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ABSTRACT

Doyle JA 2001. Significance of molecular phylogenetic analyses for paleobotanical investigations on
the origin of angiosperms. Palaeobotanist 50(2 & 3) : 167-188.

Molecular phylogenetic analyses have provided increasing evidence that angiosperms are not related to
Gnetales, thus contradicting the anthophyte hypothesis based on morphological cladistic analyses and
throwing the question of angiosperm relatives back to paleobotanists. Previous analyses of gene sequences
based on a molecular clock conflicted with the fossil record in indicating a Late Paleozoic or Triassic origin
of the angiosperms, but closer examination suggests that these dates were biased by the use of herbaceous
taxa with accelerated rates of molecular evolution. Despite uncertainty on angiosperm relatives, analyses of
many genes consistently place Amborella, Nymphaeales, Austrobaileya, Trimenia and llliciales (the ‘ANITA
grade’) at the base of extant angiosperms, possibly followed by Chloranthaceae. Molecular phylogenies
imply that the first crown-group angiosperms had columellar exine structure, suggesting that Hauterivian-
Barremian reticulate-columellar monosulcates may be closer to the origin of angiosperms than was thought
when granular Magnoliales were believed to be basal. Hauterivian pollen with a verrucate tectum and
microspinules is especially similar to Amborella. The ANITA lines and Chloranthaceae have ascidiate carpels
sealed by secretion and often exotestal seeds, fitting the abundance of such carpels and seeds in Barremian-
Aptian mesofloras. Similarities between Aptian angiosperm leaves and ANITA taxa, such as chloranthoid
teeth and variable stomatal structure, also suggest that Early Cretaceous angiosperms were more primitive
than previously appreciated. Molecular results may help refine search images for extinct angiosperm relatives,
away from Gnetales and toward groups such as Caytonia, glossopterids, Bennettitales and corystosperms.
Since molecular data place the vesselless taxa Amborella and Nymphaeales at the base of the angiosperms,
the presence of vessels is not evidence that gigantopterids are related to angiosperms. The conclusion that
columellar structure is ancestral reaffirms the potential of Triassic reticulate-columellar Crinopolles pollen
as angiosperm relatives.

Key-words—Angiosperms, Paleobotany, Cretaceous, Phylogeny, Molecular systematics.
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INTRODUCTION

Over the past 40 years, paleobotanical studies of
Cretaceous fossils, first pollen and leaves, more recently
flowers, fruits and seeds in the ‘mesofossil’ record have
provided many indications on the course of early angiosperm
evolution, for example supporting the view that ‘magnoliids’
include the most primitive living angiosperms and
‘Amentiferae’ are advanced (Crane et al., 1995; Doyle, 1969,
1978; Doyle & Hickey, 1976; Friis & Crepet, 1987; Friiset al.,
2000; Hickey & Doyle, 1977; Muller, 1970; Upchurch, 1984;
Wolfe et al., 1975). These studies have provided no direct
evidence on links between angiosperms and other seed plants,
but beginning in the 1980s cladistic analyses of morphological
data from living and fossil seed plants appeared to narrow the
range of viable hypotheses on this problem, indicating that
seed plants and angiosperms are both monophyletic groups
and focusing attention on Gnetales, Bennettitales,
glossopterids, Caytonia and other ‘Mesozoic seed ferns’ as
possible angiosperm relatives (Crane, 1985; Doyle &
Donoghue, 1986; Loconte & Stevenson, 1990; Nixon ez al.,
1994; Rothwell & Serbet, 1994; Doyle, 1996, 1998b).

In the past 10 years, cladistic analyses of molecular data,
of necessity restricted to living plants, have provided a vast
and completely independent body of evidence on these
questions. Although these studies cannot directly address the
relationships of fossil taxa to the angiosperms, they do bear
on competing hypotheses when these make different
predictions on relationships among living taxa. As an observer
of both fields, I have been struck not only by conflicts between
the two lines of evidence, which have perhaps attracted more
attention (Axsmith et al., 1998; Doyle, 1998a; Goremykin et
al., 1996), but also by unexpected agreements, and by ways in
which insights from one field may suggest new directions for
research in the other. This paper will explore both the conflicts
and agreements, considering four closely interrelated
questions: what the angiosperms came from, when they
originated, what the first angiosperms were like, and how
answers to the last question may shed light on the first. T will
discuss these questions in a cladistic framework, which allows
us to generate and test phylogenetic hypotheses in a coherent,
explicit fashion.

—

Fig. I—Representative most parsimonious trees from morphological cladistic analyses of seed plants; (a) Nixon er al. (1994). (b) Doyle (1996). Extant lines

are indicated in black, extinct lines in white.
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SEED PLANT PHYLOGENY AND THE
ORIGIN OF ANGIOSPERMS

The first question, what the angiosperms came from, can
be addressed cladistically by asking how angiosperms are
related to other seed plants - what are their closest outgroups
- and examining character states shared by these outgroups.
This is a case in which most molecular data conflict with
morphological cladistic analyses of living and fossil seed
plants. Whereas before the application of cladistics there was
little agreement on this topic, cladistic analyses all associated
angiosperms with Mesozoic Bennettitales and living Gnetales,
in a clade called the anthophytes, although they did disagree
on just how these groups were related and what other taxa
they were related to. Previously, it was widely thought that
Gnetales had nothing to do with angiosperms and were instead
related to conifers and other coniferophytes (Bailey, 1949;
Doyle, 1978; Eames, 1952). The first major analysis, by Crane
(1985), identified Gnetales as the sister group of angiosperms,
Bennettitales and Pentoxylon as the second outgroup, and
corystosperms, Caytonia and glossopterids as outgroups of
the anthophytes. The trees of Doyle and Donoghue (1986)
differed in placing angiosperms at the base of the anthophytes,
somewhat further from Gnetales. Two of the most divergent
results are shown in Fig. 1. In trees of Nixon et al. (1994),
anthophytes were related to conifers rather than to Mesozoic
seed ferns and angiosperms were actually nested within
Gnetales (Fig. 1a). In my own latest analysis (Doyle, 1996),
Caytonia was directly linked with angiosperms, but Gnetales
were still their closest living relatives (Fig. 1b). As discussed
in Doyle (1994), trees of these different types have very
different implications for origin of the angiosperm bitegmic
ovule and the carpel. Those that associate anthophytes with
Caytonia or glossopterids suggest that the angiosperm outer
integument is derived from a cupule, whereas those that
associate anthophytes with conifers suggest it is homologous
with the perianth of Gnetales and derived from scale leaves
on an axillary fertile short shoot of the type seen in cordaites
and early conifers.

Although molecular analyses cannot shed light on the
relationships of angiosperms to Bennettitales, Caytonia and
other fossils, they can address the relationship between
angiosperms and Gnetales: are these groups related at all, and
if so, are they monophyletic sister groups, or are angiosperms
nested within Gnetales? Early molecular analyses indicated
that angiosperms and Gnetales are both monophyletic (Fig.
2), with strong statistical support as measured by bootstrap
analysis (Felsenstein, 1985), refuting the view that angiosperms
are nested in Gnetales. However, they gave inconsistent results
on relationships of the two groups. Some analyses of DNA
indicated that they are sister-groups (Hamby & Zimmer, 1992;
Stefanovic et al., 1998; Fig. 2a), but this result was weakly
supported. Other analyses of IDNA (Hamby & Zimmer, 1992)

and the chloroplast gene rbcL (Albert et al., 1994) placed
Gnetales at the base of seed plants, with angiosperms linked
with cycads, Ginkgo and conifers (Fig. 2b), or else reversed
Gnetales and angiosperms (Hasebe ez al., 1992, Fig. 2¢). These
variations are a function of rooting - where outgroups attach
to the seed plant tree; otherwise, the three trees are the same.
There is reason to expect that the rooting of seed plants should
be difficult: the conifer, cycad and ginkgo lines extend back to
the middle Late Carboniferous or the Permian and presumably
split not long before and there has been a long time since then
for convergences and reversals on the lines leading to living
seed plants, resulting in so-called long-branch attraction
(Donoghue & Sanderson, 1992; Doyle, 1998a; Felsenstein,
1978). However, in trees first seen in analyses of chloroplast
ITS sequences (Goremykin er al., 1996) and 18S rDNA (Chaw
et al., 1997), angiosperms are basal in seed plants and Gnetales
are linked with conifers (Fig. 2d). With this type of tree, there
is no way to reroot seed plants such that angiosperms and
Gnetales are related.

In all these studies, bootstrap support for relationships
among seed plants was relatively low, so it seemed possible to
argue that the morphological evidence for the anthophyte
hypothesis could still be accepted (Doyle, 1998a). However,
this situation has changed since 1998: many studies based both
on single genes and on several genes combined have indicated
that Gnetales are more closely related to conifers than to
angiosperms, with much higher bootstrap support (Bowe et
al., 2000; Chaw et al., 2000; Frohlich & Parker, 2000; Hansen
et al., 1999; Qiu et al., 1999; Samigullin e al., 1999; Winter
etal., 1999). Infact, the multigene analyses of Qiu et al. (1999),
Bowe et al. (2000) and Chaw er al. (2000) actually nested
Gnetales within conifers, linked with Pinaceae (Fig. 2¢), with
most critical nodes supported by bootstrap values of 90-100%.
The main variation is that 18S rDNA alone indicates fairly
strongly that Gnetales are the sister group of conifers rather
than nested within them (Bowe er al., 2000; Chaw et al., 1997),
as does the fact that conifers are united by loss of one copy of
the large inverted repeat in the chloroplast genome, whereas
Gnetales retain both copies (Raubeson & Jansen, 1992). In
any case, all these studies are unequivocal in rejecting a
relationship between Gnetales and angiosperms (Donoghue
& Doyle, 2000). These results are consistent with
morphological similarities between Gnetales and conifers cited
in pre-cladistic studies, such as linear leaves, lack of
scalariform pitting in the primary xylem., circular-bordered
pits with tori in the secondary xylem, and compound strobili
made up of axillary fertile short shoots (Bailey, 1949; Carlquist,
1996; Doyle, 1978; Eames, 1952), which were outnumbered
by anthophyte similarities in morphological cladistic analyses.

These results are not definitive, since other recent studies
have produced trees in which Gnetales are the sister group of
other living seed plants (Fig. 2b). Sanderson et al. (2000) found
trees of this sort in parsimony analyses of the chloroplast genes



DOYLE—SIGNIFICANCE OF MOLECULAR PHYLOGENETIC ANALYSES 171

Conifers
Ginkgo
Gnetales

Cycads
]Hngiosperms
Gnetales

)
]

]Hngiosperms

iosperms

Cycads
Ginkgo
Conifers
Angi
Gnetales
Cycads
Ginkgo
Conifers

]
]

e
Eé
E

rRNA, Hamby & Zimmer 1992
28S, Stefanovic et al. 1998

rRNA, Hamby & Zimmer 1992
rbeL, Albert et al. 1994

rbel, Hasebe et al. 1992

psaA, psbB 3rd positions,
Sanderson et al. 2000

(7 ®
E

E E
) @ » @
(=1 @ hd Q [=9
@ - ©C @ b 74
o = s ot o
— [1=] N = L od -
=~7] S = (= -V} (=]
= o = © (= (=
C: (4 I 4 B AN @ C:

['J#”

cpITS Goremykin et al. 1996
18S, Chaw et al. 1997

Fig. 2—Seed plant relationships found in analyses of molecular data.

psad and psbB. However, they obtained divergent results when
they analyzed different nucleotide positions in each codon:
Gnetales nested in conifers based on first and second codon
positions, but Gnetales basal in seed plants based on third
positions. Since third positions evolve more rapidly, there is
reason to suspect that the latter result may be due to long-
branch attraction. Consistent with this view, Sanderson et al.

Cgcads
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3-4 genes, Bowe et al. 2000

3 genes, Chaw et al. 2000
psah, psbB 1st & 2nd positions,
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found Gnetales nested in conifers when they analyzed third
positions of psaA with maximum likelihood, which is believed
to counteract long-branch attraction. Combined analyses of
17 chloroplast genes (Rai et al., 2001) also gave trees with
Gnetales basal, but again some subsets of the data and methods
of analysis placed Gnetales in conifers. Rydin et al. (2002)
found trees with Gnetales basal when they analyzed rbcL and
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atpB (another chloroplast gene) and these genes combined
with 188 and 26S rDNA. However, analysis of rbcL and atpB
with exclusion of nucleotide transitions (which are more
common than transversions and therefore more likely to cause
long-branch attraction) gave trees with Gnetales nested in
conifers. Combined analyses of 18S and 26S linked
angiosperms with Gnetales (like some earlier (DNA analyses),
but with low support.

Despite these uncertainties, the continued failure of
molecular data to support the anthophyte hypothesis suggests
that paleobotanists should begin to consider the implications
of alternative trees. Trees that link Gnetales with conifers may
deserve more attention than those with Gnetales basal, since
they are more consistent with the conifer-like morphological
features of Gnetales and harder to ascribe to long-branch
attraction.

Most molecular studies that associate Gnetales with
conifers are disconcerting in indicating that living
gymnosperms are monophyletic. as the sister group of
angiosperms (although this result is not strongly supported -
trees with cycads basal or on the line to angiosperms are often
almost as parsimonious). Since conifers extend back to the
Late Carboniferous, this implies that the line leading to
angiosperms goes back this far too — an apparent conflict with
the stratigraphic record (Axsmith et al., 1998; Doyle, 1998a).
However, this result does not mean that angiosperms and
gymnosperms evolved separately from progymnosperms, or
that angiosperms originated in the Paleozoic. Since these trees
include only living taxa, there could be any number of early
seed ferns attached below the split of angiosperms from other
living groups, and any number of Permian and Mesozoic fossils
attached to the stem lineage leading to angiosperms. This point
is illustrated by the tree in Fig. 3a, obtained by analyzing the
data set of Doyle (1996) with living gymnosperms constrained
to form a clade and Gnetales forced into conifers, and allowing
fossils, shown in white, to attach wherever is most
parsimonious. The Jurassic fossil Piroconites, previously
linked with Gnetales, was removed because TEM studies
indicate that its supposedly ephedroid exine structure was
misinterpreted (Osborn, 2000); this had no effect on
unconstrained trees. Late Devonian and Carboniferous seed
ferns (Elkinsia through Callistophyton) still diverge at the base
of the tree, and glossopterids, Penroxylon, Bennettitales (in
some trees) and Caytonia are still associated with angiosperms.
Fig. 3b shows a tree from a similarly constrained analysis of
the data set of Nixon et al. (1994); glossopterids and Cayronia
are not associated with angiosperms, but Bennettitales are.

>

Whereas the anthophyte hypothesis suggested that
studies of living Gnetales might shed light on the origin of
angiosperm features such as double fertilization and endosperm
(Friedman, 1992, 1994), molecular results imply that any
progress in reconstructing the origin of angiosperms must
come from paleobotany. Unfortunately, this task now looks
more difficult than it formerly did, since morphological data
and methods appear to have given dramatically incorrect
results in the case of Gnetales. Before new analyses can be
undertaken, we need a complete reappraisal of methods,
particularly the way we analyze morphological characters, to
understand why previous analyses went so wrong, and
whether this could have been avoided. Several characters that
seemed to associate angiosperms and Gnetales differ in detail
in the two taxa (Donoghue & Doyle, 2000). For example, the
tunica in the apical meristem consists of two cell layers in
angiosperms but only one in Gnetales; the megaspore wall is
thin in Gnetales but completely absent in angiosperms; and
double fertilization in Gnetales produces two zygotes, not a
zygote and a triploid endosperm nucleus (see references in
Doyle, 1996; Doyle & Donoghue, 1986). Another character,
granular exine structure, is discussed below. Although in all
these cases the gnetalian state could be ancestral to the
angiosperm one, the differences could equally well be evidence
of convergence. We may also need new data on Mesozoic
fossils - either new taxa or new data on characters of known
taxa, such as seed cuticles (stressed by Harris, 1954 but
generally neglected since then) and stem anatomy. We should
also face the possibility that the number of morphological
character states in seed plants is tco small and the probability
for homoplasy during their long evolutionary history too high
for reliable cladistic inference (‘character state exhaustion’:
Wagner, 2000), perhaps requiring discovery of new fossils
and/or integration of stratigraphic data into phylogenetic
analyses. However, molecular data do give indirect indications
about groups that need more attention in the search for
angiosperm relatives: not Gnetales and related fossils, but
rather Bennettitales, Caytonia, glossopterids, corystosperms,
and more poorly known ‘seed ferns’ in Triassic and Jurassic
floras (cf. Anderson & Anderson, 1997).

AGE OF THE ANGIOSPERMS

The second question, when the angiosperms originated,
is another case in which fossil and molecular data appear to
conflict. Here it is important to distinguish two ages (Doyle &
Donoghue, 1993): the time when the stem lineage leading to

— >

Fig. 3—Representalive trees based on the data sels of (a) Doyle (1996) and (b) Nixon et al. (1994), with extant gymnosperms and angiosperms constrained
into a sister group relationship and Gnetales forced into conifers with Pinaceae, as in recent molecular analyses (Fig. 2e). Extant lines are indicated

in black. extinct lines in white.



173

DOYLE—SIGNIFICANCE OF MOLECULAR PHYLOGENETIC ANALYSES

Gne

Conifers

Angiosperms

>

constrained

-
LY | w 2 2
etyosytam i 2% 2
eapsydi g -
seaoeuld _H_-

oedueoopod [l
oeLieonedy i
seaoelpoxe ] i
snxe}oreyda) i
seaoexe | i
eLdodw3 [
safeylepao) []
sajeobyuig |
wnwasdseyed [
eLUN}NY [
suw.aadsoyshido) [
sajepedA] ||
spLadydossory [
UorAxoyu34 ]
saTe}L}pauUuag []
eLUO}Mfe) [
sareseyduhN i
saredadid |}
syooouol| |
oeLyooroysiiy i
syoolpni
aeaoeaaum i
sareane i
oeyyuedorys il
efafleqodysny i
elyewodny i
soretjousel |
uoyfydoysifed [
suesornpald []
S149}doulbh [
eLsu3 [

a
Doyle 1

LU

Conifers Gne

Angiosperms Ben Cyc

n et al. 1994
constrained

b
N

wn}euo |y
BLYosLMIaM I
eupoydim
9eaoruUld W
9e9oedUeo0pod
degoexeyoreyda) |
geaoexe| N
saddnypoxe ! W
gegorLieonely I
s9jlepao) [
o63ULD Iy
uorhxojuad [
eLuoyhe)
SpL49}dossorn ]
euLieye |
stiaydopide ]
SWi9dso}shuo) ]
uo}fydoysifred [
9eaoepeof) I
JeaoeLwe? iy
oegorLIabURIS M
eaplLoapedh) ]
ef[aLuoSWeITILM [
BLUOSWeILTTLM 3
wnrAydojeds) |
snyjueshie) i
eijewodni g
eljoutel |
eaeydwhN I
9edorINULM M
uo.puspoyoodl M
wnitl] |

A3did W

PUNEO N

RIUSL] W
shyyuedotyy m
easlad
shueed
sifowewel M
stdatoshUyI
TN} I
euliense) |
930S SOTINP3| [
SL49}doulbh| ]
sL49}doseyody [
uo}hydounauy ]

status

[ extinct
Bl living

)

IX0




174 THE PALAEOBOTANIST

angiosperms separated from the line to their closest living
relatives, and the age of the most recent common ancestor of
all living angiosperms, or the crown group. As discussed above,
trees of the types in Figs 2c-e imply that the stem lineages of
living gymnosperms and angiosperms split in the
Carboniferous, but this does not mean that the angiosperm
crown group is this old; it could have originated much more
recently, and one could argue that the large number of
apomorphies separating angiosperms from other groups would
take a long time to accumulate. However, the molecular dates
being considered here relate specifically to the age of the crown
group.

Of course, the age of the angiosperms has also been a
topic of controversy in paleobotany. Until the 1960s, many
paleobotanists assumed that angiosperms originated long
before the Cretaceous, based in large part on identifications
of Cretaceous fossils (mostly leaves) with diverse and
advanced extant taxa (Axelrod, 1952, 1970). However, this
view was challenged by palynological studies, which showed
that Early Cretaceous angiosperm pollen was less diverse and
more primitive than expected, and that the order of appearance
of pollen types agreed with the sequence of evolution inferred
from studies of modern plants — monosulcate, as in magnoliids
and monocots; tricolpate, the basic type for what are now called
eudicots; tricolporate; and finally triporate (Doyle, 1969, 1978;
Muller, 1970, 1981). Closer examination of the leaf record and
discoveries of fossil flowers and fruits showed a similar pattern
of rapid but orderly morphological diversification (Crane er
al., 1995; Doyle & Donoghue, 1993; Doyle & Hickey, 1976;
Friis & Crepet, 1987; Friis et al., 1994b; Hickey & Doyle, 1977,
Upchurch, 1984). Barremian-Aptian mesofossil floras show
surprisingly high species diversity, but they do not contradict
the picture of low initial advancement (Friis ef al., 2000). At
present, the oldest definite angiosperm fossils are reticulate
monosulcate pollen grains from the Valanginian or Hauterivian
(ca. 135 Ma; Brenner, 1996; Hughes, 1994; Trevisan, 1988); a
supposedly Jurassic record from China (Archaefructus: Sun
et al., 1998) has been redated as Barremian-Aptian (Barratt,
2000, Swisher et al., 1999). These data suggest that
angiosperms may have originated not long before their
appearance in the fossil record, although they do not rule out
the existence of older angiosperms if these were rare and
plesiomorphic.

Molecular studies on this question have used the concept
of a molecular clock, which assumes that gene sequences
diverge at a statistically constant rate, to date splits between
living groups. This requires at least one calibration point, a
split either inside or outside the group that can be dated with
the fossitrecord. Using the gene gapC and arate of molecular
evolution inferred from animals, Martin et al. (1989) dated
the angiosperms, represented by two grasses and seven dicots,
as 319 Ma, or mid-Carboniferous. At that time, the most
advanced known seed plants were seed ferns more primitive
than any living gymnosperms, to say nothing of angiosperms.

Martin ez al. took this result as support for the views of Axelrod
(1952, 1970) and dismissed the concept of a Cretaceous origin
as based on negative evidence. However, Crane er al. (1989a)
argued that the conflict with the fossil record is not so easy to
explain away. In particular, Martin et al. dated the common
ancestor of eudicots as 276 Ma (Permian), but eudicots (which
are strongly supported as a monophyletic group: Chase et al.,
1993; Qiu et al., 1999; Soltis et al., 1999) are united by
tricolpate pollen, which has a dense fossil record, appearing
in the late Barremian (Doyle, 1992; Hughes, 1994; Hughes &
McDougall, 1990) and becoming ubiquitous in the Albian.
Martin et al. (1989) did not use any calibration from the plant
fossil record, but Martin et al. (1993) corrected this deficiency
in a study of gapC and rbcL, which assumed that liverworts
split from other land plants at 450 Ma (Late Ordovician}; this
gave an age of 300 Ma, again Carboniferous. However,
younger (though still pre-Cretaceous) ages were found by
Wolfe et al. (1989) and Laroche er al. (1995) - 200 Ma, or
Early Jurassic - and by Goremykin et al. (1997), based on 58
chloroplast genes - 160 Ma, or Late Jurassic.

Analyses by Sanderson and Doyle (2001) suggest that
these dates were biased upward by several factors. especially
the fact that molecular evolution is not clocklike and the use
of angiosperm taxa with higher than average rates. In addition,
previous analyses assumed equal rates across DNA sites (which
is known to be incorrect); correcting for this by use of a gamma
distribution of rates gives angiosperm ages that are 20-30 Ma
younger. Sanderson and Doyle (2001) used rbcL sequences
from a larger number of taxa, chosen to span the base of the
angiosperms and other important nodes. Fig. 4 shows one of
their trees plotted against geologic time, calibrated with the
divergence of Marchantia at 450 Ma, with branch lengths
adjusted by a maximume-likelihood program to make molecular
evolution as clocklike as possible, and using a gamma
distribution. As in other analyses of rbcL, Gnetales were basal
in seed plants. The estimated age of the angiosperms was 139
Ma, or earliest Cretaceous, close to their first appearance in
the fossil record.

A problem with this analysis is that the seed plant
relationships in Fig. 4 conflict with other data (as summarized
above). Surprisingly, this has little effect on age estimates for
angiosperms. When angiosperms and Gnetales were
constrained to form a clade, as in the anthophyte hypothesis,
the inferred age of angiosperms was 143 Ma, only 4 Ma from
that in the previous tree, and the same age was found when
Gnetales were forced together with conifers.

These results suggest that ages based on rbcL may be
more compatible with the fossil record than has been thought.
However, ages using the same methods based on 18S rDNA
(Sanderson & Doyle, 2001) were still substantially older,
varying around 180-190 Ma (depending on seed plant
relationships), or Early Jurassic.
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Fig. 4—Seed plant tree based on rbcl, with Lycopodium forced to the base of vascular plants and conifers forced into a clade, plotted against the
geologic time scale, with ages estimated from rbcl by maximum likelihood under the assumption of a molecular clock (Sanderson &

Doyle, 2001).

Closer examination of the rbcL data suggests reasons
why previous analyses gave older ages, while warning that
the Problems are far from solved. Although the ages of
angiosperms obtained by Sanderson and Doyle (2001) are

consistent with the fossil record, evolution was clearly not
clocklike across the tree. In some cases, this gave ages that
are too young. Fig. 4 indicates that cycads, Ginkgo and
conifers split in the Late Jurassic (152 Ma), whereas in fact
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they go back twice as far, to the Late Carboniferous or Permian.
The reasons for this anomaly are clearer in Fig. 5, the same tree
presented as a phylogram, with branch lengths proportional
to the amount of molecular evolution. Cycads, Ginkgo and
conifers are unusually short branches; apparently, in pulling
the tips of these branches up to the same level as other groups,
the likelihood program pulled up their common ancestor too.
Some ages within angiosperms are also too young: the split
between Nelumbo and Platanus was dated as 48 Ma, but the
lines leading to both groups are known back to the Albian,
100-110 Ma. In contrast, other branches within angiosperms
are unusually long—Oryza, Pisum and Nicotiana, all advanced
herbaceous taxa. The fact that rates are higher in grasses was
already noted by Bousquet et al. (1992) and Gaut et al. (1992).
It happens that earlier clock studies were based largely on
such cultivated plants. When Sanderson and Doyle (2001)
used Oryza, Pisum and Nicotiana as the only angiosperms in
their rbcL data set, the estimated age of the group almost
doubled - to 253 Ma, or Late Permian.

Sanderson and Doyle (2001) found that age estimates
also vary depending on codon positions, with third positions
of rbeL actually giving angiosperm ages that are too young
{Late Cretaceous), and first and second positions giving older
ages than the whole sequence. Several previous studies
(including Martin et al., 1989, 1993) analyzed amino acid
sequences or nonsynonymous substitutions, which involve
mostly changes at first and second positions. When Sanderson
and Doyle (2001) used Oryza, Pisum and Nicotiana as the
only angiosperms on a tree with Gnetales linked with conifers
and analyzed only first and second positions of rbcL, they
obtained a date of 281 Ma, approaching the 300-320 Ma ages
of Martin et al. (1989, 1993). Thus, taxon sampling and codon
positions effects go far toward explaining the older ages
obtained in previous studies. However, this does not indicate
which estimates are more nearly correct.

The conflicting ages derived from different genes and
the clear inequalities in evolutionary rate among lineages
suggest that better understanding of factors influencing rates
of molecular evolution and/or development of new methods
that deal with unequal rates might reconcile fossil and
molecular ages. Unfortunately, the most popular method
proposed so far, nonparametric rate smoothing (NPRS;
Sanderson, 1997), yields rbcL ages for angiosperms that are
considerably older than ages based on a clock (Doyle et al.,
2001), actually aggravating the conflict. This could mean either
that the fossil record is more incomplete than clock-based
estimates imply, or that rates of molecular evolution change
abrupthy rather than gradually (as assumed by NPRS), so that
NPRS is even less appropriate than the clock method. These
problems should be a topic of continued dialogue between
paleobotanists and molecular evolutionists.

MOLECULAR PHYLOGENIES AND
CRETACEOUS ANGIOSPERMS

While molecular data suggest we know less about the
outgroups and the age of the angiosperms than we thought.
they have greatly clarified the third question - what the first
angiosperms were like. In cladistic terms, this is a function of
rooting of the angiosperm tree, which depends on character
states in the outgroups. In the period of morphological
cladistics, it seemed that this problem might not be solved
without clear identification of angiosperm outgroups. For
example, Donoghue and Doyle (1989) rooted the angiosperms
with a hypothetical ancestor based on the seed plant analysis
of Doyle and Donoghue (1986). This indicated that
Magnoliales were basal in angiosperms, as a result of granular
exine structure and other states that they share with
Bennettitales and Gnetales, the supposed closest outgroups
of angiosperms. In contrast, in trees of Nixon et al. (1994:
Fig. la), in which angiosperms were nested in Gnetales,
Chloranthaceae were basal, consistent with their opposite
leaves, simple flowers and orthotropous ovules, all gnetalian
features. In trees of Doyle (1996; Fig. 1b), in which Cayronia
was the sister group of angiosperms, Nymphaeales were basal.

In contrast, molecular analyses have converged
remarkably on similar rootings of the angiosperms, despite
the uncertainties on outgroup relationships discussed above.
The main exception was the first large analysis, using rbcL
(Chase et al., 1993), which placed the aquatic genus
Ceratophyllum at the base of the angiosperms. The first signs
of the present picture came from studies of nuclear rRNA
(Doyleetal., 1994; Hamby & Zimmer, 1992) and chloroplast
rDNA ITS sequences (Goremykin et al., 1996), which
indicated that Nymphaeales were basal. More recent multigene
studies have kept Nymphaeales near the base while adding
several other taxa around them. The data used included various
combinations of rbcL and atpB from the chloroplast, 18S
rDNA from the nucleus, and five mitochondrial genes
(Barkman et al., 2000; Parkinson et al., 1999; Qiu et al., 1999;
Soltis ez al., 1998, 1999, 2000); duplicated phytochrome genes
(Mathews & Donoghue, 1999); and 17 chloroplast genes
(Graham & Olmstead, 2000). In most of these studies, the
first branch was Amborella, a vesselless shrub from New
Caledonia formerly placed in Laurales; the second was
Nymphaeales; and the third was a clade consisting of [lliciales
and two Australasian lianas, Austrobaileya and Trimenia
(placed in their own families). These lines were called the
‘ANITA grade’ by Qiu et al. (1999). The main uncertainty
concerns the exact relationship of Amborella and
Nymphaeales. Their placement as successive branches has low
bootstrap support and is sensitive to taxon sampling (Graham
& Olmstead, 2000; Qiu et al., 2000), and analyses using the
RASA method, designed to counteract long-branch attraction,
unite Amborella and Nymphaeales as a basal clade (Barkman
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et al., 2000; contrary to these authors, this has only minor
effects on inferred ancestral states). Above the ANITA grade,
there are eight major clades, all of which have high bootstrap
support, but whose mutual relationships are not completely
resolved. Thus, even though living gYMNOSPErms are very
distant from angiosperms and their arrangement is uncertain,

they appear to provide a strong molecular signal for rooting
the angiosperms.
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Fig. 5—Tree in Fig. 4 presented as a phylogram,
with branch lengths proportional to the
amount of molecular evolution (Sander-
son & Doyle, 2001).

These molecular trees show striking parallels with the
Cretaceous fossil record. This point can be illustrated by
plotting characters on the tree in Fig. 6, from a study by Doyle
and Endress (2000), who combined a new morphological data
set with rbcL, atpB and 18S sequences and specified
Amborella as the outgroup to other taxa. This ‘combined’ tree
resembles molecular trees in most respects, except tn a few
places where molecular support was weak. For example, it
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Fig. 6— Single tree found in the combined analysis of Doyle and Endress (2000), based on morphology, rbcL. atpB and 18S rDNA, showing the
inferred evolution of exine structure. CHL = Chloranthaceae. MAG = Magnoliales. W = Winterales, PIP = Piperales, NYM = Nymphaeales,

MON = monocots.

links monocots with Piperales (sensu APG, 1998, including
Aristolochiaceae and Lactoris), Winterales with Magnoliales
rather than Piperales and Lauraceae with Hernandiaceae rather
than Monimiaceae (Monimioideae, Hortonia,
Mollinedioideae).

Perhaps most interesting is the case of Chloranthaceae,
which have occupied several positions in molecular trees, but
which morphology helps to place immediately above the
ANITA grade. This near-basal position is consistent with the
abundance of apparent fossil relatives of Chloranthaceae in
the Early Cretaceous, such as the Clavatipollenites and
Asteropollis pollen groups (Couper, 1958; Muller, 1981;
Walker & Walker, 1984), flowers and fruits associated with
these polien types (Eklund et al., 1997, Friis et al., 1986,
1994b, 1999; Pedersen et al., 1991), and probably some of
the leaves with chloranthoid teeth discussed below. Some
Barremian-Aptian fossils (Friis et al., 1994b, figs 3c-f; Friis

etal., 1997a, fig. 6.3) appear to be related to the living genus
Hedyosmum: both groups have pollen with a branched sulcus
(Asteropollis in the dispersed pollen record) and three tepals
fused to the carpel, indicating that the crown group of
Chloranthaceae had evolved by this time. Tripartite androecia
related to Chloranthus are diverse in the Late Cretaceous, and
a more problematic example (because of the anomalous
orientation of the anthers) is known from the Albian (Crane et
al., 1989b; Eklund et al., 1997; Friis et al., 1986; Herendeen
etal., 1993).

The new molecular rooting is also significant in
suggesting that the earliest Cretaceous angiosperms may be
closer to the origin of the clade than previous phylogenetic
views implied. A prime example concerns exine structure. The
oldest generally accepted angiosperm pollen grains, from the
Valanginian of Italy (Trevisan, 1988), the Valanginian-
Hauterivian of Israel (Brenner, 1996) and the Hauterivian of
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Fig. 7—Tree from the combined analysis of Doyle Endress (2000). showing the inferred evolution of carpel form

England (Hughes, 1994; Hughes & McDougall, 1987; Hughes
etal., 1991), are monosulcates and inaperturates with reticulate
sculpture and columellar exine structure. It has been argued
that the plants producing this pollen were already advanced
relative to Magnoliales with smooth pollen and granular exine
structure (Muller, 1970; Van Campo & Lugardon, 1973;
Walker, 1976; Walker & Walker, 1984; Ward et al., 1989),
and this view seemed to be supported by the basal position of
Magnoliales in the cladistic analysis of Donoghue and Doyle
(1989). Such pollen would be hard to distinguish from that of
Bennettitales without TEM study, and it could extend back
much earlier without being recognized. However, molecular
Frees (Fig. 6) indicate that granular structure is actually derived
Inangiosperms, since Magnoliales and other granular taxa are
nested within the group, not basal. The inferred ancestral
Structure, retained in some Nymphaeales (Cabombaceae.
Barclaya), had irregular columellae overlain by a continuous
tectum; this was called intermediate by Doyle and Endress

(2000) but columellar by Osborn et al. (1991). Typical columellar
structure originated at the third node, along with a reticulate
tectum, resulting in pollen like that of Austrobaileya (Endress
& Honegger, 1980), which would be at home in the Hauterivian.
Hence there is no longer reason to assume a long period of
angiosperm evolution before the appearance of such pollen.

This conclusion holds all the more if Amborella is linked
with Nymphaeales (Barkman et al., 2000), since under this
arrangement it is equally parsimonious to assume that either
tectate-intermediate or reticulate-columellar exines were
ancestral. The discovery by Friis ez al. (2001) of a Barremian-
Aptian flower similar to Nymphaeales but with reticulate-
columellar polien may be evidence for the latter view.
However, even if the first angiosperm pollen was tectate, the
molecular results suggest that it might be more recognizable
than pollen of Magnoliales. Amborella has monosulcate pollen
with verrucate sculpture, small supratectal spinules and sparse,
irregular columellae (Hesse, 2001; Sampson, 1993). Hughes
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Fig. 8—Tree from the combined analysis of Doyle and Endress (2000). showing the inferred evolution of exotestal structure.

and McDougall (1987) and Hughes (1994) described pollen
with almost identical sculpture from the Hauterivian of England
as HAUTERIVIAN-CACTISULC. It would be unwarranted
to identify this pollen as Amborella, but it does show that such
pollen existed and can be detected in the earliest angiosperm
record.

Other agreements between molecular trees and the
Cretaceous record concern carpel morphology. The classical
view (especially among American botanists) is that the original
carpel was plicate (conduplicate), like a leaf folded down the
middle, as in Degeneria and Winteraceae (Bailey & Swamy,
1951). However, molecular trees imply that the ancestral carpel
was ascidiate, as proposed by Leinfellner (1969) and van Heel
(1981). Both carpel types begin their development as a U-
shaped primordium. In the plicate type, the two arms of the
primordium grow up separately, but in the ascidiate type the
cross-zone between the arms becomes meristematic, and the
carpel grows up like a tube. At maturity ascidiate carpels are

typically barrel-shaped, with a sessile stigma, and they are
sealed by secretion rather than postgenital fusion of the margins
(Endress & Igersheim, 2000). The combined tree of Doyle
and Endress (2000) indicates that the ascidiate state was
ancestral and retained up to Chloranthaceae (Fig. 7). This
agrees with the fact that most carpels reported by Friis er al.
(1994b, 1999, 2000) from the Barremian-Aptian of Portugal
appear to be ascidiate, judging from their shape, sessile stigma,
and fack of evidence for a ventral suture, including both those
associated with Chloranthaceae and others. At the fruit stage
most had one seed, like Amborella, Trimenia, lllicium, and
Chloranthaceae, but a few had several, like other ANITA taxa
(Nymphaeales, Austrobaileya, Schisandraceae). Friis er al.
(2000) suggested that both ascidiate and plicate carpels were
present, with the latter represented by follicular fruits. but
follicles were less common than berries, drupes, nuts and
achenes (Eriksson ez al., 2000).
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Fig. 9—Tree from the combined analysis of Doyle and Endress (2000), showing the inferred evolution of leaf margin.

Another conspicuous feature of Barremian-Aptian
mesofloras is exotestal seed structure, in which cells of the
outer epidermis of the outer integument become thick-walled
(Friis et al., 1999, 2000). This feature is typical of
Nymphaeales, Trimenia and Illiciales. It is not inferred to be
ancestral on the cladogram in Fig. 8, since it is absent in
Amborella and Austrobaileya, but this may be a function of
the relict and specialized (autapomorphic) nature of living
ANITA taxa. Amborella is autapomorphic in having a hard
endocarp derived from the inner carpel wall, Austrobaileya in
having a fleshy sarcotesta derived from the mesophyll of the
outer integument. For functional reasons, origin of either
feature might be expected to entail loss of a hard, protective
exotesta if this was present in the first angiosperms.

As stressed by Friis et al. (2000), Barremian-Aptian
m'esofloras consist largely of taxa that cannot be associated
with any one extant family (except for Chloranthaceae). Many
may therefore represent extinct lines on the stem lineages of

modern families or the internodes between them. However, as
the comparisons made here show, this does not prevent them
from contributing to formulation and testing of hypotheses on
basic states and character evolution in angiosperms, through
comparison with molecular phylogenies and improved data
on the distribution of morphological characters.

Similar leaf features are also found at the base of molecular
trees and in early angiosperms. An example mentioned above
1s chloranthoid teeth (Hickey & Wolfe, 1975), with three veins
joining below a cap-like apical gland. These occur in modern
Chloranthaceae and Barremian-Aptian leaves, such as DBLT
no.1 of Upchurch (1984) from the lower Potomac Group
(Aptian?) and Moutonia spp. of Pons (1984) from the late
Barremian or Aptian of Colombia. However, as shown in Fig.
9, chloranthoid teeth are found not only in Chloranthaceae,
but also in several ANITA groups and basal eudicots (cf.
Hickey & Wolfe, 1975), and Fig. 9 implies that they are ancestral
for angiosperms.
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Lower Potomac leaves are also notable for their variable
stomata, which often vary from paracytic to laterocytic to
cyclocytic on the same leaf (Upchurch, 1984). Upchurch
suggested that this variation was primitive, like the irregular
(‘“first rank’) venation of lower Potomac leaves (Doyle &
Hickey, 1976: Hickey & Doyle, 1977; Wolfe et al., 1975). In
surveying extant magnoliids, Upchurch (1984) found similar
variation in only a few taxa, notably Amborella, Austrobaileya,
Schisandra and Chloranthaceae. At the time, this list did not
seem particularly significant, but these taxa now stand out as
groups located near the base of molecular and combined trees.

The next phases of the angiosperm record also agree with
molecular phylogenies by showing new types that can be
related to several clades above the ANITA grade, often to
basal members of these clades. Among the oldest are
monoporate tetrads from the late Barremian of Gabon and the
Aptian-Albian of Israel, which resemble Winteraceae in the
tetrad habit and ring of endexine around the pore but appear
to be more primitive in having finer sculpture (Doyle, 2000;
Doyle er al.. 1990a, b; Walker er al., 1983).

Tricolpate pollen, which is diagnostic for the eudicot
clade, is first seen in the probable late Barremian of Gabon
and England (Doyle, 1992; Doyle er al., 1977; Doyle & Hotton,
1991; Hughes, 1994; Hughes & McDougall, 1990), and it has
been found in stamens from the Barremian-Aptian of Portugal
(Friis et al., 1994b, 2000). The first tricolpates from Gabon
have irregularly arranged furrows (Doyle, 1992; Doyle &
Hotton, 1991), suggesting they may be on the eudicot stem
lineage rather than in the crown group (although similar
irregularities occur in the near-basal eudicot Ne/umbo: Borsch
& Wilde, 2b00; Kuprianova, 1979). In the lower Potomac
Group (Aptian?), there are ternately lobed leaves called
Viriphyllum (Berry, 1911; Doyle & Hickey, 1976; Hickey &
Doyle, 1977) that are suggestive of Ranunculales, the first
eudicot branch in molecular trees.

Other lower Potomac fossils have been compared with
monocots (Doyle, 1973; Walker & Walker, 1984): narrow
leaves with apically converging venation, known as
Acaciaephyllum; and monosulcate pollen called Liliacidires,
with sculpture that grades from coarse in the middle of the
grain to fine at the ends, a feature found in many monocots
but not known in living magnoliids. These comparisons have
been criticized by Gandolfo et al. (2000). These authors were
correct in arguing that the leaf criteria proposed by Doyle
(1973) for separating monocots from gymnosperms do not
separate monocots from Gnetales, including the lower Potomac
genus Drewria (Upchurch & Crane, 1985). Still,
Acaciaephyllum appears to differ from Drewria and extant
Gnetales in having spiral rather than opposite leaf arrangement
and apical vein fusion. Some pollen types assigned to
Liliacidites and considered monocots by Doyle (1973) and
Walker & Walker (1984), but segregated by G6czan and Juhdsz
(1984) as Similipollis, differ in having finer sculpture at the
proximal pole and sulcus margins rather than the ends of the

grain and were therefore questioned as monocots by Doyle
and Hotton (1991). As noted by Gandolfo et al. (2000), Friis et
al. (1997b) associated such pollen with carpels (Anacostia)
that were clearly not monocots (possibly related to llliciales?).
However, more distinctively monocot-like pollen with fine
sculpture at the ends of the grain has not yet been found in
situ. Gandolfo er al. cited several other associations of
Liliacidites with non-monocotyledonous floral remains (e.g.,
L. minutus, associated with Virginianthus, discussed below),
but all of these are pollen types without sculpture gradation
that were assigned to Liliacidites by authors who used this
genus in a broader sense.

Floral remains representing another magnoliid line,
Laurales, are known from the Albian. Virginianthus (Friis et
al., 1994a), from the upper Potomac Group, appears to be
related to Calycanthaceae in having a deep hypanthium and
other calycanthaceous features but is more primitive in having
monosulcate rather than disulculate pollen. Cenomanian
flowers and inflorescences called Mauldinia (Drinnan ef al.,
1990) and associated wood (Paraphyllanthoxylon; Herendeen,
1991) correspond in great detail to Lauraceae, and similar but
more fragmentary flowers occur in the Albian (Crane er al.,
1994). Magnoliales, once considered the most primitive
angiosperms but not basal in molecular trees, are not definitely
known until the Cenomanian, represented by flowers and
leaves of Archaeanthus (Dilcher & Crane, 1984), an apparent
stem relative of Magnoliaceae. However, Aptian monosulcate
pollen with granular exine structure (Lethomasites; Ward et
al., 1989) and Albian laminar stamens containing smooth
monosulcate pollen (Crane et al., 1994; figs 1la, b) may
represent this clade.

The Albian marks the explosion of tricolpate eudicot
pollen, and many Albian megafossils can be associated with
particular eudicot lines. Significantly, all well-reconstructed
Albian eudicots appear to be related to groups that molecular
phylogenies place near the base of the clade. Many are relatives
of Platanus and Nelumbo, which molecular data unexpectedly
unite with Proteaceae in a clade called Proteales (APG, 1998),
probably the second branch in eudicots. The oldest are
inflorescences of unisexual flowers that resemble those of
Platanus but are associated with pinnately compound
Sapindopsis leaves (Crane et al., 1993), and peltate Nelumbites
leaves and pitted floral receptacles that differ from those of
Nelumbo in being round rather than flat-topped (Upchurch et
al., 1994). Relatives of Buxaceae, another early branch, are
represented by inflorescences of unisexual flowers called
Spanomera (Drinnan er al., 1991). It is not until the
Cenomanian that we see definite ‘core’ eudicots (rosids,
asterids, and associated smaller groups), such as pentamerous
flowers of a rosid type (Basinger & Dilcher, 1984) and the
first members of the Normapolles pollen complex (Laing,
1975; Pacltovd, 1971, 1981), later members of which have
been associated with flowers of ‘core Amentiferae’ or ‘higher’
Fagales (Friis, 1983; Schénenberger et al., 2001; Sims et al.,
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1999). However, tricolporate pollen, which is probably basic
for rosids and asterids, is known from the late Albian (Doyle
& Robbins, 1977; Laing, 1975), suggesting that core eudicots
had originated by that time.

The fact that the stratigraphic pattern of appearance of
pollen, leaf and floral types agrees as well as it does with
molecular phylogenies may also be an argument against
molecular clock analyses that date the angiosperms as much
older than the Cretaceous. If angiosperms had undergone a
substantial part of their diversification before the Cretaceous,
it is hard to imagine why they ‘waited in line’ and then filed
into the Cretaceous fossil record in the same order that
molecular evidence indicates they originated long before.

ANGIOSPERM ROOTING AND
ANGIOSPERM OUTGROUPS

Although molecular trees do not indicate directly which
fossil seed plants were most closely related to angiosperms,
they may help indirectly in the search for angiosperm outgroups
by suggesting which states are ancestral and thereby refining
our search image. For example, the discovery of vessels in
Permian gigantopterids (Li & Taylor, 1999; Li et al., 1996)
might suggest that these plants were related to angiosperms.
However, molecular results (cf. Fig. 6) contradict this
argument, since (unlike earlier morphological analyses:
Donoghue & Doyle, 1989; Young, 1981) they indicate that
the common ancestor of angiosperms did not have vessels:
Amborella is vesselless, and Nymphaeales either lack vessels
or have cells with porose pit membranes that are intermediate
between tracheids and vessel elements (Schneider & Carlquist,
1996; Schneider et al., 1995). In contrast, however, the same
trees imply that the absence of vessels in Winteraceae and
Trochodendraceae is a result of secondary loss. Ecological
and biogeographic scenarios for such loss, as a possible
consequence of migration into cooler high-latitude areas, have
been discussed by Doyle (2000) and Feild et al. (2000).

Another example concerns exine structure. As shown in
Fig. 6 and discussed above, molecular phylogenies imply that
the first angiosperms had columellar structure (either
intermediate or well-developed), rather than granular structure,
as previously thought (Donoghue & Doyle, 1989; Van Campo
& Lugardon, 1973; Walker, 1976: Walker & Walker, 1984).
This suggests that paleobotanists should look more closely at
Late Triassic monosulcate and related pollen types described
by Cornet (1989) as the Crinopolles group, which have
reticulate sculpture and conspicuous columellae but a thick,
gymnosperm-like endexine (Cornet, 1989; Doyle & Hotton,
1991). Doyle and Hotton (1991) argued that this combination
of features might mean that Crinopolles plants were related to
but more primitive than angiosperms (i.e., angiosperm stem
telatives). This suggestion conflicted with the hypothesis that
the first angiosperms had granular exines. which predicted

that the gymnospermous endexine was lost before the origin
of columellae, but the molecular evidence that columellar
exines are ancestral removes this objection. Thus association
of Crinopolles pollen with other organs should be a high
priority for paleobotanists.

Although it would be most sensational to find angiosperm
stem relatives in the Triassic or Jurassic, the possibility that
some such plants persisted into the Cretaceous should not be
overlooked. A possible candidate is Archaefructus, originally
described as Late Jurassic (Sun et al., 1998) but redated as
Barremian-Aptian (Barratt, 2000; Swisher er al., 1999), an
elongate axis bearing numerous well-spaced follicles. If
Archaefructus is a floral axis, as assumed by Sun ez al. (1998),
itis unlike and possibly more primitive than anything in living
angiosperms. However, if it is instead an inflorescence, this
argument may not hold. Another is Afropollis (Doyle et al.,
1982), a widespread pollen group in the late Barremian through
Cenomanian of Northern Gondwana, which includes coarsely
reticulate grains that vary from operculate to zonasulculate
and inaperturate. Doyle et al. (1990a, b) speculated that
Afropollis might represent extinct relatives of Winteraceae,
but unlike most angiosperms and like the Crinopolles it has a
thick, laminated endexine. Friis et al. (1999) found Afropollis
in non-angiospermous microsporangia from the Barremian-
Aptian of Portugal, apparently excluding it from the
angiosperm crown group, but not necessarily from the stem
lineage (Doyle, 2000).

CONCLUSION

It would be presumptuous to argue that paleobotanists
should accept molecular phylogenies without question, but
these trees are based on a vast and ever-growing body of data
that cannot be ignored, and they can be a rich source of
hypotheses for future research. Furthermore, molecular trees
show remarkable agreements with the Cretaceous angiosperm
record. Depending on which line of evidence is considered
more reliable, this congruence can be taken as fossil
confirmation of molecular results, molecular evidence that the
fossil record provides a good picture of the early phases of
angiosperm evolution, or both.

Acknowledgements—I wish 1o thank Sean Graham and Catarina
Rydin for unpublished results, Else Marie Friis for valuable com-
ments on the manuscript, and Prof. Anshu K Sinha and the Birbal
Sahni Institute of Palaeobotany for inviting me to contribute 1o this
volume.

REFERENCES

Albert VA, Backlund A, Bremer K, Chase MW, Manhart JR, Mishler
BD & Nixon KC 1994, Functional constraints and rbcL evidence
for land plant phylogeny. Annals of the Missouri Botanical Garden
81: 534-567.



184 THE PALAEOBOTANIST

Anderson HM & Anderson JM 1997. Why not look for
proangiosperms in the Molteno Formation? Mededelingen
Nederlands Instituut voor Toegepaste Geowetenschappen TNO
58 (Proceedings of the 4th EPPC): 73-80.

APG (Angiosperm Phylogeny Group) 1998. An ordinal classification
for the families of flowering plants. Annals of the Missouri
Botanical Garden 85: 531-553.

Axelrod DI 1952. A theory of angiosperm evolution. Evolution 6:
29-60.

Axelrod DI 1970. Mesozoic paleogeography and early angiosperm
history. Botanical Review 36: 277-319.

Axsmith BJ. Taylor EL & Taylor TN 1998. The limitations of
molecular systematics: a palacobotanical perspective. Taxon 47:
105-108.

Bailey IW 1949. Origin of the angiosperms: need for a broadened
outlook. Journal of the Arnold Arboretum 30: 64-70.

Bailey IW & Swamy BGL 1951. The conduplicate carpel of
dicotyledons and its initial trends of specialization. American
Journal of Botany 38: 373-379.

Barkman TJ, Chenery G, McNeal JR, Lyons-Weiler J, Ellisens WJ,
Moore G, Wolfe AD & dePamphilis CW 2000. Independent and
combined analyses of sequences from all three genomic
compartments converge on the root of flowering plant phylogeny.
Proceedings of the National Academy of Sciences USA 97:
13166-13171.

Barratt PM 2000. Evolutionary consequences of dating the Yixian
Formation. Trends in Ecology and Evolution 15: 99-103.

Basinger JF & Dilcher DL 1984. Ancient bisexual flowers. Science
224: 511-513.

Berry EW 1911. Systematic paleontology, Lower Cretaceous,
Pteridophyta-Dicotyledonae. In: Clark WB (Editor)—Lower
Cretaceous: 214-508. Maryland Geological Survey, Baltimore.

Borsch T & Wilde V 2000. Pollen variability within species,
populations and individuals, with particular reference to Nelumbo.
In: Harley MM, Morton CM & Blackmore S (Editors)—Pollen
and Spores: Morphology and Biology: 285-299. Royal Botanic
Gardens, Kew.

Bousquet J, Strauss SH. Doerksen AH & Price RA 1992. Extensive
variation in evolutionary rate of rbcL gene sequences among seed
plants. Proceedings of the National Academy of Sciences, USA
89: 7844-78438.

Bowe LM, Coat G & dePamphilis CW 2000. Phylogeny of seed
plants based on all three genomic compartments: Extant
gymnosperms are monophyletic and Gnetales closest relatives
are conifers. Proceedings of the National Academy of Sciences,
USA 97: 4092-4097.

Brenner GJ 1996. Evidence for the earliest stage of angiosperm pollen
evolution: a paleoequatorial section from Israel. /n: Taylor DW
& Hickey LJ (Editors)—Flowering Plant Origin, Evolution &
Phylogeny: 91-115. Chapman & Hall, New York.

Carlquist S 1996. Wood anatomy of primitive angiosperms: new
perspectives and syntheses. /n: Taylor DW & Hickey LJ
(Editors)—Flowering Plant Origin, Evolution & Phylogeny: 68-
90. Chapman & Hall, New York.

Chase MW, Soltis DE, Olmstead RG, Morgan D, Les DH, Mishler
BD, Duvall MR, Price RA, Hills HG, Qiu YL, Kron KA, Rettig
JH, Conti E, Palmer JD, Manhart JR, Sytsma KJ, Michaels HJ.
Kress WJ, Karol KG. Clark WD, Hedrén M, Gaut BS, Jansen
RK, Kim KJ, Wimpee CF. Smith JF, Furnier GR, Strauss SH,

Xiang QY, Plunkett GM. Soltis PS, Swensen SM. Williams SE.
Gadek PA, Quinn CJ, Eguiarte LE, Golenberg E. Learn GH,
Graham SW, Barrett SCH, Dayanandan S & Albert VA 1993.
Phylogenetics of seed plants: an analysis of nucleotide sequences
from the plastid gene rbcL. Annals of the Missouri Botanical
Garden 80: 526-580.

Chaw SM, Parkinson CL, Cheng Y, Vincent TM & Palmer JD 2000.
Seed plant phylogeny inferred from all three plant genomes:
Monophyly of extant gymnosperms and origin of Gnetales from
conifers. Proceedings of the Nationa] Academy of Sciences, USA
97: 4086-4091.

Chaw SM, Zharkikh A, Sung HM. Lau TC & Li WH 1997. Molecular
phylogeny of extant gymnosperms and seed plant evolution:
analysis of nuclear 18S rRNA sequences. Molecular Biology &
Evolution 14: 56-68.

Cornet B 1989. Late Triassic angiosperm-like pollen from the
Richmond rift basin of Virginia, U.S.A. Palaeontographica B 213:
37-87.

Couper RA 1958. British Mesozoic microspores and pollen grains.
Palaeontographica B 103: 75-179.

Crane PR 1985. Phylogenetic analysis of seed plants and the origin
of angiosperms. Annals of the Missouri Botanical Garden 72:
716-793.

Crane PR, Donoghue MJ, Doyle JA & Friis EM 1989a. Angiosperm
origins. Nature 342: 131-132.

Crane PR, Friis EM & Pedersen KR 1989b. Reproductive structure
and function in Cretaceous Chloranthaceae. Plant Systematics
and Evolution 165: 211-226.

Crane PR, Friis EM & Pedersen KR 1994. Paleobotanical evidence
on the early radiation of magnoliid angiosperms. Plant Systematics
and Evolution Supplement 8: 51-72.

Crane PR, Friis EM & Pedersen KR 1995. The origin and early
diversification of angiosperms. Nature 374: 27-33.

Crane PR, Pedersen KR, Friis EM & Drinnan AN 1993. Early
Cretaceous (early to middle Albian) platanoid inflorescences
associated with Sapindopsis leaves from the Potomac Group of
eastern North America. Systematic Botany 18: 328-344.

Dilcher DL & Crane PR 1984. Archaeanthus: an early angiosperm
from the Cenomanian of the Western Interior of North America.
Annals of the Missouri Botanical Garden 71: 351-383.

Donoghue MJ & Doyle JA 1989. Phylogenetic analysis of
angiosperms and the relationships of Hamamelidae. In: Crane
PR & Blackmore S (Editors)—Evolution, Systematics and Fossil
History of the Hamamelidae 1: 17-45. Clarendon Press, Oxford.

Donoghue MJ & Doyle JA 2000. Seed ptant phylogeny: demise of
the anthophyte hypothesis? Current Biology 10: R106-R 109.

Donoghue MJ & Sanderson MJ 1992. The suitability of molecular
and morphological evidence in reconstructing plant phylogeny.
In: Soltis PS, Soltis DE & Doyle JJ (Editors)—Molecular
Systematics of Plants: 340-368. Chapman and Hall, New York.

Doyle JA 1969. Cretaceous angiosperm pollen of the Atlantic Coastal
Plain and its evolutionary significance. Journal of the Arnold
Arboretum 50: 1-35.

Doyle JA 1973. Fossil evidence on early evolution of the
monocotyledons. Quarterly Review of Biology 48: 399-413.
Doyle JA 1978. Origin of angiosperms. Annual Review of Ecology

and Systematics 9: 365-392.



DOYLE—SIGNIFICANCE OF MOLECULAR PHYLOGENETIC ANALYSES 185

Doyle JA 1992. Revised palynological correlations of the lower
Potomac Group (USA) and the Cocobeach sequence of Gabon
(Barremian-Aptian). Cretaceous Research 13: 337-349.

Doyle JA 1994. Origin of the angiosperm flower: a phylogenetic
perspective. Plant Systematics and Evolution Supplement 8: 7-
29.

Doyle JA 1996. Seed plant phylogeny and the relationships of
Gnetales. International Journal of Plant Sciences 157
(Supplement): S3-S39.

Doyle JA 1998a. Molecules, morphology. fossils and the relationship
of angiosperms and Gnetales. Molecular Phylogenetics and
Evolution 9: 448-462.

Doyle JA 1998b. Phylogeny of vascular plants. Annual Review of
Ecology and Systematics 29: 567-599.

Doyle JA 2000. Paleobotany, relationships and geographic history
of Winteraceae. Annals of the Missouri Botanical Garden 87:
303-316.

Doyle JA, Biens P, Doerenkamp A & Jardiné S 1977. Angiosperm
pollen from the pre-Albian Cretaceous of Equatorial Africa.
Bulletin des Centres de Recherches Exploration-Production Elf-
Aquitaine 1: 451-473.

Doyle JA & Donoghue MJ 1986. Seed plant phylogeny and the origin
of angiosperms: an experimental cladistic approach. Botanical
Review 52: 321-43 1.

Doyle JA & Donoghue MJ 1993. Phylogenies and angiosperm
diversification. Paleobiology 19: 141-167.

Doyle JA, Donoghue MJ & Zimmer EA 1994. Integration of
morphological and ribosomal RNA data on the origin of
angiosperms. Annals of the Missouri Botanical Garden 81: 419-
450.

Doyle JA & Endress PK 2000. Morphological phylogenetic analysis
of basal angiosperms: comparison and combination with
molecular data. International Journal of Plant Sciences 161
(Supplement): S121-S153.

Doyle JA & Hickey LJ 1976. Pollen and leaves from the mid-
Cretaceous Potomac Group and their bearing on early angiosperm
evolution. In: Beck CB (Editor)—Origin and Early Evolution of
Angiosperms: 139-206. Columbia University Press, New York.

Doyle JA & Hotton CL 1991. Diversification of early angiosperm
pollen in a cladistic context. In: Blackmore S & Barnes SH
(Editors)—Pollen and Spores: Patterns of Diversification: 169-
195. Clarendon Press, Oxford.

Doyle JA, Hotton CL & Ward JV 1990a. Early Cretaceous tetrads,
zonasulculate pollen and Winteraceae. I. Taxonomy, morphology
and ultrastructure. American Journal of Botany 77: 1544-1557.

Doyle JA, Hotton CL & Ward JV 1990b. Early Cretaceous tetrads,
zonasulculate pollen and Winteraceae. I1. Cladistic analysis and
implications. American Journal of Botany 77: 1558-1568.

Doyle JA, Jardiné S & Doerenkamp A 1982. Afropollis, a new genus
of early angiosperm pollen, with notes on the Cretaceous
palynostratigraphy and paleoenvironments of Northern
Gondwana. Bulletin des Centres de Recherches Exploration-
Production Elf-Aquitaine 6: 39-117.

Doyle JA & Robbins El 1977. Angiosperm pollen zonation of the
continental Cretaceous of the Atlantic Coastal Plain and its
application to deep wells in the Salisbury Embayment. Palynology
1. 43-78.

Doyle JA, Sanderson MJ & Magallén S 2001. Integrating fossil and
molecular data on the age of angiosperms: effects of fossil age

constraints and rate smoothing methods. Botany 2001 Abstracts:
63.

Drinnan AN, Crane PR, Friis EM & Pedersen KR 1990. Lauraceous
flowers from the Potomac Group (mid-Cretaceous) of eastern
North America. Botanical Gazette 151: 370-384.

Drinnan AN, Crane PR, Friis EM & Pedersen KR 1991. Angiosperm
flowers and tricolpate pollen of buxaceous affinity from the
Potomac Group (mid-Cretaceous) of eastern North America.
American Journal of Botany 78: 153-176.

Eames AJ 1952. Relationships of the Ephedrales. Phytomorphology
2: 79-100.

Eklund H, Friis EM & Pedersen KR 1997. Chloranthaceous floral
structures from the Late Cretaceous of Sweden. Plant Systematics
and Evolution 207: 13-42.

Endress PK & Honegger R 1980. The pollen of Austrobaileyaceae
and its phylogenetic significance. Grana 19: 177-182. ‘

Endress PK & Igersheim A 2000. Gynoecium structure and evolution
in basal angiosperms. International Journal of Plant Sciences 161
(Supplement): S211-8223.

Eriksson O, Friis EM & Lofgren P 2000. Seed size fruit size and
dispersal systems in angiosperms from the Early Cretaceous to
the Late Tertiary. American Naturalist 156: 47-58.

Feild TS, Zwieniecki M & Holbrook NM 2000. Winteraceae
evolution: an ecophysiological perspective. Annals of the Missouri
Botanical Garden 87: 323-334.

Felsenstein J 1978. Cases in which parsimony or compatibility
methods will be positively misleading. Systematic Zoology 27:
401-410.

Felsenstein J 1985. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39: 783-791.

Friedman WE 1992. Evidence of a pre-angiosperm origin of
endosperm: implications for the evolution of flowering plants.
Science 255: 336-339.

Friedman WE 1994. The evolution of embryogeny in seed plants
and the developmental origin and early history of endosperm.
American Journal of Botany 81: 1468-1486.

Friis EM 1983. Upper Cretaceous (Senonian) floral structures of
juglandalean affinity containing Normapolles pollen. Review of
Palaeobotany and Palynology 39: 161-188.

Friis EM, Crane PR & Pedersen KR 1986. Floral evidence for
Cretaceous chloranthoid angiosperms. Nature 320: 163-164.
Friis EM, Crane PR & Pedersen KR 1997a. Fossil history of magnoliid
angiosperms. In: Iwatsuki K & Raven PR (Editors)—Evolution
and Diversification of Land Plants: 121-156. Springer-Verlag,

Tokyo.

Friis EM, Crane PR & Pedersen KR 1997b. Anacostia, a new basal
angiosperm from the Early Cretaceous of North America and
Portugal with trichotomocolpate/monocolpate pollen. Grana 36:
225-244.

Friis EM & Crepet WL 1987. Time of appearance of floral features.
In: Friis EM, Chaloner WG & Crane PR (Editors)—The origins
of Angiosperms and their biological consequences: 145-179.
Cambridge University Press, Cambridge.

Friis EM, Eklund H, Pedersen KR & Crane PR 1994a. Virginianthus
calycanthoides gen. et sp. nov. - a calycanthaceous flower from
the Potomac Group (Early Cretaceous) of eastern North America.
International Journal of Plant Sciences 155: 772-785.



186 THE PALAEOBOTANIST

Friis EM, Pedersen KR & Crane PR 1994b. Angiosperm floral
structures from the Early Cretaceous of Portugal. Plant
Systematics and Evolution Supplement 8: 31-49.

Friis EM, Pedersen KR & Crane PR 1999. Early angiosperm
diversification: the diversity of pollen associated with angiosperm
reproductive structures in Early Cretaceous floras from Portugal.
Annals of the Missouri Botanical Garden 86: 259-296.

Friis EM, Pedersen KR & Crane PR 2000. Reproductive structure
.and organization of basal angiosperms from the Early Cretaceous
(Barremian or Aptian) of western Portugal. International Journal
of Plant Sciences 161 (Supplement): S169-S182.

Friis EM, Pedersen KR & Crane PR 2001. Fossil evidence of water
lilies (Nymphaeales) in the Early Cretaceous. Nature 410: 357-
360.

Frohlich MW & Parker DS 2000. The mostly male theory of flower
evolutionary origins: from genes to fossils. Systematic Botany
25: 155-170.

Gandolfo MA, Nixon KC & Crepet WL 2000. Monocotyledons: a
review of their Early Cretaceous record. /n: Wilson KL &
Morrison DA (Editors)—Monocots: Systematics and Evolution:
44-51. CSIRO Publishing, Collingwood, Australia.

Gaut BS, Muse SV, Clark WD & Clegg MT 1992. Relative rates of
nucleotide substitution at the rbcL locus in monocotyledonous
plants. Journal of Molecular Evolution 35: 292-303.

Goéczén F & Juhdsz M 1984. Monosulcate pollen grains of
angiosperms from Hungarian Albian sediments 1. Acta Botanica
Hungarica 30: 289-319.

Goremykin V, Bobrova V, Pahnke J. Troitsky A, Antonov A & Martin
W 1996. Noncoding sequences from the slowly evolving
chloroplast inverted repeat in addition to rbcL data do not support
gnetalean affinities of angiosperms. Molecular Biology and
Evolution 13: 383-396.

Goremykin V, Hansmann S & Martin WF 1997. Evolutionary
analysis of 58 proteins encoded in six completely sequenced
chloroplast genomes: Revised molecular estimates of two seed
plant divergence times. Plant Systematics and Evolution 206: 337-
351.

Graham SW & Olmstead RG 2000. Utility of 17 chloroplast genes
for inferring the phylogeny of the basal angiosperms. American
Journal of Botany 87: 1712-1730.

Hamby RK & Zimmer EA 1992. Ribosomal RNA as a phylogenetic
tool in plant systematics. In: Soltis PS, Soltis DE & Doyle JJ
(Editorsy—Molecular Systematics of Plants: 50-91. Chapman and
Hall, New York.

Hansen A, Hansmann S, Samigullin T, Antonov A & Martin W 1999.
Gnetum and the angiosperms: molecular evidence that their shared
morphological characters are convergent, rather than homologous.
Molecular Biology and Evolution 16: 1006-1009.

Harris TM 1954. Mesozoic seed cuticles. Svensk Botanisk Tidskrift
48: 281-291.

Hasebe M, Kofuji R, Ito M, Kato M, Iwatsuki K & Ueda K 1992.
Phylogeny of gymnosperms inferred from rbcL gene sequences.
Botanical Magazine Tokyo 105: 673-679.

Herendeen PS 1991. Lauraceous wood from the mid-Cretaceous
Potomac Group of eastern North America: Paraphyllanthoxylon
marylandense sp. nov. Review of Palaeobotany and Palynology
69: 277-290.

Herendeen PS, Crepet WL & Nixon KC 1993. Chloranthus-like
stamens from the Upper Cretaceous of New Jersey. American
Journal of Botany 80: 865-871.

Hesse M 2001. Pollen characters of Amborella trichopoda
(Amboretlaceae): areinvestigation. International Journal of Plant
Sciences 162: 201-208.

Hickey LJ & Doyle JA 1977. Early Cretaceous fossil evidence for
angiosperm evolution. Botanical Review 43: 1-104.

Hickey L] & Wolfe JA 1975. The bases of angiosperm phylogeny:
vegetative morphology. Annals of the Missouri Botanical Garden
62: 538-589.

Hughes NF 1994. The Enigma of Angiosperm Origins. Cambridge
University Press, Cambridge, 303 p.

Hughes NF & McDougall AB 1987. Records of angiospermid pollen
entry into the English Early Cretaceous succession. Review of
Palaeobotany and Palynology 50: 255-272.

Hughes NF & McDougall AB 1990. Barremian-Aptian angiospermid
pollen records from southern England. Review of Palaecobotany
and Palynology 65: 145-151.

Hughes NF, McDougall AB & Chapman JL 1991. Exceptional new
record of Cretaceous Hauterivian angiospermid pollen from
southern England. Journal of Micropalaeontology 10: 75-82.

Kuprianova LA 1979. On the possibility of the development of
tricolpate pollen from monosulcate. Grana 18: 1-4.

Laing JF 1975. Mid-Cretaceous angiosperm pollen from southern
England and northern France. Palacontology 18: 775-808.

Laroche J, Li P & Bousquet J 1995. Mitochondrial DNA and
monocot-dicot divergence time. Molecular Biology and Evolution
12: 1151-1156.

Leinfellner W 1969. Uber die Karpelle verschiedener Magnoliales.
VIII. Uberblick iiber alle Familien der Ordnung. Osterreichische
Botanische Zeitschrift 117: 107-127.

Li H & Taylor DW 1999. Vessel-bearing stems of Vasovinea tianii
gen. et sp. nov. (Gigantopteridales) from the Upper Permian of
Guizhou Province, China. American Journal of Botany 86: 1563-
1575.

Li H, Taylor EL & Taylor TN 1996. Permian vessel elements. Science
271: 188-189.

Loconte H & Stevenson DW 1990. Cladistics of the Spermatophyta.
Brittonia 42: 197-211.

Martin W, Gierl A & Saedler H 1989. Molecular evidence for pre-
Cretaceous angiosperm origins. Nature 339: 46-48.

Martin W, Lydiate D, Brinkmann H, Forkmann G, Saedler H & Cerff
R 1993. Molecular phylogenies in angiosperm evolution.
Molecular Biology and Evolution 10: 140-162.

Mathews S & Donoghue MJ 1999. The root of angiosperm phylogeny
inferred from duplicate phytochrome genes. Science 286: 947-
950.

Muller J 1970. Palynological evidence on early differentiation of
angiosperms. Biological Reviews of the Cambridge Philosophical
Society 45: 417-450.

Muller J 1981. Fossil pollen records of extant angiosperms. Botanical
Review 47: 1-142.

Nixon KC, Crepet WL, Stevenson D & Friis EM 1994. A reevaluation
of seed plant phylogeny. Annals of the Missouri Botanical Garden
81: 484-533.

Osborn JM 2000. Pollen morphology and ultrastructure of
gymnospermous anthophytes. /n: Harley MM, Morton CM &



DOYLE—SIGNIFICANCE OF MOLECULAR PHYLOGENETIC ANALYSES 187

Blackmore S (Editors)—Pollen and Spores: Morphology and
Biology: 163-185. Royal Botanic Gardens, Kew.

Osborn JM. Taylor TN & Schneider EL 1991. Pollen morphology
and ultrastructure of the Cabombaceac: correlations with
pollination biology. American Journal of Botany 78: 1367-1378.

Pacltovda B 1971. Palynological study of Angiospermae from the
Peruc Formation (?Albian-Lower Cenomanian) of Bohemia.
Ustredni Ustav Geologicky. Sbornik Geologickych Véd, rada P.
13: 105-141.

Pacltovd B 1981. The evolution and distribution of Normapolles
pollen during the Cenophytic. Review of Palaeobotany and
Palynology 35: 175-208.

Parkinson CL, Adams KL & Palmer JD 1999. Multigene analyses
identify the three earliest lineages of extant flowering plants.
Current Biology 9: 1485-1488.

Pedersen KR, Crane PR, Drinnan AN & Friis EM 1991. Fruits from
the mid-Cretaceous of North America with pollen grains of the
Clavatipollenites type. Grana 30:577-590.

Pons D 1984. Le Mésozoique de Colombie: Macroflores et
Microflores. Editions du CNRS, Paris, 168 pp.

Qiu YL, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS, Zanis
M, Zimmer EA, Chen Z, Savolainen V & Chase MW 1999. The
earliest angiosperms: evidence from mitochondrial, plastid and
nuclear genomes. Nature 402: 404-407.

Qiu YL, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS, Zanis
M, Zimmer EA. Chen Z, Savolainen V & Chase MW 2000.
Phylogeny of basal angiosperms: analyses of five genes from three
genomes. International Journal of Plant Sciences 157
(Supplement): S3-S27.

Rar HS, O’Brien H. Oimstead RG & Graham SW 2001. Phylogeny
of the cycads and their placement in the seed plants, as inferred
from a large chloroplast data set. Botany 2001 (Albuquerque,
New Mexico) Abstracts, 135.

Raubeson LA & Jansen RK 1992. A rare chloroplast-DNA structural
mutation is shared by all conifers. Biochemica! Systematics and
Ecology 20:17-24.

Rothwell GR & Serbet R 1994. Lignophyte phylogeny and the
evolution of spermatophytes: a numerical cladistic analysis.
Systematic Botany 19: 443-482.

- Rydin C, Killersjo M & Friis EM 2002. Seed plant relationships and
the systematic position of Gnetales based on nuclear and
chloropiast DNA: conflicting data, rooting problems and the
monophyly of conifers. International Journal of Plant Sciences
163: 197-214.

Samigullin TK, Martin WF, Troitsky AV & Antonov AS 1999.
Molecular data from the chloroplast rpoC1 gene suggest a deep
and distinct dichotomy of contemporary spermatophytes into
two monophyla: gymnosperms(including Gnetales) and
angiosperms. Journal of Molecular Evolution 49: 310-315.

Sampson FB 1993. Pollen morphology of the Amborellaceae and
Hortoniaceae (Hortonioideae: Monimiaceae). Grana 32: 154-162.

Sanderson MJ 1997. A nonparametric approach to estimating
divergence times in the absence of rate constancy. Molecular
Biology and Evolution 14:1218-1231.

Sanderson MJ, Wojciechowski MF, Hu JM, Sher Khan T & Brady
SG 2000. Error, bias and long-branch attraction in data for two
chloroplast photosystem genes in seed plants. Molecular Biology
and Evolution 17: 782-797.

Sanderson MJ & Doyle JA 2001. Sources of error and confidence
intervals in estimating the age of angiosperms from rbcL. and 18S
rDNA data. American Journal of Botany 88: 1499-1516.

Schneider EL & Carlquist S 1996. Vessels in Brasenia (Cabombaceae):
new perspectives on vessel origin in primary xylem of
angiosperms. American Journal of Botany 83: 1236-1240.

Schneider EL, Carlquist S, Beamer K & Kohn A 1995. Vessels in
Nymphaeaceae: Nuphar, Nymphaea and Ondinea. International
Journal of Plant Sciences 156: 857-862.

Schonenberger J, Pedersen KR & Friis EM 2001. Normapolles
flowers of fagalean affinity from the Late Cretaceous of Portugal.
Plant Systematics and Evolution 226: 205-230.

Sims HJ, Herendeen PS, Lupia R, Christopher RA & Crane PR 1999.
Fossil flowers with Normapolles pollen from the Upper
Cretaceous of southeastern North America. Review of
Palaeobotany and Palynology 106: 131-151.

Soltis DE, Soltis PS, Mort ME, Chase MW, Savolainen V, Hoot SB
& Morton CM 1998. Inferring complex phylogenies using
parsimony: an empirical approach using three large DNA data
sets for angiosperms. Systematic Biology 47: 32-42.

Soltis DE, Soltis PS, Chase MW, Mort ME, Albach DC, Zanis M,
Savolainen V, Hahn WH, Hoot SB, Fay MF, Axtell M, Swensen
SM, Nixon KC & Farns JS 2000. Angiosperm phylogeny inferred
from 18S rDNA, rbcL and aipB sequences. Botanical Journal of
the Linnean Society 133: 381-461.

Soltis PS, Soltis DE & Chase MW 1999. Angiosperm phylogeny
inferred from multiple genes as a tool for comparative biology.
Nature 402: 402-404.

Stefanovic S, Jager M, Deutsch J, Broutin J & Masselot M 1998.
Phylogenetic relationships of conifers inferred from partial 28S
rRNA gene sequences. American Journal of Botany 85: 688-697.

Sun G, Dilcher DL. Zheng S & Zhou Z 1998. In search of the first
flower: a Jurassic angiosperm, Archaefructus, from northeast
China. Science 282: 1692-1695.

Swisher CC, Wang YQ, Wang XL, Xu X & Wang Y 1999. Cretaceous
age for the feathered dinosaurs of Liaoning, China. Nature 400:
58-61.

Trevisan L 1988. Angiospermous pollen (monosulcate-
trichotomosulcate phase) from the very early Lower Cretaceous
of Southern Tuscany (ltaly): some aspects. 7th International
Palynological Congress (Brisbane) Abstracts: 165.

Upchurch GR 1984. Cuticle evolution in Early Cretaceous
angiosperms from the Potomac Group of Virginia and Maryland.
Annals of the Missouri Botanical Garden 71: 522-550.

Upchurch GR & Crane PR 1985. Probable gnetalean megafossils
from the Lower Cretaceous Potomac Group of Virginia. American
Journal of Botany 72: 903.

Upchurch GR, Crane PR & Drinnan AN 1994. The megatlora from
the Quantico locality (upper Albian), Lower Cretaceous Potomac
Group of Virginia. Virginia Museum of Natural History Memoir
4: 1-57.

Van Campo M & Lugardon B 1973. Structure grenue infratectale de
I'ectexine des pollens de quelques Gymnospermes et
Angiospermes. Pollen et Spores 15: 171-187.

van Heel WA 1981. A S.E.M.investigation on the development of
free carpels. Blumea 27: 499-522.

Wagner PJ 2000. Exhaustion of morphologic character states among
fossil taxa. Evolution 54: 365-386.



188 THE PALAEOBOTANIST

Walker JW 1976. Evolutionary significance of the exine in the pollen
of pnmitive angiosperms. /n: Ferguson IK & Muller J (Editors)—
The Evolutionary significance of the Exine: 1112-1137. Academic
Press, London.

Walker JW, Brenner GJ & Walker AG 1983. Winteraceous pollen in
the Lower Cretaceous of Israel: early evidence of a magnolialean
angiosperm family. Science 220: 1273-1275.

Walker JW & Walker AG 1984. Ultrastructure of Lower Cretaceous
angiosperm pollen and the origin and early evolution of flowering
plants. Annals of the Missouri Botanical Garden 71: 464-521.

Ward JV, Doyle JA & Hotton CL 1989. Probable granular magnoliid
angtosperm pollen from the Early Cretaceous. Pollen et Spores
33: 101-120.

Winter KU, Becker A, Miinster T, Kim JT, Saedler H & Theissen G
1999. MADS-box genes reveal that gnetophytes are more closely
related to conifers than to flowering plants. Proceedings of the
National Academy of Sciences, USA 96: 7342-7347.

Wolfe JA, Doyle JA & Page VM 1975. The bases of angiosperm
phylogeny: paleobotany. Annals of the Missouri Botanical Garden
62: 801-824.

Wolfe KH, Gouy M, Yang YW, Sharp PM & Li WH 1989. Date of
the monocot-dicot divergence estimated from chloroplast DNA
sequence data. Proceedings of the National Academy of Sciences,
USA 86: 6201-6205.

Young DA 1981. Are the angiosperms primitively vesselless?
Systematic Botany 6: 313-330.





