R106 Dispatch

Seed plant phylogeny: Demise of the anthophyte hypothesis?
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Recent molecular phylogenetic studies indicate,
surprisingly, that Gnetales are related to conifers, or
even derived from them, and that no other extant seed
plants are closely related to angiosperms. Are these
results believable? Is this a clash between molecules
and morphology?
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These are exciting times for those interested in plant
evolution. The ever-increasing supply of molecular, and
particularly sequence, data is providing a new window on
plant relationships, with some surprising results. One of
the thorny issues in plant phylogeny that has been
addressed recently concerns the enigmatic Gnetales, one
of the five extant lineages of seed plants. In the early
1900s, Gnetales were considered the closest living rela-
tives of the flowering plants, or angiosperms. Subse-
quently, Gnetales were dissociated from angiosperms and
often linked with conifers, and then, for the last decade,
they were again linked with angiosperms, in a group
called the anthophytes. But the molecular data obtained
recently by a number of groups indicate that Gnetales are
associated with conifers after all, and not closely related
to angiosperms.

The five extant groups of seed plants are angiosperms,
which with 250,000 or so species dominate most terrestrial
habitats; conifers, with 550 species; cycads, with 150
species; ginkgos, with just one species; and Gnetales, with
70 species belonging to three very distinct groups,
Ephedra, Welwitschia and Gnetum. The problem is how
these lines are related to one another, and which of them
is most closely related to the angiosperms. Its solution is
complicated by the fact that the extant lineages radiated
rapidly very long ago: seed plants appeared in the Late
Devonian, about 370 million years ago, and at least three
of the five lines probably split within the Late Carbon-
iferous, 290-320 million years ago. Despite such common
features as the seed, the five living groups are separated
by great morphological gaps. Some features are shared by
two or more groups, but patterns are complicated by con-
flicting similarities, some of which must be the result of
convergent evolution.

The first suggestions that Gnetales are related to
angiosperms were based on several obvious morphological
similarities — vessels in the wood, net-veined leaves in
Gnetum, and reproductive organs made up of simple,
unisexual, flower-like structures, which some considered
evolutionary precursors of the flowers of wind-pollinated
Amentiferae, but others viewed as being reduced from
more complex flowers in the common ancestor of
angiosperms, Gnetales and Mesozoic Bennettitales [1].
These ideas went into eclipse with evidence that simple
flowers really are a derived, rather than primitive, feature
of the Amentiferae, and that vessels arose independently
in angiosperms and Gnetales. Vessels in angiosperms
seem derived from tracheids with scalariform pits, whereas
in Gnetales they resemble tracheids with circular bor-
dered pits, as in conifers. Gnetales are also like conifers in
lacking scalariform pitting in the primary xylem, and in
the scale-like and strap-shaped leaves of Ephedra and
Welwitschia. Some authors also drew homologies between
the ‘flowers’ of Gnetales and the fertile short shoots of
Paleozoic conifers, which were transformed into woody
cone scales in later conifers.

Beginning in the mid-1980s [1,2], numerical phylogenetic
analyses of morphological characters offered hope of a solu-
tion to this conundrum. All these studies, though based on
different interpretations of many key characters, indicated
that Gnetales are the closest living relatives of angiosperms.
Some even nested angiosperms within Gnetales, closer to
Welwitschia and Gnetum than to Ephedra [3]. Gnetales,
angiosperms and Bennettitales were grouped in a clade
named the ‘anthophytes’ to highlight their flower-like
reproductive structures. In a few years, the anthophyte
hypothesis went from heresy to near-dogma. It also fueled
reinterpretation of character evolution in seed plants,
especially the origin of such distinctive angiosperm fea-
tures as the carpels that house the ovules (future seeds)
and double fertilization, which gives rise to embryo and
endosperm. If angiosperms are nested within Gnetales,
then vessels, net-veined leaves and the simple flowers of
Gnetales and angiosperms such as Chloranthaceae can be
homologous. If Bennettitales and other fossils are inter-
polated between angiosperms and Gnetales, then these
similarities are parallelisms; the features that unite the two
groups are more obscure, such as lignin composition, a
tunica layer in the apical meristem, granular pollen struc-
ture and a reduced megaspore wall.

The first molecular phylogenetic studies of seed plants
(reviewed in [4]) strongly supported the monophyly of
Gnetales, refuting the view that they gave rise to



angiosperms. Only a few analyses of ribosomal DNA
linked angiosperms and Gnetales, and this with low statis-
tical support. Analyses of the chloroplast gene 74¢L. placed
Gnetales at the base of the seed plants, followed by
angiosperms (an arrangement supported by more recent
studies of photosystem genes, M. Sanderson, personal
communication). Studies of chloroplast internal transcribed
spacer (I'TS) sequences [5] and 18S rDNA [6] placed
angiosperms at the base of seed plants and linked Gnetales
with conifers. These trees more seriously contradict the
anthophyte hypothesis, as there is no way they can be
rerooted so that angiosperms and Gnetales form a clade.

The results of these early molecular studies were thus
rather inconclusive — given the apparent disagreements
among genes, low levels of statistical support and inconsis-
tencies with the fossil record, it still seemed that the
morphological inference that angiosperms and Gnetales
form a clade could be correct [7]. This picture has changed
with a flood of new multigene studies [8-12], which provide
much stronger evidence that Gnetales are related not to
angiosperms, but rather to conifers. Rejection of the antho-
phyte hypothesis is news in itself, as a possible example of
serious conflict between molecules and morphology. Some
studies go further, however, in indicating that Gnetales
originated within conifers, and in addition that the four
living non-angiosperm seed plant groups — the extant
‘gymnosperms’ — form a clade, so that none of them is
more closely related than any other to the angiosperms.

Hansen ez a/. [8] studied a very long sequence of chloroplast
DNA, but in only one gnetalian (Gnetum), one conifer
(Pinus) and three angiosperms; as cycads and Ginkgo were
not included, they were not able to address the status of
extant gymnosperms. As support for angiosperm mono-
phyly is strong, this becomes a three-taxon problem, with
angiosperms, Gnetales and conifers radiating from a central
point (Figure 1). The relationships among these groups
depend entirely on placement of the root of the tree: if it is
rooted on the branch leading to angiosperms, as inferred by
Hansen ez al. [8], Gnetales are linked with conifers; if it is
rooted on the conifer branch, Gnetales are linked with
angiosperms. Hansen ez /. rooted the tree by including the
liverwort Marchantia as an outgroup. Liverworts have,
however, been diverging from seed plants for about 450
million years; too much sequence divergence could cause
Marchantia to attach spuriously to one of the longer seed
plant branches, which happen to be the lines to
angiosperms and Gretum. Such ‘long-branch’ artifacts are
difficult to prove, but the possibility should be investigated,
for instance by including in the analysis sequences from a
closer outgroup, such as a fern, or another gnetalian, prefer-
ably Ephedra, to subdivide the long branch to Guetum.

In an analysis by Winter ez a/. [9] of genes encoding
‘MADS box’ proteins — believed to be transcription
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The effect of alternative rootings on inferred relationships of Gnetales,
angiosperms and conifers.

factors with roles in regulating development — the only
gnetalian group sampled was again Gnrerum, and no cycad
or Ginkgo sequences were included. Thirteen MADS box
genes from Guerum were analyzed, along with genes from
angiosperms, conifers and ferns. In the four cases where
Gnetum genes were linked with conifer and angiosperm
genes, they were closer to the conifer genes. Two cases
might be dismissed because of weak ‘bootstrap’ values —
a measure of statistical support for a particular phylo-
genetic inference — but bootstrap values were very high
in the other cases.

In three even more recent studies [10-12], the potential
for long-branch artifacts was reduced by including cycads
and Ginkgo, more conifers and angiosperms, and two or all
three genera of Gnetales. These analyses add new mito-
chondrial sequences — cox1, azpl, atpA, marR and small
subunit rDNA — to data on 74cL., nuclear 18S rDNA and
in one case [12] the chloroplast gene azpB. Those analy-
ses that included outgroups [10,11] indicate that extant
gymnosperms form a clade, while they all place the Gne-
tales within the conifers, directly linked with Pinaceae
(Figure 2) — the ‘gnepines’ hypothesis [11]. Although
seed plants can be rerooted so that extant gymnosperms
are paraphyletic, there is no way to reroot them so that
Gnetales and angiosperms form a clade.

These studies provide the best evidence yet against the
anthophyte hypothesis and in favor of a connection between
Gnetales and conifers. The strongest results are those based
on mitochondrial genes, where the conifer—Gnetales clade is
supported by high bootstrap values. Analyses of 74¢l. and
nuclear rDNA show weaker support for this clade — for
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Seed plant phylogeny obtained in a maximum likelihood analysis of
rbeL, nuclear18S rDNA and mitochondrial small subunit rDNA
sequences. The numbers associated with branches are bootstrap
values from a parsimony analysis. (Modified from [11].)

example, it is obtained only after exclusion of third codon
positions in 75cL, as is also the case in studies of photosys-
tem genes (M. Sanderson, personal communication). And a
few analyses of individual genes yield trees compatible with
the anthophytes (if seed plants are rerooted). Nevertheless,
we are impressed by the fact that virtually no signal for the
anthophytes seems to exist in these data sets, as it certainly
should if such a clade exists. The most worrisome point is
that Gnetales are an unusually long branch (Figure 2), espe-
cially in the mitochondrial trees.

With regard to the conclusion that extant gymnosperms are
monophyletic, which also seems most strongly supported
by mitochondrial data, more work is needed — for
example, using Kishino-Hasegawa tests — to determine
just how strongly the data reject rootings in which extant
gymnosperms are paraphyletic. A position of the root
between the cycad and Ginkgo nodes might be very diffi-
cult to detect, because this branch is so short compared to
the long branches to angiosperms and Gnetales.

The novel conclusion that Gnetales are nested within
conifers is troublesome for other reasons. The nuclear

rDNA data show fairly strong support for the monophyly of
the conifers, with Gnetales their sister group. Furthermore,
all conifers — but not Gnetales — have lost one copy of
the inverted repeat in the chloroplast genome [13]. It is
worth considering whether this incongruence among
genomes might mean that the gene trees are genuinely
different, most likely due to lineage sorting. For example,
if the nuclear rIDNA tree — with conifers forming a mono-
phyletic group — reflects the true species tree, the mito-
chondrial gene trees might reflect the retention of one
ancestral mitochondrial type in Gnetales and Pinaceae,
and a second type in other conifers. This may seem far-
fetched, but it could be addressed by measures of data set
heterogeneity and analyses of additional nuclear genes.

What can we conclude from these analyses? The most
important and believable result is that the anthophyte
hypothesis is incorrect — as first emphasized in [5] — and
that Gnetales are more closely related to conifers than to
angiosperms. Gnetales are also linked with conifers in
analyses of 7poCl sequences [14] and in some
unpublished analyses by Graham and Olmstead, Frohlich,
and Sanderson and colleagues (personal communications).
We are less convinced that extant gymnosperms form a
clade, or that Gnetales are derived from within conifers.

Is this a severe clash between morphology and molecules?
To some extent, the conflict may have been exaggerated.
Much has been made of the agreements among morpholog-
ical trees; less attention has been paid to levels of support
for the anthophytes. In the most recent analysis [15], boot-
strap values in this part of the tree were low. Nevertheless,
forcing angiosperms to the base of extant seed plants and
linking Gnetales and conifers added ten evolutionary
steps [7], suggesting that the conflict is not easily
dismissed. The morphological data conflict still more with
trees that place Gnetales within conifers. This arrange-
ment would entail the evolution and then loss in Gnetales
of several conifer features, such as resin canals and tiered
proembryos. Ironically, it would also eliminate a prime
morphological argument for a relationship between the
two groups — the similarity between the fertile short
shoots of Paleozoic conifers and the ‘flowers’ of Gnetales,
as in modern conifers the short shoots are represented by
woody cone scales that look nothing like flowers.

Contrary to what has been implied in some articles, few
morphological phylogenetic analyses have used flowers
and double fertilization as characters, and most of them
indicate that vessels and dicot-like leaves arose indepen-
dently in angiosperms and Gnetales. Focus on these fea-
tures distracts attention from the more cryptic characters
that /4ave united the two groups. It is these that need
scrutiny, especially with an eye toward understanding how
they might have led us astray. For example, some of these
characters — such as megaspore wall or air sacs on the



pollen — involve reduction, which may produce similar
results, even when it occurs in independent lines.

Some of the morphological features claimed to link
angiosperms and Gnetales do differ in detail: the tunica
consists of two cell layers in angiosperms, one in Gnetales;
the megaspore wall is thin in Gnetales, but absent in
angiosperms. It seemed reasonable to code these states as
potentially homologous, but they might not meet stricter
a priori standards of comparability. This sort of reassess-
ment is not just cathartic— we need to understand
morphological characters much better than we apparently
do if we are to understand the evolution of seed plants. If
no living seed plants are closely related to angiosperms,
the only way to reconstruct the origin of angiosperms is by
fitting fossils into the picture, and this can only be done by
analysis of morphological characters.

Although the studies reviewed here provide extremely
important new data on seed plant phylogeny, additional
tests are needed before a new dogma sets in. Most
generally, we need detailed and creative analyses of
factors underlying conflicts in the molecular data, along
the lines of work by Graham and Olmstead and by Sander-
son and colleagues (personal communications). Studies of
more nuclear genes are needed to explore conflicts regard-
ing the monophyly of conifers. More attention must also
be paid to morphological characters, both to make sense of
their evolution and to enhance the credibility of future
phylogenetic analyses using fossils.
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