the single intron in
the nad2 gene of Takakia is a character exclusively
shared with all mosses investigated and supports the
suggested reclassification of Takakia into the mosses.

Placing the root in the moss trees with confidence,
however, is hindered by the mutual absence of either
the nad2il or the nad5 group I intron in potential
outgroups. Sphagnum appears basal-most in a double-
outgroup approach with the liverwort Marchantia and
the lycopod Lycopodium, which allows inclusion of both
intron sequences for phylogenetic information (the
nad5 group I intron shared with the liverwort and
nad?2il shared with the lycopod, not shown). However,
bootstrap support for Takakia branching after Sphag-
num is as yet lacking, and the inclusion of additional
phylogenetic information from other loci is needed to
settle the question about placing the root on either
branch.

The orders Andreaeales, Polytrichales, and Tet-
raphidales branch before a monophyletic group of de-
rived (arthrodontous) mosses, possibly to be designated
a subclass Bryidae (Fig. 2B). This observation supports
systems that place at least Sphagnales and Andreae-
ales in subclasses (Vitt, 1984) or even classes (Fukarek
et al, 1992) of their own and likewise justifies the
definition of subclasses Tetraphididae and Polytrichi-
dae set apart from the Bryidae (Walther, 1983). A
junction of the latter two (Fig. 2B) recelves high boot-
strap support only from the DM analysis of the reduced
alignment (Fig. 3). A subclass Bryidae may be defined
with or without the Buxbaumiales, which are clearly
placed as an intervening (possibly paraphyletic) taxon
at the root of this subclass, with Diphyscium being
more closely related to (other) Bryidae than Bux-
baumia. A novel ordinal classification of mosses by Vitt
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et al, (1998) was based on a joint cladistic evaluation of
peristome types and molecular data and suggested the
definition of a class Polytrichopsida including Tet-
raphidales, Buxbaumiales, and Diphysciales next to
Bryopsida (i.e., Bryidae in the sense used here). Al-
though clearly not a monophyletic group, Polytrichop-
sida in that sense is recognizable as a paraphyletic
assembly between the earliest lineages (Sphagnum,
Andreaea, and Takakia) and the arthrodontous mosses
in the Bryidae.

Two monophyletic subgroups become immediately
apparent in the Bryidae, and they remind one of the
concepts “Hypnanae" and “Dicranane’ sensu Frahm
and Frey (1992) or a similar dichotomy of suborders
according to Vitt (1984), although modifications would
be required for both concepts (Fig. 2B) to match the
current observations. The Hypnanae includes only spe-
cies with diplolepidous-alternate peristomes, the Di-
crananae group contains species with haplolepidous
and diplolepidous-opposite peristomes.

The “Dicrananae” Cluster

The orders Timmiales, Encalyptales, and Funari-
ales, although having diplolepidous peristomes, show
slightly stronger affinity to the Dicrananae group, with
reasonable bootstrap support coming mainly from
nad5 (Fig. 2). The inclusion of Encalyptales among
Dicrananae is in accordance with this concept sensu
Frahm and Frey (1992), but neither the junction of
Timmiales and Bartramiales in a superorder Bartra-
mianae (Frahm and Frey, 1992) nor the inclusion of
Timmiaceae among (Eu-)Bryales (or Bryinae acording
to Vitt, 1984) receives support from the mitochondrial
analyses presented here, with the latter groups clearly
to be included in the alternative superorder Hypnanae.
Interestingly, a very basal placement of Timmia is also
found with an alternative molecular approach (Cox and
Hedderson, 1999) and the diverging taxonomic treat-
ments of Timmia may reflect the difficulties of reason-
able classification based on morphological characters
alone. The apparent former misplacement of Timmia,
which is now clearly considered a much more basal
branching genus, is addressed by Vitt et al. (1998),
suggesting the reevaluation of morphological markers.

The diplolepidous flanged peristomes of Buxbaumia-
les and Encalyptales may have been the starting point
for the evolution of the Bryldae peristomes into the
haplolepidous forms of the Dicrananae, possibly via the
diplolepidous-opposite (=Funaria-type) on the one
hand and into the diplolepidous-alternate (possibly via
diplolepidous orthotrichaceous) peristomes of the Hyp-
nanae on the other (Vitt, 1984, see also Vitt et al,, 1998
and Cox and Hedderson, 1999). However, the definite
positions of Timmia, Encalypta, and the Funariales
need to be ultimately resolved.

The orders Grimmiales, Fissidentales, Dicranales,
Pottiales, and Schistostegales are joined in the Dicra-
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nanae group (Fig. 2B). This is in accordance with most
systematic assessments (e.g., Vitt et al., 1998; Walther,
1983), but not with the inclusion of Schistostega (to-
gether with Timmia) in the Bryinae (=Eubryales) in
an older concept, sensu Vitt (1984).

Both the concept of the genera-rich family Dicra-
naceae as monophyletic and the ordinal definition of
Dicranales including Ditrichaceae and Leucobryaceae
requires reconsideration. Dichodontium is placed in a
monophyletic group together with the (itself monophy-
letic) Pottiales and then joined by the sister family
Ditrichaceae, but to the exclusion of Orthodicranum
and Leucobryum. The branching pattern of Orthodicra-
num relative to Schistostega and Fissidens is not fully
resolved but the entire group of haplolepidous mosses
with Racomitrium and Leucobryum at their base re-
ceives maximal bootstrap support. The inclusion of
Fissidentales with Dicranales according to Vitt et al.
(1998) is thus in accordance with our trees, but this
inclusion should likewise contain the Pottiales.

The "Hypnanae" Cluster

Among the "Hypnanae" a group of 10 most derived
species of the orders Hypnales and Isobryales is set
apart very confidently. This group (encompassing Hyp-
ninae (=Hypnobryales) and Leucodontinae (=Isobry-
ales) sensu Vitt) may coincide with the occurrence of a
pleurocarpous growth habit in the restricted sense of
LaFarge-England (1996), as also commented on by Cox
and Hedderson (1999); however, a larger taxon sam-
pling is needed to address this point. The family level
Amblystegiaceae is recognized with the close linkage of
Hygrohypnum and Scorpidium; however, further
branching details in this group remain unresolved by
both mitochondrial genes. This Hypnales/Isobryales
cluster includes the families Neckeraceae, Fontinal-
aceae, and Leucodontaceae and thus rejects their in-
clusion in an order “Neckerales” sensu Frahm and Frey
(1992) together with species of Orthotrichales. Ulota
(Orthotrichaceae), likewise a species of the concept
“Neckerales” sensu Frahm and Frey (1992), is branch-
ing earlier, nested among members of the (Eu-)Bryales
(including Bartramiaceae). Clearly, the more widely
accepted concept of distinguishing Isobryales (Leuc-
odontales) and Orthotrichales is much better reflected
in the mitochondrial phylogenies than the fusion of the
two groups in a potential order Neckerales, The tran-
sitory status of these taxa may be morphologically mir-
rored by the transitions from acrocarpous to pleurocar-
pous growth forms in these groups (Hedenas, 1994),
The family Bryaceae sensu stricto (Orthodontium and
Pohlia) is not identified as monophyletic in the nad
gene trees. Interestingly, a Pohlia/Mnium linkage to
the exclusion of Orthodontium was likewise identified
when sequences from the nucleus and chloroplast ge-
nomes were investigated for a larger taxon set focusing
on ciliate arthrodontous mosses (Cox and Hedderson,
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1999). The concept of a subclass Bryidae comprising
Bryales, Leucodontales, and Hypnales as suggested
recently (Vitt et al, 1998) finds no support. Hypnales
and Leucodontales (Isobryales) are clearly linked to
the exclusion of Bryales, which appear nonmonophyl-
etic in an as yet incompletely resolved branching order,
together with Orthotrichales (and Bartramiales) basal
to the Hypnales-Isobryales group.

CONCLUDING REMARKS

The mitochondrial nad2 gene is established as a
novel and informative phylogenetic marker lacus in
early land plants. Focusing on an extensive taxon sam-
pling of mosses, we find congruent and complementing
results in our phylogenetic trees based on nad2 and the
nad5 locus. No single contradiction is observed in the
independent phylogenetic trees and combination of the
two data sets results in increased resolution and sta-
tistical confidence supported by both types of organel-
lar intron sequences, group I and group II, in the two
genes. Both genes appear most suitable for determin-
ing ordinal relationships within a class of phylogeneti-
cally old plants, Although both genes (with exceptions)
will fail to resolve relationships at or below family
level, they appear helpful in testing monophyletic con-
cepts for some families (as, e.g., shown for the genera-
rich Dicranaceae). At least on these taxonomic levels,
mitochondrial sequences (Beckert et al., 1999 and this
study) thus appear to be a rich source of information,
most notably compared to other molecular markers
such as the chloroplast rbcl, rps4, and trn loci or
nuclear 18S rRNA sequences.

Recent studies based on chloroplast I'TS sequences
(Samigullin et al, 1998) do not as yet give a complete
picture for comparison due to some taxon undersam-
pling, but may eventually be shown to be a good data
set to complement the mitochondrial data for establish-
ing phylogenetic relationships of orders and above. As
an example, a Dicrananae~Hypnanae dichotomy in the
sense of this study is recognizable with a smaller taxon
set in the tree based on chloroplast ITS sequences,
although the placement of Buxbaumiales remained un-
clear in that study. None of the reliably determined
branches among the mosses in the ITS tree (i.e., those
assoclated with bootstrap values exceeding 80) contra-
dict any of the statements of this study, Significantly,
Schistostega is also placed in the “Dicrananae” complex
in the sense reported here. The placement of Schisto-
stegaceae as a family of Eubryales (=Bryinae in Vitt,
1084) is thus questioned by two independent molecular
approaches,

From an overall perspective, the cladogram sug-
gested by Vitt (1984) Is well reflected in the nad gene-
based phylogenies. The placement of Buxbaumiales at
the root of arthrodontous mosses In toto (Bryidae) in-
stead of inclusion in the Hypnanae cluster is now ad-
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equately considered in a novel system (Vitt et al., 1998)
and the accompanying separation of Diphyscium in an
order of its own is likewise comprehensible from the
novel mitochondrial trees.

The combination of particularly high sequence con-
servation combined with sulficient sequence variability
in the positionally stable organellar introns in plant
chondriomes appears of promise for ongoing studies to
elucidate phylogenetic relationships of ancestral lin-
eages. We will thus continue to explore novel molecular
markers from plant mitochondrial genomes, hoping to
resolve additional issues of early land plant evolution.
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Abstract

Recent contributions from DNA sequences have revolutionized our concept of
systematic relationships in angiosperms. However, parts of the angiosperm tree
remain unclear. Previous studies have been based on coding or rDNA regions
of relatively conserved genes. A phylogeny for basal angiosperms based on
noncoding, fast-evolving sequences of the chloroplast genome region trnT-trnF
is presented. The recognition of simple direct repeats allowed a robust
alignment. Mutational hot spots appear to be confined to certain sectors, as in
two stem-loop regions of the trnL intron secondary structure. Our highly
resolved and well-supported phylogeny depicts the New Caledonian Amborella
as the sister to all other angiosperms, followed by Nymphaeaceae and an
Austrobaileya—Illicium—Schisandra clade. Ceratophyllum is substantiated as a close
relative of monocots, as is a monophyletic eumagnoliid clade consisting of
Piperales plus Winterales sister to Laurales plus Magnoliales. Possible reasons
for the striking congruence between the trnT-trnF based phylogeny and
phylogenies generated from combined multi-gene, multi-genome data are

discussed.

Introduction

Flowering plants (angiosperms) are the largest and most
diverse group in the plant kingdom. They have under-
gone an extensive radiation since the Cretaceous, and at
present comprise approximately 270 000 species of
remarkably diverse biological forms, spanning and dom-
inating most habitats on earth and providing the vast
majority of our food crops. Connected to this immense
diversity and importance has been the need for under-
standing their origin and evolution. Recent contributions
based on DNA sequences from genes belonging to the
three plant genomes (nuclear, chloroplast and mito-
chondrial) analysed individually and in combinations
have provided new insights into flowering plant phylo-
geny and radically changed our concept of their system-

Correspondence: Thomas Borsch, Botanisches Institut und Botanischer
Garten, Friedrich-Wilhelms-Universitdt Bonn, Meckenheimer Allee 170,
53115 Bonn, Germany.

Tel.: +49-228-73-2681; fax: +49-228-73-3120;

e-mail: borsch@uni-bonn.de

atic relationships (Chase et al.,, 1993; Soltis et al., 1997,
1999a, 2000; Mathews & Donoghue, 1999, 2000; Qiu
et al., 1999, 2000; Barkman efal, 2000; Graham &
Olmstead, 2000; Savolainen et al., 2000). Although many
new lineages have recently been identified, there are still
disputable clades in the global angiosperm tree because of
incongruence among phylogenies, poor branch resolu-
tion or lack of convincing statistical support. As a
consequence, additional areas of evidence from new
genomic regions or other sources, like the fossil record,
remain crucial.

The recent surge in applying molecular techniques in
systematic biology has also raised important issues
relevant to understanding patterns of molecular evolu-
tion of genes and genomes and their implications for
organismal phylogenies. The issue of incongruence
among phylogenies inferred from ditferent genes under-
scores a central problem in phylogenetic studies, namely
that of segregating gene trees that reflect gene phyloge-
nies from organismal trees that depict the evolutionary
history of the organisms (e.g. Doyle, 1992; Moritz &
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Hillis, 1996). Differences between gene trees and
organismal trees can be caused either by intrinsic biases
of the genes, such as functional constraints resulting in
heterogeneity in rates and modes of substitution, or by
extrinsic factors such as deep coalescence, gene duplica-
tion and horizontal gene transfer (Doyle, 1992; Swofford
et al., 1996). Combining data sets have helped to resolve
most problems, which arose from single gene analyses of
angiosperms (Qiu et al.,, 1999, 2000; Soltis et al., 1999a,
2000). Nevertheless, in some cases, like the analysis of
combined rbcL and atpB data sets (Savolainen et al.,
2000), potential dominance of information from one
gene could generate evolutionary noise that obscures to
varying degrees the true organismal phylogeny. For
example, parsimony analysis of atpB sequences alone
resolves Ceratophyllum as sister to Acorus, and the two as
sister to all other monocots, whereas the combined
analysis of atpB and rbcL shows Ceratophyllum as sister to
all other angiosperms, reflecting its position in the rbcL
analysis alone. Combining data from different genes may
also cause a decrease in resolution in parts of the
phylogeny and create weak support of some clades when
there is incongruence between original data sets. These
shortcomings may only be overcome by sampling high
numbers of independently varying characters (e.g.
Graham & Olmstead, 2000; Qiu et al., 2000).

Coding regions of rather conserved genes are typically
used in reconstructing deep-level phylogenies, such as
relationships among major angiosperm lineages. This
practice is based on the premise that the low rates of
substitution characteristic of those genes reduce incidents
of multiple hits that could obscure historical signal,
keeping levels of homoplasy at a minimum. In addition,
relative ease of sequence alignment makes homology
assessment within so-called conserved genes very
straightforward. In contrast, noncoding regions have
been deemed unsuitable for resolving such phylogenies
because of high mutational rates. Noncoding regions, on
the other hand, being functionally less constrained than
coding regions (e.g. Morton & Clegg, 1993; Clegg et al.,
1994) may render fixation of a greater number of
substitutions during cladogenesis closer to a stochastic
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process (i.e. selectively closer to neutral mutations; Jukes
& King, 1971; Kimura, 1983). Consequently, the muta-
tions would not to a larger extent be biased by and reflect
the functional evolution of the gene.

Our application of #rnT-trnF sequences to a phylo-
genetic analysis of the waterlily genus Nymphaea (Borsch,
2000) demonstrated that alignment of outgroup
sequences beyond the Nymphaeaceae sensu APG
(1998; corresponds to Nymphaeales as comprising the
genera Brasenia, Cabomba, Nuphar, Barclaya, Ondinea,
Victoria, Euryale, Nymphaea) is possible and led us to
employ the region in investigating relationships among
basal angiosperms. The trnT-trnF region is located in the
large single-copy region of the chloroplast genome,
approximately 8 kb downstream of rbcL. Three highly
conserved transfer RNA genes [tRNA genes for threonine
(UGU), leucine (UAA) and phenylalanine (GAA)] are
found in tandem, separated by spacers of several hundred
base pairs (bp) (Fig. 1). The high variability of the two
spacers and the intron in #rnL have led to the wide use of
trnT-trnF sequences in addressing relationships at the
species and genus levels (e.g. Taberlet et al.,, 1991; Van
Ham et al, 1994; Sang et al, 1997; Small et al., 1998;
Bakker et al., 2000). Moreover, the region was quite
informative in phylogenetic studies of families like
Asteraceae (Bayer & Starr, 1998), Arecaceae (Asmussen
& Chase, 2001) and Rhamnaceae (Richardson et al.,
2000) and orders like Laurales (Renner, 1999) and
Magnoliales (Sauquet et al., in press).

In the present study, the entire trnT-trnF region was
sequenced from 32 families representing most lineages
of basal angiosperms. The confinement of the extreme
variability to certain mutational hot spots and the
presence of a majority of length mutational events in
simple sequence repeats (SSRs) of 3-5 bp facilitated the
alignment. Mutationally flexible stretches of sequence
in the trnL intron correspond to two stem-loop regions
in P8 of the proposed RNA secondary structure. This
study presents a phylogenetic tree for basal angiosperms
based on trnT-trnF sequence data that is largely congru-
ent with multi-gene, multi-genome studies and demon-
strates that fast-evolving, noncoding sequences do not

trnL, trnLyaa
trnTuqu erx;;A 3'Exon trnFGAA
Spacer Intron Spacer
H1 H2 H3H4 H5 H6 H7 H8
Bz IR —
379-1411 bp 324—-615bp 164—466 bp
Aw- E»
-B ={mL 110R -D -F

Fig. 1 Structure of the truT-trnF region in basal angiosperms and gymnospermous outgroups based on the data set used in the present study.
tRNA genes (trnT and trnF are each 73 bp long) and exons (trnL-5is 35 bp and 3’ is 50 bp) are represented by black boxes. The spacers and the
intron are illustrated by an empty bar with mutational hot spots in grey. Proportions reflect average sequence length of the sequenced taxa.
Mean sequence lengths (and standard deviations, SD) in bp are 298 in H1 (SD = 222), 12 in H2 (SD = 2), four in H3 (SD = 2), 40 in H4
(SD =7), 12in H5 (SD = 7), 30 in H6 (SD = 31), 19 in H7 (SD = 21), and 7 in H8 (SD = 3). Minimum and maximum sizes of the spacers and
the intron among the taxa sequenced are indicated below the bar. Positions of primers are marked by arrows.
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necessarily show total saturation when applied to deep-

level phylogenetic questions in angiosperms, but on the

contrary, yield a phylogeny with many of the nodes
This empirical analysis
therefore is in line with expectations drawn from recent
simulation studies (Hillis, 1998) in that higher evolu-
tionary rates may be beneficial for reconstructing correct

receiving statistical support.

phylogenies.

Material

Materials and methods

Sequences from the trnT-trnF region were obtained for
38 angiosperms representing 28 families and three
gymnosperms. The species, their respective families and

the sources of material are listed in Table 1. The Pinus

Table 1 Taxa used in the study, their respective families, source of material, location of voucher specimens, and GenBank numbers of

deposited sequences.

Genus/species Family Garden/field origin Voucher GenBank number
Acorus gramineus L. Acoraceae Bonn Bot. Gard. Borsch 3458 (BONN) AY145336
Aextoxicon punctatum Ruiz & Pav. Aextoxicaceae Bonn Bot. Gard. Borsch 3459 (BONN) AY 145362
Amborella trichopoda Baill. Amborellaceae University of California, Borsch 3480 (VPI) AY 145324
Sta. Catarina Bot. Gard.
Annona muricata L. Annonaceae Bonn Bot. Gard. Borsch 3460 (BONN) AY145352
Asimina triloba Dun. Annonaceae Bonn Bot. Gard. Borsch 3461 (BONN) AY 145353
Orontium aquaticum L. Araceae Bonn Bot. Gard. Borsch 3457 (BONN) AY145338
Araucaria araucana C. Koch Araucariaceae Bonn Bot. Gard. Borsch 3462 (BONN) AY145321
Nypa fruticans \Wurmb. Arecaceae Bonn Bot. Gard. Borsch 3463 (BONN) AY 145339
Aristolochia pistolochia L. Avristolochiaceae France, Herault Borsch 3257 (FR) AY145341
Saruma henryi Oliv. Avristolochiaceae Bonn Bot. Gard. Borsch 3456 (BONN) AY145340
Austrobaileya scandens C. White Austrobaileyaceae Bonn Bot. Gard. Borsch 3464 (BONN) AY 145326
Buxus sempervirens L. Buxaceae Bonn Bot. Gard. Borsch 3465 (BONN) AY145357
Brasenia schreberi Gmelin Cabombaceae USA, Virginia Borsch & Wieboldt 3298 (VPI. FR) AY145329
Cabomba caroliniana Grey Cabombaceae USA, Virginia Ludwig, J.C. s.n. (VPI) AY145328
Calycanthus floridus L. var. Calycanthaceae Bonn Bot. Gard. Borsch 3455 (BONN) AY145349
laevigatus (Willd.) T. & G.
Canella winterana Gaertn. Canellaceae Bonn Bot. Gard. Borsch 3466 (BONN) AY145348
Ceratophyllum demersum L. Ceratophyllaceae USA, Virginia Wieboldt 16073 (VPI) AY145335
Chloranthus brachystachys Bl. Chloranthaceae Bonn Bot. Gard. Borsch 3467 (BONN) AY145334
Dicentra eximia (Ker Gawl.) Torr. Fumariaceae Bonn Bot. Gard. Borsch 3468 (BONN) AY145361
Ginkgo biloba L. Ginkgoaceae Virginia Tech Bot Gard. Borsch 3469 (VPI) AY145323
Gnetum gnemon L. Gnetaceae Bonn Bot. Gard. Borsch 3470 (BONN) AY304546
Micium floridanum Ellis lliciaceae USA, Florida Borsch & Wilde 3104 (VPI, FR) AY145325
Lactoris fernandeziana Phil. Lactoridaceae DNA from Tod Stuessy Stuessy s.n. AY 145324
Umbellularia californica Nutt. Lauraceae Bonn Bot. Gard. Borsch 3471 (BONN) AY145350
Liriodendron tulipifera L. Magnoliaceae USA, Virginia Slotta s.n. (VPI) AY 145356
Magnolia virginiana L. Magnoliaceae USA, Maryland Borsch & Neinhuis 3280 (VPI, FR) AY145354
Michelia champaca L. Magnoliaceae Bonn Bot. Gard. Borsch 3472 (BONN) AY145355
Myristica fragrans Houtt. Myristicaceae Bonn Agr. Bot. Gard. Borsch 3473 (BONN) AY 145351
Nelumbo nucifera subsp. lutea (Willd.) Nelumbonaceae USA, Missouri Borsch & Summers 3220 (FR) AY145359
Borsch & Barthlott
Nuphar advena (Aiton) W.T. Aiton Nymphaeaceae USA, Florida Borsch & Wilde 3093 (FR) AY 145351
Nuphar lutea (L.) Sibth. & Sm. Nymphaeaceae Germany, Hesse Borsch 3337 (FR) AY145330
Nymphaea odorata Ait. subsp. odorata Nymphaeaceae USA, Georgia Borsch & Wilde 3132 (VPI, BONN) AY145333
Victoria cruciana Orbign. Nymphaeaceae Bonn Bot. Gard. Borsch 3474 (BONN) AY145332
Piper angustum Rudge Piperaceae Missouri Bot. Gard. Acc. 910150 AY145345
Piper spec. Piperaceae Bonn Bot. Gard. Borsch 3475 (BONN) AY 145346
Platanus occidentalis L. Platanaceae USA, Virginia Slotta s.n. (VPI) AY145358
Houttuynia cordata Thunb. Saururaceae Bonn Bot. Gard. Borsch 3481 (BONN) AY145344
Saururus cernuus L. Saururaceae USA, Florida Borsch & Wilde 3108 (VPI, FR) AY 145343
Schisandra rubriflora Schisandraceae Bonn Bot. Gard. Borsch 3477 (BONN) AY145327
Tofieldia glutinosa (Michx.) Pers. Tofieldiaceae USA, Borsch, Hellquist, AY 145337
Wiersema 3393 (VPI, BONN)
Trochodendron aralioides Trochodendraceae Bonn Bot. Gard. Borsch 3478 (BONN) AY145360
P.F. Siebold & J.G. Zuccarini
Drimys winteri J.R. Forster & G. Forster Winteraceae Bonn Bot Gard. Borsch 3479 (BONN) AY 145347
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trnT-trnF sequence was obtained from the complete
sequence of the chloroplast genome (Tsudzuki et al.,
1992; GenBank number NC001631). Classification is in
accordance with the APG (1998) system. However, for
the Chloranthales (comprising Chloranthaceae) and
Winterales (comprising Canellaceae and Winteraceae),
an ordinal rank is accepted because (1) published ordinal
names exist, (2) these groups are now identified as
clearly monophyletic lineages, and (3) they do not
belong to the basal angiosperm grade comprising Ambo-
rellaceae, Nymphaeaceae, Austrobaileyaceae, Illiciaceae,
Schisandraceae and Trimeniaceae.

DNA isolation, amplification and sequencing

Total genomic DNA was isolated from frozen (stored at
—80 °C) or silica-gel-dried leaf tissue using a modified
(2% cetyltrimethylammoniumbromide, 1% polyvinyl-
pyrrolidone, 100 mm Tris (pH 8), 20 mm EDTA, 1.4 m
NaCl) (CTAB) method. The isolation procedure was
modified in the present study by introducing triple CTAB
extractions to yield optimal quantities of high-quality
DNA from tissues with considerable amounts of secon-
dary compounds that occur in many basal angiosperms.
This protocol is a modification of a miniprep procedure
described in Liang & Hilu (1996). About 100 mg of dry
tissue (equaling approximately 300 mg of fresh tissue)
were ground in liquid N, and incubated at 65 °C for
30 min with 700 uL of CTAB. After centrifuging and
transferring the supernatant into a clean tube, the same
tissue was reincubated twice with CTAB solution. All
three preparations were kept separate. The CTAB solu-
tions were then extracted with chloroform twice, and the
DNA was subsequently precipitated with ethanol. After
separately resuspending the pellets from all extraction
steps in TE, two cleaning steps were carried out: the first
by adding one-half volume 7.5 M ammonium acetate
and precipitating with 100% ethanol, and the second by
adding one-half volume 3 m sodium acetate and preci-
pitating with ethanol. Genomic DNA from the second
and third extractions was usually clean enough to be
directly used for polymerase chain reaction (PCR)
amplification.

The region was PCR-amplified in two overlapping
fragments with universal primers (Taberlet et al., 1991)
annealing to the tRNA genes. Primers a and d or rps4-5F
(5’-AGGCCCTCGGTAACGSG-3’, designed in this study)
and d were used to amplify the #rnT-L spacer together
with the #ruL intron, and primers ¢ and f were used to
amplify the trnL intron and the trnL-F spacer. Amplifi-
cation conditions were: 34 cycles of 94 °C (1 min)
denaturation, 52 °C (1 min) annealing, 72 °C (2 min)
extension and 72 °C (15 min) final extension. The PCR
products were then purified using a QiaQuick gel
extraction kit (QIAGEN, Inc., Valencia, CA, USA) and
directly sequenced with an ABI Prism™ BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit (Perkin

Basal Angiosperm phylogeny — trnT-trF 561

Elmer, Norwalk, CT, USA) on ABI 310 and 377 automa-
ted sequencers. In addition to the above mentioned
primers, trnL110R (5-GAT TTG GCT CAG GAT TGC
CC-3’) was designed as an additional universal sequen-
cing primer for angiosperms.

Sequence alignment

Sequence divergence in noncoding regions is caused by a
variety of small structural changes in addition to substi-
tution events. We concur with the opinion expressed by
Thorne et al. (1992), Gu & Li (1995), Benson (1997),
Kelchner (2000), and others that the nature of the
underlying molecular processes leading to structural
changes has to be used as the basis for alignment.
Therefore, the processes creating length mutations need
to be considered as of particular importance for homol-
ogy assessment. In #rnT-trnF sequences, most of the
structural changes are known to be SSRs of 4 bp and
more (e.g. Van Ham et al.,, 1994; Bayer & Starr, 1998).
Small indels (1-3 bp) are rare and usually confined to
poly-A/T strings. Several algorithms for multiple
sequence alignment have been developed (e.g. McClure
et al., 1994). However, currently available algorithms do
not always allow a safe recognition of structural motifs of
unpredictable kind, length and complexity (e.g. Graham
et al., 2000; Kelchner, 2000), such as SSRs occurring in
tandem, shorter indels occurring within larger, clearly
delimited indels, or small inversions. These difficulties are
caused by defining nucleotides as discrete and independ-
ent characters throughout all alignment positions
(Kelchner, 2000), regardless of the possibility that a
single length mutational event might have involved
several nucleotides at once or not. This also explains why
the application of fixed gap costs in current alignment
algorithms can result in an alignment that deviates from
the optimum (i.e. if length mutations are considered
putative single events). Therefore, alignment was carried
out by eye based on direct sequence comparison using
QUICKALIGN 1.5.5 (Miiller, 2000), a program designed for
optimal manual sequence adjustment. For stringency,
rules for manual alignment are required that consider
known mechanisms of sequence evolution as well as
other, similarity-based criteria for homology assessment,
as proposed by Golenberg et al. (1993), Kelchner & Clark
(1997), Hoot & Douglas (1998), Graham et al. (2000),
Simmons & Ochoterena (2000) and others, which have
been accepted in many studies including the present
study. Similarity is a wvalid criterion to hypothesize
homology not only in morphological but also in
molecular characters (Doyle & Davis, 1998). Indels are
called ‘entire’ (i.e. positional extension is identical in all
taxa in which an indel occurs; Graham et al,, 2000) or
‘overlapping’ (i.e. positional extensions differ in different
taxa). Overlapping indels may be explained by two or
more subsequent length mutational events in one taxon,
or by different, overlapping length mutational events in
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different taxa. Inversions are not discussed as they were
not found in the present data set.

The rules employed for the trnT-trnF alignment are
presented below.
1 Gap insertion. For the insertion of gaps, attention was
given to both the potentially inserted sequence and its
neighbouring sequences. A gap was inserted only when it
prevented the inclusion of more than two substitutions
among closely adjacent nucleotides in the alignment.
This decision is based on empirical data from analyses of
trnT-trnF sequences in basal angiosperms (Borsch, 2000)
where length mutations were found to occur approxi-
mately half as frequently as substitutions.
2 Placement of gaps. For the placement of gaps, the
recognition of sequence motifs was given priority fol-
lowing Kelchner & Clark (1997), which in this data set
are only direct SSRs. Golenberg et al. (1993), who first
proposed alignment rules for length-variable DNA
sequences, called multinucleotide repeats ‘Type 1b gaps’.
Giving priority to a motif can result in insertions that are
correctly aligned as nonhomologous (i.e. with different
positional extensions) although sequence similarity
would warrant their inaccurate placement under the
same column (e.g. 6B, see Kelchner, 2000).
3 Homonucleotide strings. Individual positions in homo-
nucleotide strings of different lengths (poly-As or -Ts) are
considered to be of uncertain homology (Golenberg et al.,
1993; Hoot & Douglas, 1998; Kelchner, 2000) and are
therefore excluded. Slipped strand mispairing (Levinson
& Gutman, 1987) is likely to have led to numerous
length mutational events involving one to several
nucleotides. As only nucleotides of the same kind are
involved, accurate motif recognition is not possible.
4 Determination of entire indels. Entire indels of the
same positional extension and of complete sequence
similarity were very easily assessed as primary homolog-
ous sensu De Pinna (1991) and consequently placed in
the same column(s) of the alignment. During primary
homology assessment, no inference had to be made
regardless of whether the length mutational event
occurred in a common ancestor of all taxa sharing it or
in parallel in different lineages. This is analogous to the
fact that the synapomorphic status of a substitution in a
particular position is not inferred in the alignment
process. Recognition of a repeat motif was regarded as
further evidence for correctly recognizing a length
mutational event.
5 Substitutions in indels. If entire indels of the same
positional extension differed by individual substitutions,
two principally different cases were distinguished.
(A) Direct repeats with exact duplication of a sequence
template that has already acquired a substitution (com-
pared with other taxa in the alignment). The presence of
autapomorphic or synapomorphic substitutions in the
template sequence in this case implies that the repeat
event happened after the substitution event. Compared
with taxa without substitutions, those motifs provide

evidence for unravelling the parallel nature of an
insertion event before its potential synapomorphic status
could have been tested in a phylogenetic context. As
cases without substitutions do not allow such inference,
and levels of homoplasy in length mutational events
should be assessed equally over all alignment parts,
positional extension of indels is regarded as a decisive
criterion. A side-effect is that such substitutions in indels
can receive double weight in phylogenetic analysis, but
the signal would still be in favour of the correct topology.
(B) Repeats with substitutions not found in their
template sequence: this implies that substitutions either
occurred in the template or inserted sequence during or
after the replication process. As there is no way of
distinguishing which of the nucleotides were the tem-
plate and which were inserted, correct assignment of
these variable positions is not possible. Consequently,
variable positions of case B were excluded from the
analysis for objective homology assessment following
Kelchner (2000) and Asmussen & Chase (2001). We
followed this more conservative approach, although
Graham et al. (2000) did not see the need for exclusion.
6 Overlapping indels. Those indels can be explained by
two or more length mutational events and are also called
‘progressive step indels” (Kelchner, 2000). For their
alignment, a parsimony principle is employed where
the least number of steps required is assumed as most
probable. The least number of steps can only be inferred
using a global perspective. For detecting alternative
explanations, all sequences that are length variable in
the respective region were placed in close proximity.
Gaps were then placed so that only a minimum number
of rectangles are required to describe the gaps globally.
When this criterion is applied, two different cases need to
be distinguished. (1) Overlapping indels with complete
sequence similarity can be easily considered primary
homologous following Kelchner (2000; example 5). This
assumption is valid regardless of whether or not repeat
motifs can be identified or the origin of an inserted
sequence can be determined. (2) In case of overlapping
indels differing by individual substitutions, homology
assessment can follow sequence similarity criteria to
place overlapping sequence parts (i.e. nucleotides present
in taxa with shorter than the largest gaps). Where SSRs
were involved, the above-mentioned rules had to be
applied. If ditferent placements of overlapping sequence
parts (including different arrangement of variable sites)
requiring the same minimal number of length muta-
tional events were possible, homology was considered
uncertain. Other authors (Gatesy et al., 1993; Davis et al.,
1998; Simmons & Ochoterena, 2000) do not think that
the latter have to be excluded because these alternative
positions are considered to be neutral in parsimony
searches. We followed the more conservative approach.
7 Regions of uncertain homology. Those regions (referred
to here as hot spots) were excluded from phylogenetic
analysis following Swofford & Olsen (1990) and Swotford
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et al. (1996). As these hot spots are confined to a few
blocks, their removal does not constitute a subjective
exclusion of information. The core structure of trnT-trnF
sequences is represented across the data set. Further-
more, these excluded blocks are comparatively small.
Depending on the species, they represent approximately
7.7% (Amborella) to an average of about 20% of the
entire region for the ingroup taxa and below the average
for the outgroups (Araucaria = 13.8%; Pinus = 14.7%;
Ginkgo = 12.9%; see Table 2). Accurate information on
the location of hot spots in the sequences of all species is
provided in Table 2. A similar approach was adopted in
broad scale analyses of 18S rDNA in angiosperms and
land plants (e.g. Soltis et al., 1997, 1999b).

Determination of secondary structure

Based on the Michel-Westhof model of the catalytic
core (Michel & Westhof, 1990), Cech efal (1994)
proposed a convention to draw secondary structures of
group I introns, which is followed here. Cech ef al.
(1994) pointed out that introns might vary consider-
ably in size and number of helical elements, especially
at P8. Consequently, the different helical elements
(stem-loop regions P1 and 2, P4 and 5, P6, P8 and P9)
as well as the cloverleaf structure of the tRNA-leucine
have been predicted using free energy minimization
(Jaeger et al., 1989; Zucker, 1994; Zucker et al., 1999).
In order to characterize the borders of highly variable
parts with the P8 stem-loop region of the trnL intron,
we chose an integrated approach of comparative
sequence analysis and free energy minimization as
proposed by Jaeger et al. (1990). Predictions of secon-
dary structures based on free energy minimization were
computed with RNA structure 3.6 (Mathews et al.,
2001) and with the myfold server (www.bioinfo.math.
edu/~mfold) that allowed a more adequate selection of
parameters.

Phylogenetic analysis

Analyses were based on nucleotide substitutions, and
gaps were treated as missing characters. This approach
also allowed us to compare the results with those based
on coding genomic regions. Phylogenetic trees were
constructed with PAUP*4.0b6 (Swotford, 2001) employ-
ing maximum parsimony (MP) with heuristic searches
consisting of 100 and 1000 replicates of random stepwise
addition with MULPARS in effect and tree bisection
reconnection (TBR) branch swapping. Characters were
optimized with ACCTRAN. Measures of support for
individual clades are based on bootstrap analysis of 500
replicates and decay analysis as implemented in PAUP*
and AutoDecay (Erikson & Wikstrom, 1996). Numbers of
steps per site were calculated using the CHART option of
MacClade 3.07 (Maddison & Maddison, 1997). The data
were also analysed with maximum likelihood (ML)
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implemented in PAUP*. A general time reversible model
was employed as an approach for direct estimation of
substitution rate matrix parameters and nucleotide
frequencies via ML. We are aware that under these
settings calculation time might be higher compared with
less complex models. Four heterogeneous rate categories
across sites were specified after an approximation of the
gamma distribution. Heuristic search was performed with
starting trees obtained by ‘as-is” stepwise addition, and
TBR was used as branch swapping algorithm with
MulTrees in effect.

Results

Variability of the trnT-trnF region in basal
angiosperms

In the angiosperm taxa studied, the overall length of the
trnT-trnF region (excluding the tRNA genes; Fig. 1,
Table 2) ranges from 1309 to 2255 bp; the trnT-L spacer
accounts for 467-1411 bp, the trnL intron for 324-615,
and the #rnL-F spacer for 164-441. The trnT-trnF region
is similar in length within the four gymnosperm taxa
sequenced as outgroups, except for Gnetum in which the
two spacers are considerably shorter (280 and 138 bp)
and the intron is only somewhat reduced in size
(346 bp). The alignment (see ‘Supplementary material’)
was performed through the gymnosperms with the
exception of Gnetum. The latter had accumulated
numerous autapomorphies of, sometimes, unclear
homology in the spacers, and thus was excluded from
the analysis. The overall sequence alignment is 4622 bp
long (without tRNA genes; including hot spots). High
variability commonly detected at lower taxonomic levels
turned out to be confined to certain mutational hot
spots (Figs 1 and 2; Table 2). This pattern allowed us to
exclude from the analyses all positions of uncertain
homology.

The striking difference between the absolute length of
the region and the alignment is caused by length
mutations, occurring at about half the frequency of
nucleotide substitutions. Indels inserted in the alignment
range in length from 1 to 200 bp, and most of the
insertions identified as simple repeat motifs were 4-6 bp
long. Inversions were absent. Several of the length
mutations are synapomorphic, defining specific clades,
some of which are cited in the following. Although a
detailed account of microstructural changes in trnT-trnF
in basal angiosperms goes beyond the scope of the
present paper, the following are examples of major
synapomorphies: the Nymphaeaceae (represented by
Brasenia, Cabomba, Nuphar, Nymphaea and Victoria and
corresponding to Nymphaeales) share a ‘TTATG' -
insertion in alignment positions 1341-1345 in the trnT-
L-spacer and an ‘AAATG’ — SSR in positions 4603-4607
of the trnL-F-spacer; the lineage of Piperaceae and
Saururaceae within Piperales a ‘CTTT’ — SSR in positions
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Table 2 Actual length of the truT-trnF region in basal angiosperms and gymnospermous outgroups and positions of mutational hot spots in the respective sequences (counts start

with position 1 from the 5" end of each spacer and the intron). Note that length variation of the spacers and the intron is mainly caused by the insertion of nucleotides within the hot
spot regions, which differ depending on the species. Where there are no insertions in a hot spot region in individual taxa, the hot spot is considered as not present, ‘n. p.” For mean sizes of
hot spots see Fig. 1.

Length of Length of Length of Position Position Position Position Position Position Position Position

Taxon trnT-L-spacer (bp) trnL-intron (bp) trnL-F-spacer (bp) of H1 of H2 of H3 of H4 of H5 of H6 of H7 of H8
Araucaria 412 495 466 60-94 215-218 n.p. 289-325 241-248 290-292 192-294 n.p.
Pinus 423 489 377 49-88 214-217 278 294-336 252-263 296-298 137-219 267-270
Ginkgo 379 500 362 51-88 201-204 270 271-295 241-248 286-304 137-189 258-269
Amborella 474 475 374 74-88 206-218 321-323 337-388 233-240 285-295 n.p. 270-275
Hicium 617 518 243 62-242 377-390 469-472 486-523 257-264 302-314 n.p. 127138
Austrobaileya 684 476 389 67-309 444-456 535-537 551-589 234-241 279-291 150-183 279-285
Schisandra 554 484 396 56-197 327-339 418-420 434-464 242-249 287-293 145-178 279-285
Cabomba 484 508 396 76-140 253-265 351-353 376-402 242-245 283-325 176-220 288-293
Brasenia 479 522 359 77-128 241-253 337-339 362-387 240-243 281-338 162-194 257-263
Nuphar lut 483 588 365 61-124 241-253 338-340 354-388 243-246 284-405 158-190 256-261
Nuphar ad 478 607 365 61-124 241-253 338-340 354-388 244-247 285-424 158-190 256-261
Victoria 467 577 373 62-113 225-237 322-324 338-370 241-244 282-392 145-183 246-255
Nymphaea 476 521 379 62-113 225-237 327-329 343-384 241-244 282-336 174-206 269-275
Chloranthus 797 495 351 55-455 584-506 672 694-717 250-257 295-311 166-171 242-248
Ceratophyllum 838 530 441 64-476 595-607 687-688 706-749 243-256 307-351 190-206 303-312
Acorus 726 522 376 56-359 489-501 580-582 598-636 243-272 318-331 174-180 260-268
Tofieldia 1385 521 239 60-1000 1126-38 1217-19 1236-78 244-262 300-333 24-34 1256-131
Orontium 768 615 164 69-364 508-520 599-601 618-671 269-293 331-413 n.p. n.p.
Nypa 794 522 345 61-424 556-568 655-659 677-711 244-268 306-331 170-180 n.p.
Saruma 750 505 356 53-360 493-505 583-586 608-641 245-256 298-328 171-180 247-253
Aristolochia 716 512 371 55-323 453-465 558-560 582-618 261-278 321-345 167-180 257-263
Lactoris 795 498 373 79-412 548-560 638-640 654-695 255-265 300-321 171-184 262-269
Saururus 877 495 350 56-461 595-607 700-709 726-768 258-265 302-319 176-191 261-270
Houttuynia 1411 491 353 56-979 1117-29 1222-31 1248-91 257-264 301-315 174-189 262-271
Piper ang. 844 490 375 56-426 560-572 665-674 691-734 255-262 299-314 172-198 271-280
Piper spec. 802 491 381 556-379 513-525 618-627 644-687 255-262 299-315 172-199 277-286
Drimys 717 497 359 60-346 480-492 569-571 588-629 237-254 292-316 174-179 249-255
Canella 793 479 258 56-412 546-558 637-639 656-699 239-252 290-309 73-78 148-154
Calycanthus 653 324 332 77-274 400-412 494-496 513-555 n.p. n.p. 151-156 216-228
Umbellularia 545 484 362 33-160 286-293 374-376 393-452 242-254 292-310 176-181 252-258
Myristica 881 508 300 55-5056 642-653 732-734 751-797 235-258 296-324 175-181 252-258
Annona - 349 378 - - - - 241-258 n.p. 181-191 257-263
Asimina - 496 390 - - - - 242-259 297-315 188-198 264-275
Magnolia 766 492 355 56-409 539-551 630-632 649-687 241-258 296-313 168-174 245-251
Michelia 772 492 356 56-415 545-557 636-638 655-693 241-258 296-313 169-175 246-252
Liriodendron 783 491 361 57-411 542-554 633-635 652-698 241-258 296-312 170-180 251-257
Buxus 685 507 377 62-298 419-431 510-516 533-580 252-269 312-328 177-182 256-262
Platanus 1011 525 365 56-630 752-764 843-850 867-910 258-276 319-346 151-156 235-241
Nelumbo 1035 527 400 56-663 784-796 875-877 894-937 257-276 319-342 187-192 285-291
Trochodendron 1077 441 368 57-719 825-837 916-918 935-978 n.p. 248-262 191-196 269-275
Dicentra 713 476 359 56-319 433-445 526-528 545-585 238-249 289-307 158-161 232-238
Aextoxicon 857 511 354 87-459 593-605 691-693 710-752 261-278 321-387 166-171 239-245
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3643-3646 in the trnL-F-spacer; a clade of Magnolia,
Michelia and Liriodendron within Magnoliaceae which,
based on substitutions only receives 68% bootstrap
support (BS) with MP, shares a ‘GAATC’ — SSR in
positions 2622-2626 in the trnL-intron; and the two
species of Nuphar share a ‘GATTT” — SSR in positions
1373-1377 in the truT-L-spacer. It appears that synapo-
morphic indels occur at various taxonomic levels, and
vary considerably in their distribution where some
branches of the basal angiosperm tree (e.g. the one
leading to the Nymphaeaceae) are marked by many
indels, whereas others have few or none. Thorough
analyses of their type and distribution with broader taxon
sampling will help to assess their phylogenetic utility at
various taxonomic levels including the genus level. Long
indels were rather rare and were restricted to individual
taxa (autapomorphic). Further, long insertions (>20 bp)
generally do not occur as repeated motifs. Most prom-
inent examples are the 176-bp insertion in the #rnT-L
spacer and the 200-bp deletion in the truL-F spacer of
Austrobaileya and Illicium, respectively. Interestingly,
both genera are members of the same small clade (Figs 3
and 4).

Proposed secondary structure

The proposed secondary structures for the tRNA-Leucine
and the trnL intron in Nymphaea odorata are given in
Fig. 2. The P6 and P8 stem-loop regions account for most
of the sequence length variation in the intron. Minimum
free energy configurations reveal several helical ele-
ments, labelled using roman numerals (I-III; Fig. 2)
within an extensive P8 region. Within helical element
I, repetitive elements are inserted in a number of basal
angiosperm taxa (hot spot H5; Table 2). This is not the
case in Nymphaea. Therefore, the respective position is
marked by a single arrow in Fig. 2C. A second mutational
hot spot (H6; Table 2) that was also excluded from
phylogenetic analysis falls into helical element II. Two
arrows border the respective AT-rich string of repetitive
elements. It is important to note that P8 is conserved for
most of its primary sequence in angiosperms. Only two
positions are prone to larger inserts, which can be of
independent origin and may vary considerably in length
among taxa.

Phylogeny of basal angiosperms

The two spacers and the intron provided a set of 3112
characters excluding hot spot regions and exons. The
positions of excluded parts with respect to the alignment
with a total length of 4707 bp are (Fig. 1): 256-1276
(H1), 1538-1550 (H2), 1729-1750 (H3), 1795-1927
(H4), 2194-2228 (trnL-5’ exon), 2720-2749 (HS5),
2837-2990 (H6), 3330-3379 (trnL-3" exon), 4025-4145
(H7), 4403-4418 (H8). Of these 3112 characters, 928
characters were variable in angiosperms (1070 in whole
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data set), of which 608 are parsimony-informative in
angiosperms (738 in the whole data set). The relative
contributions of the three trnT-trnF sections are sum-
marized in Table 2. The MP analysis of truT-trnF
sequences resulted in two shortest trees of 3198 steps
(consistency index = 0.565, retention index = 0.592),
differing only in the position of Dicentra (Ranunculales)
being either basal in eudicots (Fig. 3) or sister to a eudicot
clade consisting of Buxus, Aextoxicon and Trochodendron
(tree not shown). Increasing the number of replicates
during random stepwise addition from 100 to 1000 found
the same two trees, increasing the possibility that the
most parsimonious trees were recovered. The ML analy-
sis resulted in one tree with a score of —In L=
18720.06573 (not shown). The ML phylogeny differed
from the MP in placing the Chloranthales as sister to the
eumagnoliids (defined here to comprise Laurales, Mag-
noliales, Piperales, Winterales) instead of being sister to
the eudicots, as in the MP trees.

The trnT-trmF MP strict consensus (Fig. 2) clearly
depicts [99% BS, decay value (DE) of 13] the New
Caledonian woody shrub Amborella as sister to all
remaining angiosperms. Diverging next is the herba-
ceous water lily lineage Nymphaeaceae (94% BS, six
DE), followed by the Schisandra—Illicium—Austrobaileya
clade (100% BS, 18 DE) that comprises small trees and
woody lianas. The Chloranthaceae, a tropical family
with very reduced flowers, emerges as sister to the
eudicots, but with bootstrap support <50%. Piperales,
comprising Piperaceae, Saururaceae, Aristolochiaceae
and Lactoridaceae (members of what have been known
as paleoherbs), are highly supported (97% BS, nine DE)
in a clade sister to woody Canellaceae and Winteraceae
(Winterales). Support for the latter sister relationship is
weak (64% BS, one DE). Magnoliales and Laurales, the
first of which gains moderate (73% BS, two DE) and
the latter strong (100% BS, eight DE) support, appear
in a clade sister to the Piperales—Winterales clade.
The clade of these four lineages (eumagnoliids) is
weakly supported (60% BS and two DE). The eudicots,
encompassing the dicot families with tricolpate or
tricolpate-derived pollen, constitute a monophyletic
lineage (100% BS, 13 DE) in which Dicentra (Ranun-
culales) appears in a polytomy with a well-supported
Nelumbo—Platanus clade (Proteales, 98% BS, 10 DE) and
a clade containing the other eudicots (represented by
Trochodendron, Aextoxicon and Buxus). A phylogram (MP)
of one of the two shortest trees is shown in Fig. 3 to
illustrate branch lengths and ML branch lengths le