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Seed ferns and the origin of angiosperms

James A. Doyle1,2

Section of Evolution and Ecology, University of California, Davis, California 95616, USA

DOYLE, J.A. (Section of Evolution and Ecology, University of California, Davis, California 95616, USA).
Seed ferns and the origin of angiosperms. J. Torrey Bot. Soc. 133: 169–209. 2006.—If molecular analyses are
correct in indicating that Gnetales are related to conifers and no other living gymnosperm group is directly
related to angiosperms, studies on the origin of angiosperms must focus on fossil taxa, including ‘‘seed ferns.’’
Some authors have homologized the angiosperm carpel with the cupule of seed ferns, but because angiosperm
ovules have two integuments rather than one, cupules are more likely to be homologous with the outer integ-
ument. Cupules of the earliest seed ferns may be derived from fertile appendages of ‘‘progymnosperms,’’ but
those of later taxa appear to be modified leaves or leaflets, with ovules borne on the abaxial surface in some
(peltasperms, corystosperms), the adaxial surface in others (glossopterids, Caytonia). Positional relationships and
developmental genetic data suggest that the bitegmic ovule is comparable to a cupule with adaxial ovules.
Analysis of a critically revised morphological data set for seed plants indicates that trees in which Gnetales are
nested in conifers, as in molecular analyses, are almost as parsimonious as those in which Gnetales are linked
with angiosperms, suggesting that the molecular arrangement should be accepted. When living taxa are con-
strained into the molecular topology, angiosperms are linked with glossopterids, Pentoxylon, Bennettitales, and
Caytonia, supporting the homology of the cupule and the bitegmic ovule. Origin of the carpel poses more
problems; it could correspond to the leaf portion of the glossopterid leaf-cupule complex, but its homologies in
Caytonia are more obscure. New data on currently unknown characters of glossopterids, ‘‘Mesozoic seed ferns,’’
and Bennettitales are needed to test these hypotheses.

Key words: Seed plants, phylogeny, angiosperms, glossopterids, Caytonia

Many earlier discussions of the origin of an-

giosperms concluded that angiosperms were

‘‘derived from’’ seed ferns (e.g., Long 1966,

Cronquist 1968, 1988, Takhtajan 1969). From a

cladistic viewpoint, such statements are not very

informative, since all phylogenetic analyses of

living and fossil seed plants have indicated that

‘‘seed ferns’’ are a paraphyletic grade made up

of lines that are basal to more derived groups

(Crane 1985, Doyle and Donoghue 1986, Doyle

et al. 1994, Nixon et al. 1994, Rothwell and Ser-

bet 1994, Doyle 1996). By definition, the ances-

tor of a clade is not a paraphyletic group but a

1 I wish to thank Gar Rothwell and Mike Dunn for
inviting me to present a talk at the seed fern sympo-
sium on which this paper is based. I am grateful to
Susanne Renner for relaying critical comments of stu-
dents in her advanced systematics course on the matrix
of Doyle (1996) and help with identification of Gnetum

species described in the wood literature; Rose Aden-
dorff, Steve McLoughlin, and Kathleen Pigg for dis-
cussions and unpublished information on glossopter-
ids; Else Marie Friis for discussion of Vardekloeftia;
Sandy Floyd, Rita Gross-Hardt, and Chuck Gasser for
discussion of developmental genetics; Owi Nandi for
calling my attention to phloem characters; Kathleen
Pigg and Mike Frohlich for useful comments on the
manuscript; and Brian Murray and the School of Bi-
ological Sciences, University of Auckland for hospi-
tality during final stages of preparation of the manu-
script.

2 E-mail: jadoyle@ucdavis.edu
Received for publication June 18, 2005, and in re-

vised form October 17, 2005.

single species, which might be impossible to

recognize as ancestral in the fossil record. How-

ever, taxa traditionally called seed ferns could

still be the closest relatives of angiosperms, and

these could say almost as much as a direct an-

cestor, by revealing the order of evolution of the

various new features of the extant clade (the

crown group) and more plesiomorphic homologs

of its characteristic structures. This is especially

true if we can recognize a series of successive

outgroups, which may allow us to distinguish

character states that existed on the stem lineage

leading to the crown group from autapomorphies

that arose in extinct side lines.

Whether or not seed ferns include the closest

relatives of angiosperms, they may be important

for understanding the origin of angiosperms and

their distinctive features. Many authors have ar-

gued that the ovulate structures of other groups

were too derived to be prototypes for the carpel,

usually interpreted as a folded leaf bearing

ovules on its adaxial side. For example, Ben-

nettitales have been associated with angiosperms

because they had flower-like structures (Arber

and Parkin 1907) but rejected as ancestors be-

cause their ovules were borne directly on an

ovuliferous receptacle, intermixed with inter-

seminal scales, rather than on a leaflike struc-

ture. Similarly, other groups have been excluded

as angiosperm ancestors because they are too

advanced in their wood anatomy or other fea-
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tures (Bailey 1944, 1949, Cronquist 1968, 1988,

Takhtajan 1969). Taxa with more derived spo-

rophylls could still be the closest relatives of an-

giosperms, and they might have much to say

about the origin of other features. However, it

would be necessary to look lower in the phylo-

genetic tree for plants with leaflike sporophylls

that might be transformed into a carpel, and

these might be called seed ferns. This point was

recognized by Arber and Parkin (1907), who ar-

gued that angiosperms were related to Bennet-

titales and Gnetales but all three groups came

from a common ancestor with pinnate megaspo-

rophylls, which they hypothesized was derived

from some group of seed ferns (cf. also Takh-

tajan 1969). The question becomes which group

or groups of plants traditionally called seed ferns

are related to angiosperms and how.

Understanding the homologies of the carpel

also requires consideration of the angiosperm

ovule, which usually differs from the ovules of

other seed plants in having two integuments (bi-

tegmic) and being bent back on itself (anatro-

pous). The inner integument is presumably ho-

mologous with the single integument of other

seed plants, but what is the outer integument?

This problem is illustrated by the ‘‘Mesozoic

seed fern’’ Caytonia, first described from the

Yorkshire Jurassic by Thomas (1925). The ovu-

late structures of Caytonia consisted of an axis

bearing two rows of fleshy cupules, each of

which contained several ovules. Thomas (1925)

compared these cupules with angiosperm car-

pels. However, this idea soon fell out of favor.

First, Harris (1940) found that pollen got inside

the cupule, to the micropyles of the ovules—the

plant was functionally gymnospermous. This

would not rule out the hypothesis that Caytonia

was related to angiosperms but more primitive.

However, other aspects of the morphology of

Caytonia are inconsistent with a cupule-carpel

homology. First, angiosperm carpels are thought

to be modified leaves borne on a stem, whereas

Caytonia cupules were borne in two rows on a

dorsiventral axis, like leaflets on the rachis of a

compound leaf. Second, as emphasized by Bai-

ley and Swamy (1951), the cupules of Caytonia

were enrolled circinately, from tip to base,

whereas supposedly primitive carpels are folded

lengthwise (conduplicate, or plicate). Finally, the

ovules of Caytonia had only one integument, not

two.

Similar problems affect Long’s (1966) deri-

vation of the carpel from the lobate, dichoto-

mously organized cupule of Carboniferous seed

ferns. On recognizing the problem of the bi-

tegmic ovule, Long was forced to postulate that

the second integument arose de novo as an out-

growth of the first. Meeuse and Bouman (1974)

tried to circumvent the problem by homologiz-

ing the inner integument with the wall of the

lagenostome (distal part of the nucellus) in early

seed ferns. However, as recognized by Meeuse

and Bouman, the inner integument of angio-

sperms develops from a ring of meristematic tis-

sue (cf. Robinson-Beers et al. 1992, Umeda et

al. 1994), whereas the lagenostome wall repre-

sents the epidermis of the nucellar apex, which

separated from the central tissue of the apex to

form a pollen chamber (Sporne 1965, Stewart

and Rothwell 1993).

Such arguments led some to conclude that

Caytonia was not related to angiosperms (e.g.,

Bailey 1949, Harris 1951, Cronquist 1968).

However, there is another way to formulate ho-

mologies that might salvage the Caytonia-angio-

sperm relationship and solve the problem of the

angiosperm ovule at the same time, first pro-

posed by Gaussen (1946) and later supported by

Stebbins (1974) and Doyle (1978; Fig. 1). Under

this hypothesis the cupules of Caytonia corre-

spond not to carpels, but rather to bitegmic

ovules. The only change needed in the cupule

would be reduction of the ovule number to one.

The cupule wall would thus become the outer

integument, and because of the circinate char-

acter of the cupule the bitegmic ovule would al-

ready be anatropous. However, this leaves a

problem in explaining the carpel. In terms of

positional relationships, the carpel should cor-

respond to the Caytonia rachis, but this was nar-

row and not very leaflike. In Doyle (1978) I ar-

gued that the rachis was probably larger relative

to the cupules early in ontogeny, so that it could

be transformed into a carpel by modification of

development at an early stage.

Stebbins (1974) preferred to compare angio-

sperms with another group, the Permian glos-

sopterids of Gondwana, and this idea was adopt-

ed by Retallack and Dilcher (1981; Fig. 2).

Glossopterids also had ovule-bearing structures

that have been called cupules, but these were

more leaflike—they were described as megaspo-

rophylls by Gould and Delevoryas (1977) and

Taylor and Taylor (1992)—and did not enclose

the ovules so completely. Either one or several

of these cupules were borne on the adaxial side

of a normal leaf. The resulting structure has

been variously called a fertiliger (Schopf 1976),

a bract-sporophyll complex (Doyle 1996), or a
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FIG. 1. Proposed homologies between ovulate structures of Caytonia (left) and angiosperms (right), from
Doyle (1978), following Gaussen (1946) and Stebbins (1974).

FIG. 2. Drawings of ovulate structures of glossopterids (above) and proposed steps in transformation of the
leaf-cupule complex into an angiosperm carpel (below), from Retallack and Dilcher (1981).

bract-cupule complex (Doyle 1998a); in this ar-

ticle I will call it a leaf-cupule complex, because

the subtending leaf was essentially unmodified.

The cupule has been interpreted in many ways

(Retallack and Dilcher 1981, Pigg and Trivett

1994): as a sporophyll fused to a leaf, a sporo-

phyll on an axillary shoot fused to a leaf, or an

adaxial fertile segment of a leaf (analogous to

the fertile segment of Ophioglossales: Kato

1990). Whatever the cupule was, reduction to

one ovule per cupule would yield an organ like

a bitegmic ovule. Furthermore, the subtending

leaf could be folded around the cupule to form

the carpel wall—an advantage over the Caytonia

hypothesis. Actually, the two hypotheses may

not be mutually exclusive, since it is possible

that Caytonia and glossopterids are related. This

would be consistent with their simple reticulate

leaf venation, with a midrib and one order of

laminar venation. The main difference is that the

Glossopteris leaf was simple but the Caytonia

leaf was palmately compound, with four leaflets

each resembling a Glossopteris leaf.

There are good reasons to believe that the

many structures called cupules were not all ho-

mologous. Cupules of the first Late Devonian-

Carboniferous seed ferns (Archaeosperma, Elk-

insia, other hydraspermans, Lyginopteris) were
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dichotomously organized and borne apically on

special fronds or segments of fronds (Kidston

1924, Long 1961, 1979, Galtier 1988, Retallack

and Dilcher 1988, Serbet and Rothwell 1992).

Kenrick and Crane (1997) argued that these cu-

pules were homologous with the dichotomous

fertile appendages of ‘‘progymnosperms,’’ while

the ovules themselves were derived from groups

of sporangia (or sporangium-bearing telomes),

with the integument derived from the outer spo-

rangia (telomes) by sterilization and fusion. In

contrast, the cupules of Caytonia and glossop-

terids were dorsiventral and therefore more like

modified leaves or leaflets (cf. Reymanówna

1974). This view is consistent with the strati-

graphic distribution of the two types of cupules:

dichotomously organized cupules appeared near

the origin of typical compound fronds, whereas

cupules of the dorsiventral type appeared much

later.

The first cladistic analysis to address these

questions was by Crane (1985). The best-known

result of this study is the inference that angio-

sperms were related to Bennettitales, the Creta-

ceous genus Pentoxylon, and Gnetales, forming

the ‘‘anthophyte’’ clade. However, the closest

outgroups of anthophytes were Mesozoic seed

ferns: corystosperms, Caytonia, and glossopter-

ids. As Crane argued, these results were consis-

tent with the cupule-ovule homology. He pro-

posed a scheme starting with a megasporophyll

bearing multiovulate cupules, as in Caytonia.

Then the number of ovules per cupule was re-

duced to one, as in corystosperms. The carpel

was derived from the whole sporophyll by ex-

pansion and folding of the rachis. Crane postu-

lated that Pentoxylon and Bennettitales under-

went further reduction to one cupule per sporo-

phyll and a shift of the cupule to an orthotropous

orientation. This relied in part on the view of

Harris (1954) that some Bennettitales had a cu-

pule, an interpretation recently rejected by Roth-

well and Stockey (2002) and Stockey and Roth-

well (2003) based on observations on Cycadeo-

idea and Williamsonia. Doyle and Donoghue

(1986) obtained results similar to those of Crane,

but with angiosperms at the base of the antho-

phytes and Caytonia as their sister group. They

interpreted the flowers of Gnetales as still more

reduced, with reduction to one ovule per flower,

loss of the cupule, and formation of a new outer

integument from two perianth parts (cf. Doyle

1994).

These results also supported the view that not

all cupules were homologous. The basal Paleo-

zoic seed ferns with dichotomous cupules were

separated from Mesozoic groups by lines that

lacked cupules and bore seeds directly on more

or less leaflike sporophylls, such as medullosans,

Callistophyton, and cycads. This implies that the

original cupule was lost (or perhaps less plau-

sibly that the original integument fused with the

nucellus and the cupule was transformed into a

new integument: Walton 1953, Meyen 1984),

and that the cupules of more advanced seed

ferns were modified ovule-bearing leaves or leaf-

lets.

Other morphological analyses kept the antho-

phytes together but separated them from Meso-

zoic seed ferns (Nixon et al. 1994, Rothwell and

Serbet 1994). Gnetales were monophyletic in

Rothwell and Serbet (1994), but paraphyletic in

Nixon et al. (1994), with angiosperms nested

within them. In both analyses anthophytes were

linked with conifers, while Caytonia and glos-

sopterids formed a clade situated lower in the

tree.

These results have been called into question

by molecular phylogenetic analyses of living

seed plants. Obviously such studies say nothing

directly about relationships of angiosperms to

fossil taxa, but they do address the view that

angiosperms are related to Gnetales. Only a few

molecular analyses have linked angiosperms and

Gnetales, and this with low statistical support

(Hamby and Zimmer 1992, Stefanovic et al.

1998, Rydin et al. 2002). Some analyses have

placed Gnetales at the base of seed plants (Ham-

by and Zimmer 1992, Albert et al. 1994, San-

derson et al. 2000, Rydin et al. 2002), but tests

using likelihood and other methods suggest that

this arrangement is a result of long-branch at-

traction, particularly affecting third codon posi-

tions (Sanderson et al. 2000, Magallón and San-

derson 2002, Rydin et al. 2002, Soltis et al.

2002, Burleigh and Mathews 2004). Most anal-

yses, especially those based on combining sev-

eral genes, have associated Gnetales with coni-

fers, either as their sister group or nested within

them, as the sister group of Pinaceae (Goremy-

kin et al. 1996, Chaw et al. 1997, 2000, Hansen

et al. 1999, Qiu et al. 1999, Samigullin et al.

1999, Shindo et al. 1999, Winter et al. 1999,

Bowe et al. 2000, Frohlich and Parker 2000,

Sanderson et al. 2000, Rydin et al. 2002, Soltis

et al. 2002, Burleigh and Mathews 2004, Nick-

erson and Drouin 2004, Kim et al. 2004). Trees

of this sort offer a more plausible alternative to

the anthophyte hypothesis, because many earlier

authors pointed out similarities between Gneta-
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les and conifers, such as linear leaves, elimina-

tion of scalariform pitting even in the primary

xylem, and compound strobili constructed on a

cordaite-like plan (Bailey 1944, 1949, Eames

1952, Bierhorst 1971, Doyle 1978, Carlquist

1996a).

Most such ‘‘gnetifer’’ and ‘‘gnepine’’ trees in-

dicate that no other living gymnosperm group is

any more closely related to the angiosperms: an-

giosperms and living gymnosperms are sister

groups. This does not mean that angiosperms

and gymnosperms were derived independently

from non-seed plants, or that the molecular re-

sults conflict with the fossil record and should

therefore be rejected (Axsmith et al. 1998). Any

number of Paleozoic seed fern lines might

branch off below the common ancestor of living

angiosperms and gymnosperms, and other Pa-

leozoic and Mesozoic taxa might be attached to

the stem lineage leading to angiosperms. Con-

sistent with this view, an analysis of the mor-

phological data set of Doyle (1996) with living

taxa constrained into the molecular arrangement

indicated that both angiosperms and living gym-

nosperms are nested among Paleozoic seed ferns

(Doyle 2001). However, the molecular results do

mean that the search for relatives of angio-

sperms and steps in their origin must concentrate

on fossil seed plants.

To address this question requires use of a

morphological data set to determine how fossils

fit into the tree of living taxa. This is a daunting

task now that previous morphological analyses

appear to have been so wrong about the rela-

tionship of angiosperms and Gnetales. However,

the fact that morphology was wrong about Gne-

tales does not mean it is misleading every-

where—molecular phylogenetic analyses have

confirmed many groups that were first recog-

nized based on morphology—and in any case it

is the only tool we have for the job. A general

reassessment of previously used morphological

characters is desirable, but a critical reevaluation

of those characters that supported the anthophyte

hypothesis is especially necessary, as empha-

sized by Donoghue and Doyle (2000). This ar-

ticle presents such an analysis, which incorpo-

rates a critique of supposed anthophyte syna-

pomorphies, previously overlooked similarities

between Gnetales and conifers, and new devel-

opments on the morphology of fossil seed plants

and attempts to synthesize morphological data

from living and fossil taxa with results of mo-

lecular analyses.

Materials and Methods. The starting point

for this study was the data set of Doyle (1996),

but many characters have been redefined, added,

or eliminated after critical evaluation. All chang-

es in characters and scoring of taxa are listed in

Appendix 1. Some that are most relevant to an-

giosperm relationships or pose problems that re-

quire special argumentation are discussed here.

NEW DATA ON OVULE/CUPULE HOMOLOGIES.

One kind of new data concerns homologies of

the ‘‘cupules’’ of various taxa. As already noted,

morphological evidence and previous phyloge-

netic analyses suggest that cupules of Permian

and Mesozoic taxa were derived from leaves or

leaflets with ovules on one surface. An impor-

tant question is which surface, and how this

compares with the condition in angiosperms.

The same distinction can be extended to taxa

with ovules borne on the surface of less modi-

fied leaves, thus avoiding semantic questions of

whether a structure is a cupule, a sporophyll, or

a leaflet of a sporophyll. This character was used

by Doyle (1996), but it can now be scored in

more taxa.

In some taxa the ovules were borne on the

abaxial side of the cupule. This was previously

known for Permian and Triassic peltasperms

(Peltaspermum, Autunia, etc.), which had

spoon-shaped or peltate cupules. Some pelta-

sperm cupules are known attached to an axis in

a spiral (helix) and can therefore be interpreted

as simple sporophylls (Thomas 1933, Meyen

1987, Kerp 1988, Nixon et al. 1994, Doyle

1996), not leaflets of a pinnate sporophyll, as

believed by Townrow (1960), Doyle and Don-

oghue (1986), and Retallack and Dilcher (1988).

The fact that seeds in the peltate forms were

attached to the underside of the peltate cap con-

firms their abaxial position, because leaves of

living plants become peltate by formation of a

cross-zone between the adaxially directed mar-

gins of the leaf primordium (Hagemann 1970).

An exciting recent discovery (Axsmith et al.

2000, Klavins et al. 2002) was that cupules of

corystosperms from the Triassic of Antarctica

had a similar orientation. Some authors had in-

terpreted the branched structures bearing these

cupules as compound sporophylls (Harris 1951,

p. 38; Doyle and Donoghue 1986), but com-

pression specimens with cupules arranged in ter-

minal pseudowhorls (Axsmith et al. 2000) indi-

cated that they were branches and the cupules

were simple sporophylls, as in peltasperms, as

argued by Thomas (1933) and Nixon et al.
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FIG. 3. Interpretation of positional relationships in
the leaf-cupule complex of glossopterids, with abaxial
surfaces indicated in black.

(1994) and accepted as one of two possibilities

by Doyle (1996). The cupules were curved

downward relative to the axis, implying that the

ovules were abaxial. In a study of petrified ma-

terial, Klavins et al. (2002) confirmed this inter-

pretation based on orientation of the xylem and

phloem in the vascular bundles of the cupule:

the ovules were on the phloem side of the bun-

dles, which was presumably abaxial. Therefore

I have rescored corystosperms as having paddle-

like megasporophylls (1), rather than uncertain

(0/1) in Doyle (1996), and abaxial ovules (1),

rather than (1/2).

Cupules in other groups had adaxial ovules.

It has been assumed that this was the case in

Caytonia, with the cupules derived from adaxi-

ally enrolled leaflets (Harris 1940, 1951, Rey-

manówna 1974). Probably the best argument is

the orientation of the cupules relative to the ra-

chis, which is strongly dorsiventral: flatter on

one side (presumably adaxial) and more convex

on the other (presumably abaxial). The cupules

are attached on either side of the flatter surface

of the rachis and enrolled toward the middle

(i.e., circinately), enclosing the ovules (Fig. 1).

This orientation is more certain in Antarctic Tri-

assic cupules described by Taylor et al. (1994)

as Petriellaea. Petriellaea has not been associ-

ated with other organs, but vascular bundles are

preserved in the cupule wall, and the ovules are

attached to the xylem side and are therefore ad-

axial.

Glossopterids are another group with adaxial

ovules, but they show complications due to the

problematic double nature of the fertile struc-

tures. Early observations on compression fossils

gave conflicting indications on whether the

ovule-bearing surface of the cupule faced toward

or away from the subtending leaf (e.g., Holmes

1974, Pant and Singh 1974, Fig. 2F, G). How-

ever, Schopf (1976) and Retallack and Dilcher

(1981, 1988) concluded that the ovule-bearing

surface faced the leaf, and this interpretation has

been confirmed by analyses of numerous im-

pression fossils of leaf-cupule complexes split

along various planes (McLoughlin 1990, Aden-

dorff 2005).

A major breakthrough in understanding glos-

sopterid structures was the description by Taylor

and Taylor (1992) of a silicified cupule (termed

a megasporophyll) with the vascular bundles

preserved, in which the ovules were borne on

the xylem side and therefore adaxial. This cu-

pule was not preserved in attachment to a leaf.

Taylor and Taylor (1992) and Taylor (1996)

claimed that their data contradicted the view that

the ovules were borne on the side of the cupule

facing the subtending leaf, but this does not nec-

essarily follow. Schopf (1976) had confused the

issue by describing the ovule-bearing surface as

abaxial, apparently defined in terms of the rela-

tion of the whole leaf-cupule complex to the

main stem, but he may have been correct about

the orientation of the structure and incorrect

about the morphological relations of its com-

ponent parts. It is entirely possible that the ad-

axial side of the cupule faced the adaxial side of

the leaf. The interpretation of the leaf-cupule

complex that does the least violence to conven-

tional morphological assumptions, one of three

hypotheses discussed by Retallack and Dilcher

(1981), is that the cupule was a sporophyll borne

on an axillary branch that became adnate to the

subtending leaf (Fig. 3). If the sporophyll was

attached to the side of the axillary branch op-

posite the subtending leaf, like the adaxial pro-

phyll of monocots and some magnoliids, ovules

borne on its adaxial side would face the adaxial

side of the subtending leaf. Taylor and Taylor

(1992) and Taylor (1996) also questioned this

orientation of the cupule because they thought it

would mean that wind-borne pollen could not to

get to the ovules. However, many living conifers
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FIG. 4. Identification of the abaxial and adaxial
surfaces of the carpel and the outer integument in (a)
a plicate carpel and (b) an ascidiate carpel, with ab-
axial surfaces indicated in black.

manage to be pollinated during brief periods of

separation of cone scales that are tightly ap-

pressed at other stages.

If the bitegmic ovule of angiosperms was de-

rived from a cupule, this was presumably the

type with adaxial ovules (Doyle and Donoghue

1986, Doyle 1996, Frohlich 2003), unless there

was a reversal of cupule polarity in the origin of

angiosperms (Frohlich 2003). Because there is

much confusion about this point, it is important

to realize this comparison is based on the pre-

sumed adaxial position of the nucellus and inner

integument (together considered equivalent to

the original seed plant ovule) relative to the out-

er integument, not on the adaxial position of the

bitegmic ovule on the carpel. Klavins et al.

(2002) took the contrast between the abaxial po-

sition of ovules in the corystosperm cupule and

the adaxial position of ovules in the angiosperm

carpel as evidence against a relationship be-

tween the two groups, but if the angiosperm bi-

tegmic ovule corresponds not to a gymnosperm

ovule but rather to a cupule containing an ovule,

this is not the relevant comparison.

This hypothesis implies that the outer surface

of the angiosperm outer integument is abaxial,

the inner surface adaxial. In plicate carpels of

the type shown in Fig. 1 (Doyle 1978), this po-

larity can be seen by tracing from the abaxial

side of the carpel to the outside of the outer in-

tegument (Fig. 4a). The positional relationship

is less obvious in ascidiate carpels, the ancestral

type based on molecular phylogenies (Doyle and

Endress 2000, Endress and Igersheim 2000),

where the ovule is attached to a cross-zone on

the adaxial side of a U-shaped or annular carpel

primordium (Fig. 4b). However, the same iden-

tification of abaxial and adaxial surfaces is con-

firmed by the position of xylem and phloem in

vascular bundles in the outer integument of the

few angiosperms in which this feature has been

described (Svoma 1997, Frohlich 2003).

Additional evidence is available from molec-

ular developmental work on Arabidopsis. Based

on studies of mutants and patterns of gene ex-

pression, genes of the YABBY family have been

identified as specifying the abaxial side of leaves

and other lateral organs (Bowman 2000). One of

these is expressed in ovules: INO, for inner no

outer, so-called because mutants have an inner

integument but no outer integument. This gene

is expressed in the outer integument (Villanueva

et al. 1999, Bowman 2000), specifically in its

outer epidermis (Balasubramanian and Schneitz

2000, 2002, Meister et al. 2002, Skinner et al.

2004), but not in its inner epidermis, nor in the

inner integument. This implies that the outside

of the outer integument is abaxial, as expected

if it was derived from a leaf or leaflet with a

unitegmic ovule on its adaxial surface. Meister

et al. (2002), Yamada et al. (2003), and Skinner

et al. (2004) recognized that these data suggest

the outer integument is a leaflike organ, while

Frohlich (2003) saw them as evidence that the

bitegmic ovule was derived from a cupule with

adaxial rather than abaxial ovules. These and

other genetic data also suggest that the inner in-

tegument is fundamentally different from the

outer integument, and not leaflike (Gross-Hardt

et al. 2002, Yamada et al. 2003, Sieber et al.

2004, Skinner et al. 2004). As noted by Gross-

Hardt et al. (2002), this is consistent with hy-

potheses that the inner integument was derived

much earlier from the outer telomes of a fertile

dichotomous branch or the outer sporangia of a

synangium (Kenrick and Crane 1997).

There are reasons for caution in taking these

data as confirmation of the positional and ana-

tomical evidence on polarity of the bitegmic

ovule. An alternative explanation of the gene ex-

pression data, proposed by Sieber et al. (2004),

is that the two integuments of angiosperms were

derived from a single integument by splitting.

This hypothesis was suggested by the finding

that PHB, a gene involved in specifying the ad-

axial side of leaves, is not expressed in the inner

surface of the outer integument, but it is ex-

pressed on the inner surface of the inner integ-

ument. However, the data of Sieber et al. (2004)

still suggest that the whole bitegmic ovule is a

dorsiventral structure, because PHB is expressed

on the presumed adaxial side of the ovule pri-

mordium well before the appearance of either

integument.

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 29 May 2022
Terms of Use: https://bioone.org/terms-of-use



176 [VOL. 133JOURNAL OF THE TORREY BOTANICAL SOCIETY

Another complication is a report by Yamada

et al. (2004) that YABBY genes in the basal

angiosperm Amborella are expressed not on the

abaxial side of leaves and carpels, but rather on

the adaxial side. The relevance of this finding

for ovule homologies is uncertain, because Ya-

mada et al. (2004) did not find a homolog of

INO, the YABBY gene involved in ovule de-

velopment. Yamada et al. (2003) showed that

INO is expressed in the outer epidermis of the

outer integument in Nymphaeales, the next

branch above Amborella. They also reported

weak INO expression in the inner integument

and the tip of the nucellus, but it is not clear that

the signal was above background level (C. S.

Gasser, pers. comm.). Yamada et al. (2004) sur-

mised that YABBY genes are still involved in

establishing dorsiventrality in Amborella, but

that a reversal in their expression and function

occurred within angiosperms. To judge whether

the Amborella pattern is primitive or autapo-

morphic may require evidence on YABBY ex-

pression in other seed plants, which is not yet

available. A potentially more fundamental mark-

er of dorsiventral polarity is KANADI (Eshed et

al. 2001, 2004), but involvement of this or re-

lated genes in ovule development has not been

established.

Microsporangial position in glossopterids pos-

es similar problems. Pollen-producing structures

of glossopterids consisted of a leaf with a

branched microsporangium-bearing unit at-

tached to its adaxial side, recalling the female

leaf-cupule complex (Surange and Maheshwari

1970, Schopf 1976, Gould and Delevoryas

1977, Retallack and Dilcher 1981). In Doyle

(1996) I scored the microsporangia as either ter-

minal or adaxial (0/2), consistent with definition

of their position relative to either the branched

unit or the subtending leaf. However, if the

whole compound structure corresponds to a leaf-

cupule complex, microsporangial position is bet-

ter defined in terms of the branched unit. Pigg

and Nishida (2005) have shown that microspo-

rangia were at least sometimes borne on scale-

like appendages. However, until the general

morphological situation in the group is better

understood, I have scored microsporangial po-

sition in glossopterids as unknown (?).

In Doyle (1996) I scored microsporangial po-

sition in Pentoxylon as terminal, but Sharma

(2001) and Srivastava and Banerji (2001) de-

scribed the microsporangia as borne in two lat-

eral rows on the ultimate subdivisions of a

branched structure. Because there is no laminar

structure to serve as a reference for defining spo-

rangial position, I have rescored Pentoxylon as

unknown, like glossopterids.

NEW DATA ON GNETALES, ANGIOSPERMS, AND

CONIFERS. Other changes in the data matrix are

based on doubts concerning the analysis of char-

acters that supported the anthophyte hypothesis,

some mentioned briefly by Donoghue and Doyle

(2000).

One such character is presence of a thick

megaspore membrane in the seed, the basic state

in seed plants, versus a reduced membrane in

anthophytes and Caytonia, a difference recog-

nized by Harris (1954) and emphasized by

Crane (1985). However, although there is no

megaspore membrane at all in angiosperms,

there is a thin membrane in Gnetales, ranging in

thickness from 1.0 to 2.3 �m (Martens 1971).

Instead of lumping thin megaspore membrane

with none, I have redefined this as a presence-

absence character. Harris (1954) concluded that

there was no megaspore membrane in seeds of

Bennettitales and Caytonia. One could ask

whether a megaspore membrane might have

been present but was thin, as in Gnetales, and

was therefore not preserved. An argument

against this view is the fact that a megaspore

membrane has been reported in at least one pre-

sumably gnetalian fossil with ephedroid pollen,

the Early Cretaceous genus Eoantha (Krassilov

1986), and the more problematic but possibly

gnetalian plants that produced Eucommiidites

pollen (Pedersen et al. 1989a, Crane 1996). In

Bennettitales, silicified specimens of William-

sonia (Stockey and Rothwell 2003) and Cyca-

deoidea (Wieland 1916) have been described as

having a thin megaspore membrane. However,

Harris (1954) remarked that there is no reason

to assume the membrane in Cycadeoidea was

cutinized. These cases illustrate the difficulty of

comparing features of seeds preserved in differ-

ent ways.

Another putative anthophyte synapomorphy is

presence of a tunica in the apical meristem (an

outer layer of cells that undergo only anticlinal

divisions), found in angiosperms and Gnetales,

specifically Ephedra and Gnetum. However, in

Ephedra and Gnetum the tunica is only one cell

thick (Gifford 1943, Johnson 1950), whereas in

angiosperms it consists of two layers. This two-

layered structure has been confirmed in several

angiosperm taxa in the present data set (Nym-

phaeaceae, Illicium, Schisandraceae, Chloran-

thaceae, Winteraceae: Gifford 1950, 1954,
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Ramji 1961, Wardlaw 1965). There are angio-

sperms with one tunica layer, but these belong

to groups that are derived in current phyloge-

nies, such as Cactaceae and asterids (Gifford

1954). Because the difference in number of lay-

ers raises doubts concerning homology of the

tunica in Gnetales and angiosperms, I have re-

defined this as an unordered three-state character

(tunica absent, single-layered, two-layered),

which is equally consistent with the homology

or non-homology of the two tunica types. Wel-

witschia is described as lacking a tunica (John-

son 1951, Martens 1971), but I have scored it

as unknown, rather than (0) in Doyle and Don-

oghue (1986) and Doyle (1996), because its

apex aborts at an early stage, calling into ques-

tion comparisons with the meristems of mature

shoots in other taxa. Among fossils, lack of a

tunica was reported in cordaites by Rothwell and

Warner (1984). The only other seed plant group

known to have a tunica, Araucariaceae, is re-

ported to have both one- and two-layered types

(Griffith 1952, Jackman 1960) and is therefore

scored as (1/2).

I have also added or rescored some characters

of Gnetales that are potential synapomorphies

with conifers. One, emphasized by Carlquist

(1996a, 1996b), is the presence of a torus in the

side-wall pits in vessels of Ephedra and Gnetum,

a feature otherwise restricted to the tracheids of

conifers and Ginkgo. Carlquist (1994) did not

find a torus in Gnetum gnemon. However, the

molecular analysis of Won and Renner (2003)

implies that this absence is secondary, since a

torus does occur in Won and Renner’s ‘‘Africa,’’

‘‘South America,’’ and ‘‘SE Asia II’’ clades (Ca-

rlquist and Robinson 1995, Carlquist 1996c, d),

which are basal to the ‘‘SE Asia I’’ clade that

contains G. gnemon. Hence I have scored Gne-

tum as having a torus. Bauch et al. (1972) rec-

ognized six types of pit membrane correspond-

ing to differing degrees of development of a to-

rus. However, types 1–4 overlap in their system-

atic distribution and seem best treated as one

state, presence of a torus. Type 2 is found only

in some Pinaceae that also have type 1 pits,

while type 4 occurs only in some Cupressaceae

and Podocarpaceae that also have type 3, and

both types 1 and 3 occur in Cupressaceae-Tax-

odiaceae. In addition, Agathis, assigned to type

3, shows a conspicuous torus under SEM (Mey-

lan and Butterfield 1978). Bauch et al. (1972)

reported type 5 only in Gnetum gnemon, where

Carlquist (1994) found no torus, and G. scan-

dens, an Asian species of uncertain identity (S.

Renner, pers. comm.), and a torus is clearly lack-

ing in type 6 (Welwitschia, cycads), so I treat

both types as absence of a torus. In fossil taxa,

EM studies by Schmid (1967) demonstrated that

a torus is absent in Cordaites. I have assumed a

torus is absent in Bennettitales and other groups

with scalariform pits (Carlquist 1996b). Pits of

the Paleozoic conifer Emporia figured by Mapes

and Rothwell (1984, pl. 11:2) show a ring that

may be a torus, but because this is not men-

tioned by the authors and hard to interpret I have

scored Emporia as unknown (?). In corystos-

perms, pits of Kykloxylon show a black central

dot, but Meyer-Berthaud et al. (1993) considered

this too small to be a functional torus and more

likely an optical artifact caused by the conical

pit aperture.

Another such character is a tiered proembryo,

a conspicuous feature of conifers. After a free-

nuclear phase of varying length, formation of

cell walls and further divisions result in four ti-

ers of cells in most Pinaceae (embryo, suspen-

sor, rosette, upper), three tiers in most other co-

nifers (embryo, suspensor, upper or open)

(Doyle 1963, Sporne 1965, Singh 1978). Upper

(proximal) cells derived from the embryo tier

elongate to produce a secondary suspensor. The

tiered condition contrasts with the more massive

construction of the embryos of cycads and Gink-

go, in which discrete tiers are not visible. Early

embryos of Araucariaceae are more massive

than those of other conifers and have therefore

been considered more primitive (Sporne 1965),

but they are less massive and show more hints

of tiers than embryos of cycads and Ginkgo

(Singh 1978). Since the differences from other

conifers may be due to the larger number of free

nuclei that contribute to the embryo, I have

scored Araucariaceae as tiered, as in Doyle

(1996).

Previous analyses scored Gnetales as lacking

tiers (Rothwell and Serbet 1994, Doyle 1996),

and Donoghue and Doyle (2000) cited the tiered

proembryo of conifers as evidence against nest-

ing Gnetales within conifers. Embryogeny of

Gnetales does differ from that of conifers in at

least two respects. First, as discussed further be-

low, in Gnetales each embryo is derived from a

single cell without free-nuclear divisions. In

Ephedra the zygote undergoes free-nuclear di-

visions, but each resulting diploid cell develops

into a separate embryo by cellular divisions

(Friedman 1992, 1994). Second, the primary

suspensor cell remains as a single cell rather

than giving rise to suspensor and open tiers (not
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counting ramification of the suspensor in Gne-

tum: Martens 1971). However, after a few cell

divisions the rest of embryo is organized into

two more or less regular tiers (which were in

fact designated as such in Welwitschia, as ‘‘éta-

ges,’’ by Martens 1971), with cells of the upper

tier elongating into a secondary suspensor (Mar-

tens 1971, figs. 38D–G, 82, 120; Singh 1978,

figs. 135H–N, 136). Since the differences be-

tween this and the conifer situation may be a

consequence of elimination of a free-nuclear

stage (treated as another character), I have re-

scored Gnetales as tiered after all. This agrees

with the view of Martens (1971, p. 265) that the

proembryo phase of Gnetales is generally close

to that of conifers.

Angiosperms differ from other seed plants in

lacking not only tiers but also a secondary sus-

pensor, which Singh (1978) considered a uni-

versal feature of gymnosperms (although this

seems obscure in cycads and Ginkgo). Whereas

upper cells derived from the embryo tier or the

embryonal mass contribute to the secondary sus-

pensor in other seed plants, the primary suspen-

sor cell of angiosperms usually contributes to

the radicle of the embryo as well as the suspen-

sor. An exception, the caryophyllad type, is re-

stricted to some monocots and eudicots such as

Caryophyllaceae and Saxifragales (Maheshwari

1950, Palser 1975, Sporne 1974) and can there-

fore be interpreted as derived. In Doyle (1996),

I expressed these differences in terms of two

characters, lack of tiers and lack of a secondary

suspensor. However, it seems questionable to

treat the lack of tiers in the presumably reduced

angiosperm embryo as the same state as their

absence in the very different, massive embryos

of cycads and Ginkgo. Because it seems pre-

mature to dissect these overlapping distinctions

into separate characters, I have combined tiers

and secondary suspensor into an unordered

three-state character, with the angiosperm state

defined by lack of tiers and lack of a secondary

suspensor. This avoids specific assumptions

about the most probable transitions among these

states.

A related distinction is between free-nuclear

and cellular embryogeny. In gymnosperms other

than Gnetales, the zygote undergoes a more or

less prolonged phase of free-nuclear divisions,

whereas in Welwitschia, Gnetum, and angio-

sperms even the first divisions are cellular. The

most problematic case is Ephedra, in which each

of the two zygotes formed by the Ephedra type

of double fertilization undergoes two free-nucle-

ar divisions, but each of the eight resulting cells

then develops into a single embryo by cellular

divisions (Friedman 1992, 1994). This contrasts

with the situation in other gymnosperms, in

which each embryo is derived from several free

nuclei, and resembles that in Welwitschia, Gne-

tum, and angiosperms. In Doyle (1996) I treated

these variations as one character: whether the

embryo was derived from several free nuclei or

from one uninucleate cell by cellular divisions.

However, this ignored the similarity between the

initial free-nuclear phase in Ephedra and the

free-nuclear phase in conifers. I assumed that the

presence of free-nuclear divisions was an auta-

pomorphy of Ephedra, following Friedman

(1992, 1994), but this may have obscured real

evidence for a transition between the conditions

in conifers and Gnetales. Hence I have now rec-

ognized both sets of similarities by splitting ear-

ly embryogeny into two characters: whether the

first division of the zygote is free-nuclear (Ephe-

dra, conifers, etc.) or cellular (Welwitschia,

Gnetum, angiosperms), and whether each em-

bryo is derived from several nuclei or from one

(all Gnetales, angiosperms).

Another relevant character, recognized by

Friedman and Carmichael (1998) and cited as a

similarity between Gnetales and conifers by

Friedman and Floyd (2001), is timing of devel-

opment of the nourishing tissue of the female

gametophyte: before fertilization in cycads,

Ginkgo, and medullosans; both before and after

in conifers, Ephedra, and Welwitschia; and after

in Gnetum. I have added this as a new character,

scoring Lyginopteris, Callistophyton, and cor-

daites as well as medullosans as the cycad-Gink-

go state because their ovules too apparently

reached full size while still unfertilized (Stewart

and Rothwell 1993). Angiosperms might be as-

signed to the same state as Gnetum by defining

the character in terms of provisioning of the

nourishing tissue in the seed, whether female ga-

metophyte or endosperm (Friedman and Car-

michael 1998, Fig. 9). However, because the late

development of the nourishing tissue in angio-

sperms is closely tied to its origin from double

fertilization, I have instead treated the angio-

sperm condition as a fourth state. This avoids

bias toward either the view that it is related to

the Gnetum state or the view that it was derived

independently from the basic seed plant state.

However, the angiosperm state overlaps with

presence of endosperm, previously treated as an

independent character, which I have therefore

eliminated. Typical endosperm formation may
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be a consequence of this shift in developmental

timing and two other derived features, double

fertilization (angiosperms, Ephedra, Welwit-

schia) and the pattern of female gametophyte

cellularization, where the presence of one or two

polar nuclei may set the stage for endosperm

formation by the second fertilization and deter-

mine whether the endosperm is diploid or trip-

loid.

Several seed characters of Bennettitales need

reappraisal in the light of well-preserved petri-

fied specimens described by Rothwell and

Stockey (2002) and Stockey and Rothwell

(2003). Following Crane (1985), Doyle and

Donoghue (1986) and Doyle (1996) scored Ben-

nettiales as having a cupule, based primarily on

the description by Harris (1932, 1954) of an ex-

tra layer of cuticle outside the integument in the

Triassic fossils Vardekloeftia and Bennetticarpus

crossospermus. It should be noted, though, that

Harris (1954) reported a single integument in

several other Bennettitales; because it is unclear

which condition was ancestral, it might have

been more appropriate to score Bennettitales as

uncertain. Harris (1932, 1954) also described

Vardekloeftia as differing from other Bennetti-

tales in lacking a thickened nucellar cuticle; he

could not determine whether the integument was

free from the nucellus (as in other Bennettitales)

or fused. His interpretation of Vardekloeftia was

reaffirmed by studies of Pedersen et al. (1989b).

Although some earlier authors had also inter-

preted an outer layer in Cycadeoidea as a cu-

pule, Rothwell and Stockey (2002) and Stockey

and Rothwell (2003) showed that this layer is

part of a single integument, histologically dif-

ferentiated into a sarcotesta, as in Williamsonia,

and that the nucellus in both genera ended in a

nucellar plug with no pollen chamber. They also

reinterpreted the observations on Vardekloeftia

by Harris (1932, 1954) and Pedersen et al.

(1989b) in the same terms, arguing that the two

outer cuticles represented the inner and outer

epidermis of a single integument and that Var-

dekloeftia too had a nucellar plug and no pollen

chamber. However, this interpretation is difficult

to reconcile with the fact that the inner cuticle

appears to form a normal tubular micropyle pro-

truding through the outer cuticle (Harris 1932,

1954, Pedersen et al. 1989b). Their claim that

Vardekloeftia had no pollen chamber does not

conflict with Harris (1932) and Pedersen et al.

(1989b), who reconstructed the apex of the nu-

cellus as lacking a pollen chamber. Friis (pers.

comm.) questions their identification of a nucel-

lar plug on the grounds that the darker appear-

ance of the relevant area is an artifact. These

conflicts underline the difficulty in correlating

observations based on macerated compressions

and petrifactions studied with peels. There is an

understandable tendency in paleobotany to favor

data based on petrifactions, but both modes of

preservation have practical advantages and dis-

advantages, and some aspects of seed anatomy

may be easier to visualize from macerated cu-

ticles. Broad-scale comparative studies of seeds

preserved in both ways are needed to interpret

such cases more confidently.

Because the interpretation of Vardekloeftia

and relationships among the three groups of

Bennettitales are unresolved, I formulated two

alternative scorings for Bennettitales: (A) as-

suming the states shown by Rothwell and Stock-

ey (2002) and Stockey and Rothwell (2003) in

Cycadeoidea and Williamsonia apply to Bennet-

titales as a whole, (B) scoring the group as un-

certain for characters where Harris (1932, 1954)

and Pedersen et al. (1989b) interpreted Vardek-

loeftia differently. Differences in scoring of all

affected characters are as follows:

78. Ovule-enclosing structures: orthotropous

cupule (3) in Doyle (1996); no cupule (1) in data

set A; no cupule or orthotropous cupule (1/3) in

data set B.

96. Integument fusion: free or fused (0/1) in

Doyle (1996); free (0) in data set A; free or

fused (0/1) in data set B.

102. Nucellar cuticle: thin or thick (0/1) in

Doyle (1996); thick (1) in data set A; thin or

thick (0/1) in data set B.

Following a suggestion by Owi Nandi (pers.

comm), I have also added a previously over-

looked character for presence or absence and

distribution of fibers in the secondary phloem.

Esau (1969) noted the presence of uniseriate tan-

gential bands of fibers, usually in a highly reg-

ular alternation with parenchyma and sieve cells,

as a feature of most conifers other than Pina-

ceae. A similar character (but without such reg-

ular alternation of cell types) has been used in

angiosperms, where it appears to be a synapo-

morphy of Magnoliales (Doyle and Endress

2000, Sauquet et al. 2003). In contrast, fibers

(not counting sclereids in the oldest phloem) are

lacking in Pinaceae and Gnetales (Carlquist

1996b), which would be consistent with a posi-

tion of Gnetales with or near Pinaceae rather

than nested among other conifers. Cycads, Gink-

go, and Araucariaceae differ from both extremes

in having varying numbers of fibers, usually in-
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creasing in the older phloem, which sometimes

form thicker, less regular tangential bands than

those in most conifers. These three patterns of

fiber distribution, recognized by den Outer

(1967) and Smoot (1984b), are treated here as

unordered states. Conditions in fossil taxa were

reviewed by Smoot (1984b) and Taylor (1990).

Callistophyton (Smoot 1984a), cordaites (Taylor

1988), and other Paleozoic seed ferns not in-

cluded here had secondary phloem consisting

entirely of alternating sieve cells and parenchy-

ma (Pinaceae and Gnetales differ in that sieve

cells predominate), and fibers are said to be

lacking in Lyginopteris (Williamson and Scott

1896, cited by Smoot 1984b). However, Med-

ullosa (Smoot 1984b) and Bennettitales (Cyca-

deoidea: Taylor 1990) had irregular tangential

bands of fibers, increasing outward, a condition

that Smoot (1984b) likened to that in cycads.

Sharma and Bohra (1977) also reported irregular

fiber bands in Bennettitales (Bucklandia), but

not in Pentoxylon. The angiosperms in the pres-

ent data set include none of the taxa with tan-

gential fiber bands. Based on Metcalfe (1987)

and Carlquist (1993, 1999, 2001), only Schis-

andraceae and possibly Illicium (scored ?) have

phloem fibers.

The analysis of Doyle (1996) included Piro-

conites, a Jurassic fossil thought to be related to

Gnetales because of its linear, multiveined, op-

posite leaves and striate ephedroid pollen

(Kirchner 1992, van Konijnenburg-van Cittert

1992, Crane 1996). Because Piroconites had re-

productive structures consisting of a scale-like

‘‘sporophyll’’ adnate to the top of a leaf, it

seemed to offer evidence for a relationship be-

tween Gnetales and glossopterids (Doyle 1996).

However, TEM work by Osborn (2000) showed

that the description of the pollen as striate was

due to misinterpretation of folded grains, so I

have deleted Piroconites from the data set. The

possibility that Piroconites is related to Gnetales

cannot be excluded, but in the absence of striate

pollen there are few characters to support its po-

sition. It illustrates the dangers of including taxa

for which too few characters are preserved.

ANGIOSPERM TAXA AND CHARACTERS. I have

modified the sampling of angiosperms from that

of Doyle (1996), removing groups such as Mag-

noliales that now appear to be relatively nested

and adding Amborella and other taxa that are

basal in strongly supported molecular trees (e.g.,

Zanis et al. 2002). The taxon sampling is the

same as in Eklund et al. (2004), including all the

ANITA taxa, Chloranthaceae, and three relative-

ly plesiomorphic representatives of divergent

lines among the remaining groups, the eumag-

noliid taxa Asaroideae (Aristolochiaceae), Sau-

ruraceae, and Winteraceae (see Eklund et al.

2004 for discussion), but with Nymphaeales and

Chloranthaceae reduced to single taxa. When

states varied within the last two taxa, they were

scored as having ancestral states inferred from

the internal topologies found by Les et al.

(1999), Doyle and Endress (2000), and Eklund

et al. (2004).

I added all characters from the angiosperm

analysis of Doyle and Endress (2000) that are

potentially informative with the present taxon

sampling. Some of these were treated as addi-

tional states of characters used by Doyle (1996)

at the seed plant level. Scoring of angiosperm

taxa follows Doyle and Endress (2000), with

modifications based on Sauquet et al. (2003) and

Eklund et al. (2004). Several characters, for ex-

ample involving floral morphology, were scored

only in angiosperms. These are irrelevant in

analyses in which angiosperm relationships were

constrained to the molecular topology, but they

are of interest in evaluating the congruence of

morphological characters with molecular results.

I modified other characters to reflect the dis-

covery that Nymphaeales and Austrobaileyales

(but not Amborella) have diploid rather triploid

endosperm, derived from a four- rather than

eight-nucleate female gametophyte (Williams

and Friedman 2002, 2004, Friedman et al.

2003). Because Friedman and Williams (2003,

2004) argued persuasively that the eight-nucle-

ate embryo sac is a result of duplication of a

four-nucleate module, with the three antipodals

corresponding to the egg and two synergids, I

have treated the two angiosperm conditions as

elements of two separate characters: one a re-

definition of the angiosperm state in the female

gametophyte organization character (discussed

above) based on the nature of the module (three

grouped cells and one free nucleus), the other

for presence of one or two modules. An alter-

native would be to treat the angiosperm condi-

tions as two states of a single four-state char-

acter. However, this would have obscured the

close similarity between the two angiosperm

types and their marked differences from types

seen in other seed plants.

ANALYSES. Data were analyzed with the par-

simony program PAUP (Swofford 1990), using

heuristic search methods. These involved 100
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FIG. 5. Relationships among extant seed plants based on molecular data, used as a backbone constraint tree
in subsequent analyses, with shading showing the inferred evolution of sperm transfer (character 73).

replicate analyses with stepwise random addition

of taxa, holding multiple most parsimonious

trees (MULPARS), and tree bisection-reconnec-

tion (TBR) branch swapping. In all analyses Elk-

insia was specified as the outgroup to the re-

maining taxa. The relative parsimony of alter-

native hypotheses was determined by moving

taxa with MacClade (Maddison and Maddison

2001) or by searching with PAUP for most par-

simonious trees consistent or inconsistent with

appropriate constraint trees, which were usually

‘‘backbone’’ constraints containing only a subset

of taxa, such as living seed plants.

To evaluate the implications of molecular

analyses, data were analyzed with the living

groups forced into the currently best-supported

molecular arrangement with a backbone con-

straint tree (Fig. 5). Fossil taxa attach to this

framework wherever this is most parsimonious

in terms of morphology.

Support for relationships was quantified with

bootstrap analysis (Felsenstein 1985) and Bre-

mer support, or decay analysis (Bremer 1988,

Donoghue et al. 1992). Bootstrap analyses used

1000 replicates, each involving a single heuristic

search with closest taxon addition sequence, in

which five trees were held at each step during

stepwise addition. Only 100 most parsimonious

trees were saved per bootstrap replicate, but

TBR branch swapping was allowed to continue

after reaching this limit in order to increase the

chance of finding shorter trees.

Decay analyses were conducted by searching

for trees equal to or shorter than a given number

of steps and then observing which clades were

no longer present in the strict consensus. Decay

indices of clades that remained when the search

yielded more trees than could be retained in

memory (30,000) were determined by searching

for shortest trees not consistent with a constraint

tree in which the relevant taxa formed a clade.

This procedure was not possible in analyses in

which modern groups were constrained into the

molecular arrangement, but this was inconse-

quential because the only clades that remained

when tree numbers exceeded memory were

some of those whose relationships were con-

strained.

Character evolution was reconstructed by

MacClade (Maddison and Maddison 2001),

which optimizes character changes on a tree

based on parsimony. MacClade was also used to

identify characters that unequivocally change at

each node and to study different optimizations

of equivocal characters. When characters are cit-

ed as uniting clades, these are unequivocal syn-
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FIG. 6. Strict consensus of eight most parsimonious trees of 321 steps obtained from the unconstrained
analysis, with decay and bootstrap support values for nodes.

apomorphies as determined by MacClade, unless

otherwise indicated.

Results. Analyses of the two data sets (A and

B) differing in interpretation of seed characters

in Bennettitales gave identical trees of the same

lengths, both with and without constraints. Sub-

sequent remarks will refer to data set B, for rea-

sons discussed further below.

The unconstrained analysis yielded eight most

parsimonious trees of 321 steps (strict consensus

in Fig. 6). These show the same arrangement of

Devonian-Carboniferous seed ferns found in all

previous analyses (allowing for variations in tax-

on sampling), with Elkinsia, Lyginopteris, and

medullosans branching successively below a

‘‘platysperm’’ clade that contains cycads, the

Late Carboniferous seed fern Callistophyton,

and all remaining taxa, including coniferophytes

(Crane 1985, Doyle and Donoghue 1986, Nixon

et al. 1994, Rothwell and Serbet 1994, Doyle

1996). As in previous studies, Gnetales are the

closest living relatives of angiosperms, but the

two taxa belong to an anthophyte clade that also

includes Bennettitales and Pentoxylon. These are

linked with glossopterids and Caytonia, together

forming a clade called glossophytes by Doyle

(1996), but with a different internal arrangement

of taxa. Glossophytes are nested within conifer-

ophytes, as the sister group of conifers (includ-

ing the Paleozoic genus Emporia).

Although this result reaffirms the anthophyte

hypothesis, trees in which Gnetales are related

to conifers rather than anthophytes are only one

step less parsimonious. When I forced Gnetales

and living conifers into a clade, using a back-

bone constraint tree of living taxa with all other

relationships unresolved, I obtained 16 trees of

322 steps (representative tree in Fig. 7, with

nodes not found in all trees indicated by arrows).

Gnetales are nested within conifers, but not

linked with Pinaceae; they may be sister to ei-

ther Araucariaceae or a clade consisting of Ar-

aucariaceae, Taxodiaceae (including Cupressa-

ceae), Cephalotaxus, and Taxaceae. Two pollen

characters that support both positions are loss of

air sacs and granular exine structure. The re-

maining glossophytes are much lower, linked

with cycads by simple pinnate leaves and seed

shed with mature embryo (scored as unknown
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FIG. 7. Representative most parsimonious tree of 322 steps obtained from the analysis with Gnetales and
conifers constrained to form a clade, with nodes not found in all most parsimonious trees indicated by arrows,
and with shading showing the inferred evolution of leaf organization (character 26).

in glossopterids, Pentoxylon, and Caytonia).

Their internal topology is more like that of

Doyle (1996), with glossopterids and Pentoxylon

forming a basal clade and Caytonia the sister

group of angiosperms. Although trees in which

cycads are related to glossophytes are most par-

simonious, trees in which they are on the line

leading to other living gymnosperms or basal to

both lines are only two steps longer.

In the ‘‘one-off’’ trees in which Gnetales are

nested in conifers (Fig. 7), the topology of living

conifer families (setting aside Gnetales) is the

same as that found by Doyle (1996), which dif-

fers from molecular trees (e.g., Magallón and

Sanderson 2002, Quinn et al. 2002) only in that

Podocarpaceae are linked with Pinaceae (based

on two microsporangia per sporophyll) rather

than Araucariaceae. However, in the uncon-

strained trees (Fig. 6), Podocarpaceae may be

linked with either Pinaceae or the remaining co-

nifers (based on tangential bands of phloem fi-

bers).

Nymphaeales are sister to all other angio-

sperms in both sorts of trees (Figs. 6, 7), as in

the analysis of Doyle (1996), which included

only one other member of the basal ANITA

grade (Austrobaileya). In contrast to molecular

trees, the other ANITA taxa (Amborella, Austro-

baileya, Trimenia, Illicium, Schisandraceae)

form a clade that also includes Chloranthaceae,

separated from Nymphaeales by Piperales (Sau-

ruraceae, Asaroideae) and Winteraceae. The

only variation is that Winteraceae are linked

with Asaroideae and Saururaceae in the uncon-

strained analysis (Fig. 6) but form an adjacent

line in some trees with Gnetales in conifers (Fig.

7). These relationships are similar to those found

in the morphological analysis of Doyle and En-

dress (2000), which included many more taxa,

and identical to those in the unconstrained anal-

ysis of Eklund et al. (2004), which used the

same sampling of angiosperms, allowing for the

fact that those studies rooted the angiosperms on

Amborella.

The analysis with living taxa forced into the

molecular topology yielded 18 most parsimoni-

ous trees of 339 steps (Fig. 8), which form two

islands of 6 and 12 trees. The same relationships

outside angiosperms were found when Ambor-

ella and Nymphaeales were constrained to form

a basal clade, as in Barkman et al. (2000). This

represents an increase of 18 steps over the un-

constrained analysis. Most of the extra steps are

due to the different arrangement of taxa in an-

giosperms (10) and conifers (3) and the associ-

ation of cycads with other living gymnosperms
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FIG. 8. Strict consensus of 18 most parsimonious trees of 339 steps obtained from the analysis with the
molecular constraint tree (Fig. 5), with decay and bootstrap support values.

(2). Paleozoic seed ferns branch in the previ-

ously observed order at the base. Medullosans

are united with the platysperms by bilateral pol-

len symmetry, loss of the original lobed cupule,

loss of the central column in the lagenostome,

sarcotesta, and vascularized nucellus. Synapo-

morphies of the platysperms include a sulcus,

honeycomb-alveolar exine structure, sealed mi-

cropyle, platyspermic seeds (defined by presence

of two vascular bundles or other anatomical

signs of bilateral or bisymmetric organization,

not necessarily flattened shape), and, in some

trees, endarch primary xylem, simple pinnate

leaves, abaxial microsporangia, and linear mega-

spore tetrad.

The poor resolution at the base of the platy-

sperms (Fig. 8) reflects the existence of two is-

lands of trees and the ambiguous position of

Callistophyton. In island 1 (representative tree

in Fig. 9, with nodes not found in all trees in-

dicated by arrows), glossophytes diverge at the

base of the platysperms, and their internal to-

pology (not counting the molecular arrangement

in angiosperms) is the same as in one-off trees

with Gnetales in conifers (Fig. 7). Relationships

are more poorly resolved in the consensus of

island 2 (representative tree in Fig. 10), with a

basal polytomy in the platysperms involving all

groups except coniferophytes and the clade

made up of Bennettitales, Caytonia, and angio-

sperms. However, inspection of individual trees

shows that this lack of resolution is due to

‘‘jumping’’ of Callistophyton between two wide-

ly separated parts of the tree: nested within the

clade including living gymnosperms in seven

trees, between glossopterids and coniferophytes,

along with corystosperms and peltasperms; and

just below the common ancestor of living gym-

nosperms and angiosperms in five trees. In all

12 trees, cycads, Pentoxylon, and glossopterids

are attached in that order at the base of the gym-

nosperm line. Thus the two islands represent dif-

ferent rootings of the platysperms and different

unrooted relationships in the vicinity of cycads,

glossopterids, and Pentoxylon.

Character state changes on the tree shown in

Fig. 9, with nodes numbered in Fig. 11, are list-

ed in Table 1. Unequivocal synapomorphies of

each clade or terminal taxon are listed first, then

equivocally optimized changes. Positions of the

latter changes were sometimes chosen assuming

accelerated transformation (acctran), with an

early origin of the derived state followed by re-

versals, sometimes delayed transformation (del-

tran), with later multiple origins. Deltran was

chosen when the derived state represented loss

of a structure or some other such change that

seemed more likely to have occurred twice than

to have reversed. In angiosperms, results of the

more extensive analysis of Doyle and Endress

(2000) were sometimes used to choose between

equally parsimonious optimizations. Synapo-

morphies of extant groups that involve charac-

ters not preserved in fossil outgroups were
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FIG. 9. Representative tree from island 1 from the analysis with molecular constraints, with nodes not found
in all trees making up the island indicated by arrows, and with shading showing the inferred evolution of leaf
organization (character 26).

FIG. 10. Representative tree from island 2 from the analysis with molecular constraints, with nodes not found
in all trees making up the island indicated by arrows, and with shading showing the inferred evolution of leaf
organization (character 26).
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FIG. 11. Same tree from the analysis with molecular constraints as in Fig. 9, with nodes numbered for
reference to the list of character state changes in Table 1.

placed at the crown-group node; such features

may have arisen lower on the stem lineage.

Consistent with the ambiguous rooting of the

platysperms, there is no unequivocal synapo-

morphy for the clade that includes extant gym-

nosperms; a possible candidate (equivocal be-

cause the basic state in glossophytes is un-

known) is abaxial microsporangia. The only un-

equivocal synapomorphy of the glossophyte

clade is loss of the lagenostome. Simple, pin-

nately veined leaves (i.e., with a midrib, unlike

simple, dichotomously veined leaves in conifer-

ophytes) are homologous throughout glossophy-

tes (modified to palmately compound in Cayton-

ia) but equivocal as a synapomorphy of the

clade because they may or may not be homol-

ogous with the similar leaves of cycads (Fig. 9).

Another derived feature that is restricted to glos-

sophytes but equivocal as a synapomorphy is ad-

axial ovules, discussed further below. Glosso-

phytes also share a thick nucellar cuticle, versus

thin in all members of the living gymnosperm

line where this character is known, but its status

is equivocal because appropriate data are lacking

for basal seed ferns. Loss of the megaspore

membrane is a derived feature of all glossophy-

tes except glossopterids, but because Pentoxylon

is linked with glossopterids, it is equivocal

whether this loss occurred independently in Pen-

toxylon and other glossophytes or (perhaps less

plausibly, considering that glossopterids are the

oldest members of the clade) occurred once and

was reversed in glossopterids.

Within glossophytes, glossopterids and Pen-

toxylon are united by uniseriate rays, secondarily

free microsporangia, and paddle-like megaspo-

rophylls. Bennettitales are linked with Caytonia

and angiosperms by presence of scalariform pit-

ting in the secondary xylem, endarch leaf traces,

siphonogamy, and reduced pollen chamber (all

but the last being characters that are unknown

in Caytonia). Caytonia is linked with angio-

sperms by reticulate venation (initially of one

vein order), unraised guard cell poles, anatro-

pous cupules (including bitegmic ovules), and

loss of nucellar vasculature. The present topol-

ogy implies that reticulate venation is not ho-

mologous in glossopterids and Caytonia, be-

cause it would have to be lost independently in

Pentoxylon and Bennettitales. Saccate pollen

may be homologous throughout the living gym-

nosperm clade (Callistophyton, Autunia, corys-

tosperms, cordaites, conifers), but not in glos-

sopterids and Caytonia. Problems concerning

these characters and other potential synapomor-

phies are discussed below.

Decay and bootstrap values from the uncon-

strained analyses (Fig. 6) reveal fairly strong

support for relationships at the base of the seed

plants, including the association of medullosans
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Table 1. Character state changes on a representa-
tive tree with extant taxa constrained into the molec-
ular arrangement (Fig. 11). Unequivocal changes listed
first, then equivocally optimized changes in parenthe-
ses (see text for discussion).

Node 1: (5 0�1, 95 0�1).

Lyginopteris: 96 0�1 (6 0�1).

Node 2: 62 0�1, 78 0�1, 98 0�1, 100 0�1, 101 0�1 (20

0�2).

Medullosans: 18 0�1 (72 0�1).

Node 3 (platysperms): 7 0�1, 61 0�1, 64 0�1, 94 0�1, 99

0�1, 107 0�1 (6 0�1).

Node 4 (extant gymnosperms): (49 0�1).

Cycadales: 18 0�1, 23 0�1, 96 0�1 (26 0�1, 72 0�1, 76

0�3, 120 0�1).

Node 5: 63 0�1, 95 1�2 (20 2�1, 76 0�1).

Callistophyton: 7 1�0 (27 0�1).

Node 6: 15 0�1, 52 1�0.

Node 7: (74 0�1).

Corystosperms: 108 0�1 (23 0�1, 24 0�1).

Node 8 (peltasperms): 28 0�1 (27 0�1).

Autunia: none.

Peltaspermum: 63 1�0.

Node 9 (coniferophytes): 26 0�2, 48 0�1 (24 0�1, 74 0�2,

76 1�0).

Cordaitales: 39 0�2, 49 1�0, 61 1�0.

Node 10: 10 0�1, 101 1�0 (120 0�1).

Ginkgoales: 3 0�1, 18 0�1, 23 0�2, 53 0�1 (8 0�1, 63

1�0, 72 0�1, 96 0�1).

Node 11 (conifers): 26 2�4, 39 0�1, 40 0�1, 77 0�1, 100

1�0.

Emporia: 49 1�2, 61 1�0, 80 0�1, 99 1�0 (20 1�0).

Node 12: 73 0�1, 97 0�1, 98 1�2 (8 0�1, 20 1�2, 71

1�0, 96 0�1, 114 0�1, 118 0�1, 121 0�1).

Node 13: (113 0�1).

Pinaceae: 51 0�1 (41 0�1).

Node 14 (Gnetales): 2 0�1, 4 0�1, 12 0�1, 15 1�0, 21

0�1, 22 0�2, 23 0�2, 26 4�2, 39 1�2, 40 1�0, 49

1�0, 50 0�1, 52 0�1, 65 0�1, 75 0�1, 79 0�1, 95

2�3, 117 0�1 (63 1�0, 64 1�2, 101 0�1).

Ephedra: 20 2�0, 98 2�1 (61 1�2).

Node 15: 32 0�1, 34 0�1, 36 0�1, 70 0�1, 109 0�1, 110

0�1, 112 0�1, 116 0�1, 119 0�1 (31 0�1).

Welwitschia: 10 1�0 (14 0�1).

Gnetum: 23 2�1, 26 2�1, 62 1�2, 94 1�0, 114 1�2 (61

1�2, 101 1�0).

Node 16: 18 0�2 (41 0�1).

Node 17: 80 0�1.

Araucariaceae: 4 0�1/2, 18 2�1, 96 1�0 (42 0�1, 62 1�0,

63 1�0, 64 1�2).

Podocarpaceae: 51 0�1.

Node 18: 70 0�2 (62 1�0, 63 1�0, 64 1�2, 77 1�0).

Taxodiaceae: (42 0�1).

Node 19: 11 0�1, 60 0�1.

Cephalotaxus: 100 0�1.

Taxaceae: 39 1�0, 40 1�0, 61 1�2, 62 0�2, 75 0�1, 78 1�3.

Node 20 (glossophytes): 97 0�1 (23 0�2, 26 0�1, 76 0�2,

102 0�1).

Node 21: 15 0�1, 52 1�0, 74 0�1 (20 2�0).

Pentoxylon: 64 1�2 (3 0�1, 108 0�1).

Glossopterids: 31 0�1, 63 0�1, 65 0�1, 100 1�0.

Node 22: 9 0�1, 24 0�1, 73 0�1, 98 1�2 (34 0�1, 49

0�2, 108 0�1, 120 0�1).

Bennettitales: 18 0�1, 64 1�2, 95 1�3 (23 2�0).

Node 23: 31 0�1, 33 0�1, 78 1�2, 101 1�0 (100 1�0).

Caytonia: 26 1�0, 63 0�1 (34 1�0, 49 2�1).

Node 24 (angiosperms): 32 0�1, 48 0�2, 53 0�2, 64 1�3,

69 0�1, 74 0�3 (4 0�2, 17 0�1, 20 2�0, 21 0�1, 68

0�1, 70 0�3, 110 0�2, 113 0�1, 114 0�3, 116 0�1,

117 0�1, 118 0�2, 121 0�1).

Amborella: 22 0�1, 60 0�1, 67 0�1, 78 2�3, 111 0�1 (43

0�1, 87 0�2, 92 0�1).

Node 25: (104 1�0).

Table 1. Continued.

Nymphaeales: 1 0�1, 26 1�3, 35 0�1, 56 1�0/2, 57 0�1,

82 0�1, 105 0�1, 115 0�1 (30 1�0, 34 1�0, 44 0�1,

46 0�1, 54 0�1, 68 1�0, 87 0�1, 90 0�1, 121 1�0).

Node 26: 12 0�1, 37 0�1, 66 0�1.

Node 27 (Austrobaileyales): 103 1�2, 106 0�1 (22 0�2).

Austrobaileya: 86 0�1 (30 1�0, 85 0�1, 90 0�1, 91 0�1).

Node 28: 38 0�1, 105 0�1 (89 0�1, 104 0�1).

Trimenia: 49 2�3, 56 1�2, 67 0�1, 81 0�1, 87 0�2.

Node 29: 6 1�2, 23 2�0, 36 0�1, 57 0�1 (22 2�0, 29

1�0, 61 1�3, 62 1�0, 85 0�1).

Illicium: 19 1�0, 35 0�1, 86 0�1, 92 0�2, 93 0�1 (30

1�0, 91 0�2).

Schisandraceae: 43 0�1, 50 0�1 (18 0�1, 90 0�1, 91

0�1).

Node 30: 16 0�1, 19 1�0, 49 2�3, 111 0�1 (29 1�0, 44

0�1, 46 0�1).

Chloranthaceae: 43 0�1, 56 1�0, 59 0�1, 67 0�1, 78 2�3,

81 0�1 (22 0�2, 45 0�2, 58 0�1).

Node 31 (eumagnoliids): 23 2�3, 83 0�1, 84 0�1 (30 1�0,

47 0�1, 54 0�1, 55 0�1, 88 1�0, 90 0�1, 91 0�1).

Winteraceae: 12 1�0, 46 1�2, 62 1�0, 105 0�1 (55 1�2,

57 0�1, 58 0�1, 85 0�1).

Node 32 (Piperales): 1 0�1, 25 0�1, 26 1�3, 35 0�1, 56

1�2, 82 0�1, 86 0�1, 103 1�0 (13 0�1, 22 0�1, 29

0�1, 34 1�0, 45 0�1, 92 0�2, 93 0�1, 104 0�1).

Asaroideae: 14 0�1, 49 3�1, 87 0�1 (85 0�1).

Saururaceae: 23 3�1, 59 0�1, 78 2�3, 89 0�1, 115 0�1

(34 0�2, 45 1�2, 57 0�1, 66 1�0).

with platysperms (decay index 5 steps, bootstrap

frequency 93%) and the monophyly of platys-

perms (4 steps, 90%), as well as for Gnetales (8

steps, 98%) and angiosperms (5 steps, 98%).

However, support values for near-basal nodes in

the platysperms are low, including those for

nodes in the glossophyte clade (1 step, �50%).

When living taxa are constrained into the mo-

lecular topology (Fig. 8), support values for re-

lationships that involve fossil taxa are generally

similar to those found without constraints. De-

cay support for the relationship of angiosperms

with Caytonia and Bennettitales is slightly high-

er (2 steps) than other relationships in glosso-

phytes, but bootstrap support remains low (61%

for association of Caytonia with angiosperms,

�50% for association of Bennettitales).

Discussion. The fact that both anthophyte

and conifer relationships of Gnetales became al-

most equally parsimonious after the character re-

visions made here suggests that morphology

does not conflict as strongly with molecular data

on the position of Gnetales as it seemed. Ap-

parently much of the conflict between previous

morphological and molecular results was due to

difficulties in assessing homology in certain

morphological characters. A skeptic might argue

that this change in parsimony only indicates that

morphological characters can be reinterpreted at

will to support any desired relationship. How-
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ever, this would be unduly pessimistic. In the

process of reciprocal illumination outlined

above, closer examination showed that some

characters thought to support the anthophyte hy-

pothesis are instead equally consistent with ei-

ther relationship, whereas others had been inter-

preted incorrectly. At the time of the first mo-

lecular analyses it seemed that morphology

strongly favored the anthophyte hypothesis,

whereas molecular data were equivocal, sug-

gesting the morphological result should be ac-

cepted (Doyle 1998b). But now the situation is

reversed: more voluminous and better-analyzed

molecular data strongly contradict the anthophy-

te hypothesis, whereas morphological data are

ambiguous. On a more positive note, the infer-

ence that morphology is less positively mislead-

ing than it seemed may be grounds for optimism

about the prospects of using morphological data

to fit fossil taxa into a molecular framework of

living taxa.

As in Doyle (1996), the bootstrap and decay

analyses (Figs. 6, 8) indicate that the strongest

results concern relationships near the base of the

seed plants, including the monophyly of platy-

sperms, which correspond roughly to crown-

group seed plants (depending on the position of

Callistophyton), and the monophyly of Gnetales

and angiosperms. In the constrained analysis

(Fig. 8), bootstrap values below 100% in extant

conifers and angiosperms, within which relation-

ships were fixed, must be due to ‘‘infiltration’’

of fossil outgroups into the crown groups in

some bootstrap replicates. A similar effect can

be seen by examining trees found during the de-

cay analyses. For example, in trees found when

angiosperms were specified as not forming a

clade (five steps longer than the shortest trees),

Caytonia was nested within angiosperms. Thus

the present numbers may underestimate the true

support for angiosperm monophyly, because

trees with Caytonia nested in angiosperms as-

sume that Caytonia had angiosperm synapomor-

phies in embryological and other characters that

are not preserved, which may be true in some

cases, but probably not in all.

Unfortunately, the low support for relation-

ships in basal platysperms and glossophytes

means that the question of angiosperm relation-

ships is still far from resolved. In the uncon-

strained analyses, the low values may reflect al-

most equal support for placement of Gnetales in

glossophytes and in conifers, plus uncertain re-

lationships among other fossil platysperms. Sup-

port in the vicinity of conifers is slightly higher

in the constrained analysis (Fig. 8), where Gne-

tales were not allowed to ‘‘jump’’ out of coni-

fers. The slightly higher decay support for rela-

tionships of angiosperms with Caytonia and

Bennettitales in the constrained analyses may re-

flect the fact that Gnetales are no longer in the

picture, but why bootstrap support for these re-

lationships remains low is unclear. These results

mean that the position of angiosperms among

glossophytes is only a best guess, which may

however serve as a focus for future investiga-

tions in paleobotany and in evolution and de-

velopment. The strongest inference is that both

angiosperms and other living seed plants are

nested among Paleozoic seed ferns, in the pla-

tysperm clade, and that homologies for angio-

sperm organs are to be sought among fossil

members of this clade, rather than in more basal

seed ferns.

The unconstrained trees (Fig. 6, with leaf

character in Fig. 12) are reminiscent of some

trees that were one step longer than the shortest

trees in the analysis of Doyle (1996, Fig. 9),

which differed in relationships among glosso-

phytes and the fact that their sister group was

cordaites rather than conifers. This result recalls

the view of Schopf (1976) that glossopterids

were related to coniferophytes, with their sim-

ple, pinnately veined leaves derived from cor-

daite- or Ginkgo-like simple leaves with dichot-

omous venation by aggregation of veins into a

midrib, and with their ‘‘fertiliger’’ (leaf-cupule

complex) derived from a bract-axillary fertile

short shoot unit of the type found across coni-

ferophytes. It also recalls the suggestion of

Crane et al. (2004) that among modern plants

angiosperms are related to conifers and Gneta-

les, but cycads and Ginkgo are more basal, based

on the restriction of siphonogamy to conifers,

Gnetales, and angiosperms. Ironically, though,

siphonogamy would not be a valid synapomor-

phy if fossil taxa are interpolated as found here,

given the discovery of zooidogamy in glossop-

terids (Nishida et al. 2003, 2004) and its pre-

sumed occurrence in cordaites (e.g., Poort et al.

1996), in addition to more basal seed ferns (Ben-

son 1908, Stewart 1951). However, trees found

when Gnetales were forced together with coni-

fers (Fig. 7) or living taxa were constrained into

the molecular topology (Figs. 8, 9, 10) imply

rather that the glossophyte line diverged earlier

from platyspermic seed ferns. This emphasizes

again that relationships near the base of the pla-

tysperms are poorly resolved, whether because

of the smaller number of known characters in
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FIG. 12. Representative tree from the unconstrained analysis, with shading showing the inferred evolution
of leaf organization (character 26).

Permian and Mesozoic fossils than in Carbon-

iferous forms, very rapid radiation after origin

of the clade, or both. Better evidence on anatom-

ical and life cycle features in Permian and Me-

sozoic taxa could have a significant impact and

should be a high priority for students of seed

plant phylogeny.

Given that the analysis with Gnetales forced

together with conifers placed cycads on the line

leading to angiosperms (Fig. 7), but trees with

cycads on the line leading to other living gym-

nosperms (as in most molecular analyses) or be-

low both lines are only two steps longer, the

conflict between morphological and molecular

data on cycads is not severe. The position of

cycads is one of the more weakly supported as-

pects of molecular phylogenies (cf. Magallón

and Sanderson 2002, Soltis et al. 2002). Consid-

ering extant taxa alone, it might seem that dif-

ferent positions of cycads would have very dif-

ferent implications for character evolution in

seed plants. However, trees with all three posi-

tions of cycads actually imply rather similar sce-

narios for the evolution of most characters, such

as leaf morphology; differing positions of Perm-

ian and Mesozoic groups have a greater effect

(compare Figs. 7, 9, 10, and 12). This is because

Paleozoic seed ferns remain at the base of seed

plants and relationships within the two main pla-

tysperm lines are often similar. This reaffirms

the view that incorporation of fossil taxa into

molecular trees can be necessary in order to gain

a proper understanding of character evolution in

ancient groups such as seed plants, even when

relationships among living taxa are not affected

(Doyle and Donoghue 1987, Donoghue et al.

1989).

All these trees are troubling in indicating that

pollen germination through a distal sulcus orig-

inated at the base of platysperms, implying that

the tetrad scar and proximal pollen germination

of cordaites and Paleozoic conifers (such as Em-

poria) are not primitive features, as generally

assumed (e.g., Poort et al. 1996), but rather re-

versals. This, together with the fact that cordai-

tes are the oldest known platysperms, could be

evidence for a more basal position of conifero-

phytes.

In discussing the implications of these results,

there would be little justification for using a tree

from the unconstrained analysis, since some of

the relationships within angiosperms are strong-

ly contradicted by molecular data. This is evi-

dent from the combined analysis of Doyle and

Endress (2000), where molecular data overruled

morphological data in most cases, for example

in placing both Nymphaeales and other ANITA

taxa together in a basal grade. Exceptions, where
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morphology overcame weakly supported molec-

ular relationships, concerned taxa not included

in the present data set (e.g., association of Laur-

aceae with Hernandiaceae, Piperales with mono-

cots). The ideal procedure would be to combine

the present data with DNA sequences and ana-

lyze them together, but in the absence of this,

and because the results of Doyle and Endress

(2000) indicate that DNA would dominate in the

taxa sampled here, I will instead concentrate on

the analysis with living taxa constrained into the

molecular arrangement (Fig. 8). I will consider

data set B, with seed characters of Bennettitales

scored as uncertain where they differ between

Vardekloeftia and other taxa. Although I accept

the interpretation of Cycadeoidea and William-

sonia by Rothwell and Stockey (2002) and

Stockey and Rothwell (2003), I find the inter-

pretation of Vardekloeftia by Pedersen et al.

(1989b) more convincing than Rothwell and

Stockey’s (2002) critique of it, and it seems pre-

mature to assume which set of characters is an-

cestral. In any case, this is not a critical issue,

because the two scorings of Bennettitales had no

effect on inferred relationships.

Of the two types of trees found in the con-

strained analysis (Figs. 9, 10), trees from island

1 are more plausible in terms of the stratigraphic

distribution of taxa and morphotypes. Island 2

(Fig. 10) implies that a line consisting of some

of the youngest taxa of seed plants—Bennetti-

tales and Caytonia, both unknown before the

Late Triassic, and angiosperms—diverged at the

same time as a line with members extending

back to the Late Carboniferous (cordaites, co-

nifers, probably cycads). This implies a long

ghost lineage for the former line (where its ex-

istence is predicted by the tree but not attested

in the fossil record: cf. Doyle 1998b). Further-

more, it implies that the first members of both

lines had pinnately veined simple leaves, while

the fernlike leaves of Autunia, Peltaspermum,

corystosperms, and (in some trees) Callistophy-

ton were secondarily compound (Fig. 10). In

fact, compound leaves predominated in the Car-

boniferous, while simple pinnate leaves did not

appear until the latest Carboniferous (Taeniop-

teris) and (with the notable exception of Perm-

ian glossopterids) remained subordinate until the

Mesozoic. In contrast, trees in island 1 (Fig. 9)

place older groups (including glossopterids) near

the base of both lines and Mesozoic groups in

more nested positions, and they allow pinnately

compound leaves to be interpreted as primitive

in all taxa where they occur (except Caytonia).

Therefore I will use a tree from island 1 (Fig.

9) as a basis for discussion of evolutionary im-

plications.

Implications for the evolution of ovulate

structures can be introduced in terms of the

ovule position character (Fig. 13), with apical,

abaxial, adaxial, and marginal states. At the base

are Paleozoic seed ferns—first Elkinia and Ly-

ginopteris with cupules of the dichotomous type,

then medullosans, with no cupule, in all of

which the ovules appear to be apical. Seed ferns

with abaxial ovules—Callistophyton (the most

plesiomorphic example of this type), pelta-

sperms, and corystosperms—form a grade on

the line between cycads (in which ovules are

basically marginal: Norstog and Nicholls 1997)

and coniferophytes, except in one tree in which

these taxa are linked with cordaites. Conifero-

phytes (including Gnetales), whose more ple-

siomorphic members (cordaites, Ginkgoales, and

Paleozoic conifers such as Emporia) had ovules

that were apparently apical on simple sporo-

phylls, are nested in this clade. Their simple spo-

rophyll morphology is presumably a conse-

quence of a general shift from fernlike fronds to

simple leaves, ascribed by Rothwell (1982) to

heterochronic substitution of cataphylls for

fronds. The glossophyte line includes all taxa

with adaxial ovules, with glossopterids and Pen-

toxylon at the base, and with Caytonia linked

with angiosperms. Because lines with adaxial,

abaxial, and marginal ovules diverge from ad-

jacent nodes, the most parsimonious ancestral

state in platysperms is equivocal, and it is not

clear which of these states are synapomorphies.

One alternative is that all three states were sep-

arately derived from apical and are therefore

synapomorphies of their respective clades.

Whereas most versions of the anthophyte hy-

pothesis implied that the ‘‘flowers’’ of Gnetales

were reduced from more complex structures

(Crane 1985, Doyle and Donoghue 1986, Doyle

1994), the molecular results support the hypoth-

esis that they are homologous with the axillary

fertile short shoots of coniferophytes, best seen

in cordaites and Paleozoic conifers. This view

was proposed by Eames (1951) for Ephedra but

later extended to the other genera (Bierhorst

1971, Doyle 1978), and it was discussed by

Doyle (1994) in relation to trees in which an-

thophytes were nested in coniferophytes (e.g.,

Nixon et al. 1994). Shindo et al. (1999) argued

that it was supported by developmental genetic

data. The position of Gnetales within conifers,

linked with Pinaceae, implies that the female
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FIG. 13. Representative tree from the analysis with molecular constraints (Fig. 9), with shading showing the
inferred evolution of ovule position (76).

fertile short shoot, which corresponds to the

cone scale of living conifers (Florin 1951), was

either transformed into a woody cone scale

twice, in Pinaceae and in other conifers, or that

the cone scale reverted to a shoot with scale-like

appendages in Gnetales, a less plausible scenar-

io. In either case, the constrained trees imply

that the fertile short shoot, which had become

dorsiventral in the common ancestor of Emporia

and crown-group conifers, reverted to bisym-

metric in Gnetales. In addition, there was a shift

from simple to compound male strobili, perhaps

by remodeling of the male structures on the fe-

male plan. Future studies may clarify whether

the compound male strobili of the Paleozoic co-

nifer Thucydia (Hernandez-Castillo et al. 2001)

are relevant to this question. There is no char-

acter in the present data set that unequivocally

links Pinaceae and Gnetales, although double

fertilization of the Ephedra type, which has been

reported in some Pinaceae but is not confirmed

for the whole family (which was therefore

scored as 0/1), could be such a synapomorphy

(Friedman and Floyd 2001).

It may be significant that anthophyte trees im-

plied that the inferred ancestral megasporophyll

and cupule were completely lost by reduction in

Gnetales (Doyle and Donoghue 1986, Doyle

1994, 1996). In hindsight the absence of these

structures was a danger signal suggesting that

Gnetales belonged elsewhere.

If a leaf-cupule complex of the glossopterid

type existed on the line leading to angiosperms,

their bitegmic ovule could be derived by enroll-

ing of the cupule and reduction of the number

of ovules on its adaxial surface to one, and the

carpel wall could be derived from the subtend-

ing leaf (Stebbins 1974, Retallack and Dilcher

1981, Doyle 1996). These homologies are dia-

grammed in Fig. 14, with the abaxial surface of

foliar structures indicated in black. In glossop-

terids, I have illustrated a unicupulate leaf-cu-

pule complex (Fig. 14a) and two interpretations

of the multicupulate type (e.g., Lidgettonia: Sur-

ange and Chandra 1975, Schopf 1976, Retallack

& Dilcher 1981; Fig. 2J–L). In Fig. 14b the cu-

pules are interpreted as leaflets of a single com-

pound sporophyll, in Fig. 14c as several simple

sporophylls. For angiosperms, I have shown an

ascidiate carpel with one ovule (Fig. 14d), a

common type in basal angiosperms (Endress and

Igersheim 2000), and a classic plicate carpel

with several ovules (Fig. 14e). The parallels be-

tween the unicupulate glossopterid type (Fig.

14a) and the ascidiate carpel (Fig. 14d) are es-

pecially close: the bitegmic ovule develops from
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FIG. 14. Alternative interpretations and possible homologies of ovulate structures in glossopterids (a–c),
angiosperms (d, e), and Caytonia (f–h), with abaxial surfaces indicated in black. See text for discussion.

the cross-zone on the ventral side of the carpel

primordium, where one might expect an axillary

branch, and the ovule has the proper orientation,

allowing for tilting toward the carpel midrib.

The positional relationships are less clearly com-

parable in the plicate carpel. However, the pre-

cise geometry may not be critical, considering

the great flexibility in placentation within angio-

sperms.

The hypothesis that the carpel was derived

from a glossopterid leaf-cupule complex is con-

sistent with a widespread view among develop-

mental geneticists (e.g., Skinner et al. 2004),

based on mutants and gene expression patterns,

that the placenta and carpel wall are distinct

structures: the carpel wall corresponds to the

leaf, the placenta to the axillary fertile branch.

This also recalls the ‘‘gonophyll theory’’ of Mel-

ville (1963), but without his reliance on now-

refuted reconstructions of glossopterids and his

concept that angiosperm gynoecia were derived

polyphyletically from glossopterid structures.

A weakness of this scheme is uncertainty in

reconstructing characters of the first glossophy-

tes. The present trees imply that several features

of glossopterids are derived: uniseriate rays, un-

fused microsporangia, and paddle-like megaspo-

rophylls in both glossopterids and Pentoxylon,

plus reticulate venation, air sacs and striations

on the pollen, and loss of the sarcotesta in glos-

sopterids alone. However, scenarios in which

many of these features are ancestral in glosso-

phytes are only one step less parsimonious (dis-

cussed below for reticulate venation). Uniseriate

rays, an important aspect of the pycnoxylic

wood syndrome, are suspiciously correlated with

the cool temperate distribution of glossopterids

and Pentoxylon (as well as conifers, ginkgos,

and corystosperms). The inference that paddle-

like megasporophylls were derived may be an

artifact of the present character definition if they

were homologous with the cupules of Caytonia

and the bitegmic ovules of angiosperms. Alter-

natively, if multicupulate leaf-cupule complexes

were ancestral in glossopterids and the ovule-

bearing portion was a compound megasporo-
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phyll (Fig. 14b), glossopterids would have the

same state as Caytonia.

The concept that the leaf-cupule complex was

ancestral in glossophytes is consistent with the

age of glossopterids, and it would be enhanced

if they were shown to be paraphyletic. Many

authors have expressed suspicions that glossop-

terids were heterogeneous, noting for example

the contrast between unicupulate types, in which

the cupule was quite leaflike, and multicupulate

types, in which the cupules were more modified

and contained fewer ovules (cf. Pigg and Trivett

1994, Taylor 1996). There is little reason to be-

lieve that glossopterids were polyphyletic, since

the different conditions could be a result of var-

iation in the number of sporophylls per branch

and the number of ovules per sporophyll, rather

than fundamentally different starting points. It

may be easier to imagine that some traditional

glossopterids were more closely related to Me-

sozoic taxa than others, making the group par-

aphyletic. However, to demonstrate this would

require showing that the apparent synapomor-

phies of glossopterids were outweighed by syn-

apomorphies of some glossopterids and Meso-

zoic taxa.

The present scheme also requires that some-

thing like the leaf-cupule complex persisted on

the line between glossopterids and angiosperms,

but other taxa attached to this line show no sign

of such a structure, with the possible exception

of the cupule in the bennettitalian genus Var-

dekloeftia (Harris 1932, 1954, Pedersen et al.

1989b). Bennettitales had stalked ovules borne

on a radial receptacle, while Pentoxylon had

ovules borne on all sides of a structure that was

originally assumed to be radial but was shown

by Rothwell and Serbet (1994) to have a bilat-

eral, leaflike anatomy. This may not be a prob-

lem if these conditions were autapomorphic spe-

cializations of structures of a glossopterid type,

which I allowed by scoring Bennettitales as un-

known for megasporophyll morphology and

ovule position. The most common interpretation

is that each stalked ovule of Bennettitales was a

highly reduced sporophyll (Crane 1985, Roth-

well and Stockey 2002). A more exotic alter-

native is that the receptacle was a sporophyll

shifted to a terminal position and radialized

(Doyle and Donoghue 1986, Doyle 1996), on

analogy with Pentoxylon. However, both hy-

potheses imply that the ancestral leaf-axillary

branch organization was lost, whether by reduc-

tion, fusion, or heterotopic transfer of the spo-

rophyll to an axis of a lower order.

This problem would be less severe if Bennet-

titales and Pentoxylon formed a clade, as in

Crane (1985), putting both deviant taxa on a

sideline. This relationship is only one step less

parsimonious with no other constraints, but three

steps worse with molecular backbone con-

straints. The problem would disappear if it was

shown that Bennettitales were not related to

glossophytes but to some other group, such as

cycads, a relationship that is two steps less par-

simonious with no other constraints, three steps

worse with the molecular backbone. Perhaps the

situation is analogous to that of Gnetales, where

lack of any vestige of the ancestral megasporo-

phyll or cupule now appears to be evidence that

Gnetales did not belong in the anthophytes. Dis-

covery of more plesiomorphic relatives of Ben-

nettitales or Pentoxylon could show either con-

ditions more compatible with the glossopterid

type or something different, strengthening or re-

futing the present scheme.

Caytonia fits better between glossopterids and

angiosperms: it had cupules that correspond to

the predicted intermediate, in containing several

ovules but being anatropous, plus angiosperm-

like advances in its seeds (no pollen chamber,

thick nucellar cuticle, loss of the megaspore

membrane). However, other aspects of its mor-

phology are hard to explain in glossopterid

terms. Several interpretations are possible, each

of which raises new questions (Fig. 14f–h). Was

the ovulate structure a compound leaf, with a

rachis and leaflets converted into cupules, as be-

lieved by Harris (1940, 1951) and Reymanówna

(1974) and assumed here in scoring Caytonia as

having pinnate megasporophylls? If so, was it

borne directly on a main stem (Fig. 14f), with

the adaxially enrolled cupules facing upward?

This would be difficult to reconcile with a glos-

sopterid prototype, except by postulating that the

sporophyll was transferred from the axillary

branch to a stem of a lower order. Such a spo-

rophyll might be transformed into an angio-

sperm carpel by expansion of the rachis (Gaus-

sen 1946, Stebbins 1974, Doyle 1978; Fig. 1),

an alternative to the proposed homologies with

glossopterids. Or was the ovulate structure a

compound leaf borne on an axillary shoot (Fig.

14g)? Such a system could be compared with a

Lidgettonia leaf-cupule complex as interpreted

in Fig. 14b, where the cupules correspond to leaf-

lets. This would predict that Caytonia cupules

faced downward, toward a subtending leaf or

bract. Or, despite its dorsiventral appearance,

was the Caytonia ovulate structure actually an

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 29 May 2022
Terms of Use: https://bioone.org/terms-of-use



194 [VOL. 133JOURNAL OF THE TORREY BOTANICAL SOCIETY

axillary branch bearing several simple sporo-

phylls (Fig. 14h)? This would correspond to

Lidgettonia as reconstructed in Fig. 14c, where

each cupule is a simple sporophyll. In either of

the latter schemes (Fig. 14g, h), was the sub-

tending leaf distinct, or was it fused to the cu-

pule-bearing axis, so that what appears to be a

rachis was actually a composite structure?

Specimens that show the ovulate structures of

Caytonia attached to a stem are needed to decide

among these alternatives, although they might

not be easy to interpret. Retallack and Dilcher

(1988) reconstructed the cupules as facing

downward, based on a sporophyll apparently at-

tached to a stem in a specimen at Cambridge

University, with no sign of a subtending leaf or

bract. They interpreted this orientation as evi-

dence that the ovules were on the abaxial surface

of the cupules, although it might be consistent

with Fig. 14g, in which the ovules are adaxial,

if the bract was highly reduced or fused to the

rachis. However, after examining this specimen

I am not convinced that the relative orientation

of the parts can be determined.

If nothing comparable to a glossopterid leaf-

cupule complex can be found in the Mesozoic

taxa associated here with glossopterids and an-

giosperms, it could mean that this structure was

an autapomorphy of glossopterids that never ex-

isted on the line leading to angiosperms, thus

refuting the proposed homologies. Or it could

suggest an exclusive link between angiosperms

and glossopterids. Answers to these questions,

which might come from better information on

the anatomy of glossopterids and Mesozoic fos-

sils, could have a major impact on the angio-

sperm question.

Origin of the angiosperm stamen in terms of

potential outgroups is less widely discussed, but

it poses as many problems as origin of the car-

pel. Male structures of glossopterids consisted of

a branched sporangium-bearing unit adnate to

the adaxial side of a leaf (Surange and Mahesh-

wari 1970, Schopf 1976, Gould and Delevoryas

1977, Retallack & Dilcher 1981), reminiscent of

the leaf-cupule complex. Bennettitales had what

appear to be sporophylls bearing microsynangia

on their adaxial side, but it is worth considering

that these were derived from compound struc-

tures of the glossopterid type. Whatever the or-

igin of these structures, extreme reduction in the

number of sporangia in either group might result

in something like the stamens of basal angio-

sperms, which have two pairs of microsporangia

borne on their adaxial side (Doyle and Endress

2000). Each pair of microsporangia would rep-

resent a separate synangium. As with the female

structures, it is unclear how glossopterid and

bennettitalian organs relate to the branched mi-

crosporophylls of Pentoxylon and Caytonia.

Another aspect of the angiosperm problem is

origin of the angiosperm leaf. There is a wide

morphological gap between the simple leaves of

extant basal angiosperms, with pinnate second-

ary veins and reticulate fine venation, and Pa-

leozoic seed ferns, which were pinnately com-

pound and had dissected pinnules with open di-

chotomous venation. Leaves of the glossopterid

type could fill part of this gap: not only were

they already simple, but they also had reticulate

laminar venation. The main difference is that the

reticulum was simple, consisting of veins of

only one order, as opposed to complex in angio-

sperms, consisting of several orders, the finest

of which are freely ending veinlets. Elaborating

on ideas of Stebbins (1974), Doyle and Hickey

(1976) proposed that transformation of a seed

fern frond into an angiosperm leaf involved rad-

ical reduction in a semiarid environment, but

this is unnecessary under the present scheme,

since glossopterid leaves were simple but not

highly reduced. Origin of the angiosperm leaf

could instead involve origin of a hierarchy of

coarse to fine veins without any major change

in size, which might reflect a shift in the type of

meristematic activity responsible for production

of the blade, from marginal to diffuse (Boyce

2005). This would be consistent with arguments

of Feild et al. (2004) that the first angiosperms

were adapted to disturbed habitats in the wet for-

est understory.

A problem for this scenario is the fact that

taxa without reticulate venation, namely Pentox-

ylon and Bennettiales, are interpolated between

glossopterids and angiosperms, although glos-

sopterid-like venation does occur in the pal-

mately compound leaves of Caytonia. As a re-

sult, although simple leaves with pinnate vena-

tion (like the Taeniopteris-type leaves of Pen-

toxylon and some Bennettitales) are

reconstructed at the base of glossophytes, it is

most parsimonious to assume that reticulate ve-

nation originated independently in glossopterids

and the Caytonia-angiosperm clade. The alter-

native, that it originated once but was lost in

Pentoxylon and Bennettiales, is one step less

parsimonious. This picture would change if Pen-

toxylon and Bennettiales formed a clade, which

would require only one reversal from reticulate

to open venation. Also, some Bennettitales had
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FIG. 15. Representative tree from the analysis with molecular constraints (Fig. 9), with shading showing the
inferred evolution of sperm transfer (character 73).

reticulate venation (Dictyozamites); if these were

shown to be plesiomorphic in the group, the hy-

pothesis that reticulate venation was homolo-

gous in glossopterids, Caytonia, and angio-

sperms would be strengthened.

These observations bring out a general prob-

lem for the present scheme, the stratigraphic gap

in the record of plants with glossopterid-like fea-

tures after the mass extinction at the end of the

Permian (Retallack 1995). The scheme predicts

that some derivatives or relatives of glossopter-

ids, with or without additional advances, sur-

vived into the Mesozoic. This picture could

change with the discovery of new Mesozoic fos-

sils or association of known but isolated organs.

A possible example is Mexiglossa, a Glossop-

teris-like leaf from the Jurassic of Mexico (De-

levoryas and Person 1975), which co-occurs

with branched microsporophylls (Perezlaria)

suggestive of the male structures of Caytonia

(Delevoryas and Gould 1971). In general, if the

plants associated as glossophytes do form a

clade, they are probably not its only members.

This is suggested by Petriellaea (Taylor et al.

1994), which also had cupules with adaxial

ovules. Anderson and Anderson (2003) have de-

scribed a remarkable array of plants from the

Triassic Molteno flora of South Africa, some

with anatropous cupules, that might also belong

here.

The present results also provide a new per-

spective on the origin of siphonogamy, a feature

of angiosperms and Gnetales that seemed to be

an anthophyte synapomorphy and was more re-

cently proposed as a synapomorphy of angio-

sperms, conifers, and Gnetales (Crane et al.

2004). Stockey and Rothwell (2003) showed

that it probably existed in Bennettitales. A major

new element is the report by Nishida et al.

(2003, 2004) that glossopterids had motile

sperm. This cannot be taken as evidence that

glossopterids are not related to angiosperms.

The molecular arrangement of living taxa (Fig.

5), where cycads and Ginkgo, with motile

sperm, are attached between conifers and angio-

sperms, implies that siphonogamy arose inde-

pendently in conifers (including Gnetales) and

on the line leading to angiosperms. Considering

living taxa alone, its origin on the angiosperm

line could have occurred at any time between

the Carboniferous and the Cretaceous. In terms

of the tree of fossil and living taxa (Fig. 15), the

discovery of motile sperm in glossopterids im-

plies that siphonogamy arose between glossop-

terids and Bennettitales. This tree also predicts

that Pentoxylon had motile sperm; discovery
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that Pentoxylon too was siphonogamous might

be evidence that it was closer to Bennettitales

and angiosperms. Such examples illustrate not

only the uncertainties caused by incomplete

preservation, but also the potential impact of

new data on previously unknown characters.

Of course, there are other fossils that might

invalidate this scheme, such as Permian gigan-

topterids (cf. Taylor and Li 1997), which had

even more angiosperm-like leaf venation but are

too incompletely known to be included in an

analysis. What is needed to test these hypotheses

is better understanding of Permian and Mesozoic

seed plant diversity and the morphology of fossil

taxa that are already known. Examples include

information on the nodal anatomy of glossop-

terids and Caytonia (two-trace unilacunar in

Pentoxylon and basal angiosperms); wood anat-

omy, sporophyll attachment and associated

structures in Caytonia; seed cuticle characters

based on coordinated observations on both pet-

rified and compressed material; details of the life

cycle in Mesozoic fossil taxa; and recognition of

more plesiomorphic relatives of Bennettitales,

Pentoxylon, and Caytonia.
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Appendix 1. Taxa and Characters

The data matrix for the present analysis is presented
in Appendix 2.

TAXA
1. Elkinsia (Serbet and Rothwell 1992).
2. Lyginopteris.
3. Medullosans (Quaestora and Medullosa).
4. Callistophyton.
5. Cordaitales (consensus of Mesoxylon and Cor-

daixylon as reconstructed by Rothwell and Serbet
1994).

6. Emporia (Mapes and Rothwell 1984).
7. Pinaceae.
8. Podocarpaceae.
9. Araucariaceae.

10. Taxodiaceae (including Cupressaceae).
11. Cephalotaxus.
12. Taxaceae.
13. Ginkgoales.
14. Corystosperms.
15. Autunia (formerly Callipteris: Kerp 1988).
16. Peltaspermum.
17. Cycadales.
18. Glossopterids.
19. Caytonia.
20. Bennettitales.
21. Pentoxylon.
22. Ephedra.
23. Welwitschia.
24. Gnetum.
25. Amborella.
26. Nymphaeales (Cabombaceae and Nymphaeaceae).
27. Austrobaileya.
28. Trimenia (including Piptocalyx).
29. Illicium.
30. Schisandraceae.
31. Chloranthaceae (ancestral states based on Eklund

et al. 2004, assuming Hedyosmum is basal to As-

carina and Sarcandra plus Chloranthus).
32. Saururaceae.
33. Asaroideae (Aristolochiaceae: Saruma, Asarum).
34. Winteraceae.

CHARACTERS
D96 designates characters of Doyle (1996); DE,

characters of Doyle and Endress (2000). When chang-
es from previous definitions or scorings are described,
these are changes from the treatment of Doyle (1996)
or Doyle and Endress (2000), as appropriate, unless
otherwise indicated. Unmodified characters are docu-
mented and justified in those articles. All multistate
characters except 103 are unordered.

General vegetative organization

1 (D96 1). Habit (0) woody, (1) (semi)herbaceous
(secondary growth reduced or absent). Doyle and En-
dress (2000) recognized two related characters, DE 1
for tree or shrub vs. rhizomatous, scandent, or acau-
lescent, DE 5 for presence vs. absence of cambium. I
have retained the original distinction because DE 1 is

too difficult to extend to fossils and DE 5 is an auta-
pomorphy of Nymphaeales. Chloranthaceae changed
from (0/1) to (0) based on results of Eklund et al.
(2004).

I deleted D96 2, radicle persistent vs. replaced by
adventitious roots: with elimination of monocots, this
is an autapomorphy of Nymphaeales.

2 (D96 3). Axillary buds (0) single, (1) multiple.
3 (D96 4). Vegetative short shoots (0) absent, (1)

present.

Stem anatomy

4 (D96 14 modified). Apical meristem (0) without
tunica, (1) one tunica layer, (2) two tunica layers. See
text for discussion and references.

5 (D96 15). Cauline protoxylem (0) one central
strand, (1) two or more sympodia.

6 (D96 16 modified). Stele (0) protostele or arcuate
primary xylem segments, (1) eustele of more or less
round bundles, (2) siphonostele or pseudosiphonostele.
State (2) added from DE 2; Winteraceae scored as (1)

based on Keating (2000).

7 (D96 18). Primary xylem (0) mesarch, (1) en-

darch.

8 (D96 19). Metaxylem (0) with scalariform pitting,

(1) without scalariform pitting.

9 (D96 20 modified). Mature secondary xylem tra-

cheids with (0) circular bordered pits or perforations

only, (1) at least some scalariform pits or perforations.

Redefined in terms of mature secondary xylem to ad-

dress the condition in cordaites, where scalariform pit-

ting extended into the early secondary xylem but gave

way to circular bordered. Carlquist (1996a) stated that

Pentoxylon had scalariform pitting, based on Vishnu-

Mittre (1957), but this was refuted by Bose et al.

(1985). Carlquist (1996a) questioned the previous

scoring of cycads as (0/1) because scalariform pitting

occurs in the early secondary xylem of Cycas, but be-

cause it is lacking in mature secondary xylem I have

retained the previous scoring. I have changed Gnetum

from (?) (based on Muhammad and Sattler 1982) to

(0) because Carlquist (1996b) showed that the perfo-

rations are never truly scalariform. Doyle (1996)

scored Elkinsia as (1), following Rothwell and Serbet

(1994), but because Serbet and Rothwell (1992) de-

scribed the meager secondary wood as having only

circular bordered pits, I have rescored it accordingly.

10 (new). Torus in tracheid pits (0) absent, (1) pres-

ent. See text for discussion and references.

11 (D96 21). Tertiary spiral thickenings in tracheids

(0) absent, (1) present.

12 (D96 22, DE 7 modified). Tracheary elements

(0) tracheids or cells with porose pit membranes, (1)

vessel members with typical perforations. Redefined to

include elements with porose membranes in (0), as in

Eklund et al. (2004), and Nymphaeales are therefore

still scored as (0).

13 (DE 8). Vessel grouping (0) predominantly soli-

tary, (1) mostly pairs or multiples. Scored within an-
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giosperms only; scoring in Gnetales would run risk of
the Maddison effect (Maddison 1994), where the an-
cestral state in one taxon having a structure affects the
inferred ancestral state in another taxon separated by
lines in which the structure does not exist.

14 (D96 23, DE 9 in part). End-wall pits or vessel
perforations (0) multiple, (1) simple. Like Gnetum,
Schisandraceae, with mixed perforations, are scored as
(?).

15 (D96 24 modified). Rays (0) at least some mul-
tiseriate, (1) uniseriate or uniseriate plus occasionally
biseriate. State (1) redefined to express more clearly
that it refers to woods with predominantly uniseriate
rays.

16 (DE 11). Multiseriate rays (0) narrow (generally
not more than four cells wide), (1) wide. Scored only
in angiosperms because of uncertain applicability to
gymnospermous taxa with uniseriate rays and lack of
data in others.

17 (D96 25). Companion cells in phloem (0) absent,
(1) present. Whether Austrobaileya has no companion
cells in the normal sense (as sister cells of sieve-tube
elements) or only very few is uncertain (Carlquist

2001), so I have changed its scoring from (1) to (?). I

have not found data on Amborella.

18 (new). Fibers in secondary phloem (0) absent,

(1) isolated or forming irregular groups or tangential

bands, (2) forming regular, uniseriate tangential bands.

See text for discussion and references. Not scored in

groups with little or no secondary phloem.

19 (DE 17 modified). Pericycle (including modified

protophloem) with (0) separate fiber bundles, (1) more

or less continuous ring of fibers (or fibers and non-U-

shaped sclereids). DE state (2), fibers alternating with

U-shaped sclereids, is not present in this data set; state

(3), no sclerenchyma, is found only in Nymphaeales

(rescored ?) and questionably applicable because this

character is associated with secondary growth, which

is lacking in Nymphaeales. Saururaceae changed from

(1) to (0/1) based on Eklund et al. (2004). I have not

attempted to compile data on comparable features out-

side angiosperms, which would be especially difficult

for fossils.

I deleted D96 26, sieve-tube plastid inclusions: with

elimination of Magnoliales, Laurales, and monocots,

the PI and PII types are autapomorphic for Pinaceae

and Asaroideae, respectively.

20 (D97 27 modified). Secretory structures (0) ab-

sent, isolated cells, or groups of cells, (1) cavities, (2)

canals. I have combined former states (0), isolated

cells or groups of cells, and (3), absent, because of

difficulty in distinguishing rare secretory cells from

none, especially in fossils. Former state (4), oil cells,

is treated as a separate character (37), since it is un-

likely that these are transformations of the larger mu-

cilage-containing structures in other groups. Because

the canals of Gnetum (Carlquist 1996b) and Nym-

phaeales differ from those of other taxa in being latic-

ifers, I have rescored them as (?).

21 (D96 28). Lignin with (0) no Mäule reaction, (1)

Mäule reaction. Among added angiosperms, Gibbs

(1957) recorded Mäule reaction in Illicium.

Leaf morphology and anatomy

22 (D96 5, DE 20). Phyllotaxy (0) spiral (helical),

(1) distichous (at least on branches), (2) opposite or

whorled.

23 (D96 17, DE 21 with different numbering of
states). Nodes with (0) one trace from stele to each
leaf, (1) more than three traces, (2) two traces from
adjacent bundles, (3) three traces. Saiki and Yoshida
(1999) compiled references for one-trace nodes in
Bennettitales.

24 (D96 12). Leaf traces (0) mesarch, (1) endarch.
25 (DE 22). First appendage(s) on vegetative branch

(0) paired lateral prophylls, (1) single distinct prophyll
(adaxial, oblique, or lateral). Numbering of states was
inadvertently reversed in Doyle and Endress (2000).
Trimenia based on Eklund et al. (2004). Scored only
in angiosperms because of lack of relevant data else-
where, especially in fossils.

26 (D96 6, DE 27 in part). Leaf organization (0)
pinnately compound, (1) simple and pinnately veined
or compound but with parallel-veined leaflets, (2) lin-
ear or dichotomous with two or more veins, (3) pal-
mately veined (actinodromous or acrodromous), (4)
linear with one vein (rarely two; may fork apically).

27 (D96 7). Rachis (0) bifurcate, (1) simple. Scored
only for pinnately compound leaves, except in Cay-

tonia, in which the two pairs of leaflets are attached
almost at one point.

28 (new). Rachial pinnules (0) absent, (1) present.
A feature of peltasperms (Autunia, Peltaspermum) not
used by Doyle and Donoghue (1986), where it was
autapomorphic, or by Doyle (1996). Scored only for
pinnately compound leaves, except Caytonia (cf. 27).

29 (DE 26 modified). Leaf shape (0) obovate to el-
liptical to oblong, (1) ovate. State (2), linear, deleted
with elimination of monocots. Trimenia changed from
(0) to (0/1) because it includes Piptocalyx (Eklund et
al. 2004). Scored only in angiosperms because it is
closely tied to their distinctive leaf architecture; al-
though it could be scored in Gnetum, this would entail
a risk of the Maddison effect (Maddison 1994).

30 (DE 30 modified). Chloranthoid teeth (0) absent,
(1) present. DE states (2), monimioid, and (3), platan-
oid, are not represented. Trimenia scored as (1), Illici-

um as (0) following Eklund et al. (2004). Scored only
in angiosperms (cf. 29).

31 (D96 8). Laminar venation (0) open, (1) reticu-
late.

32 (D96 9). Laminar vein orders (0) one, (1) two or
more.

33 (D96 10). Guard cell poles (0) raised, (1) level

with aperture. The similarity of Caytonia to angio-

sperms in this and other stomatal characters has been

reaffirmed by Barbacka and Bóka (2000).

34 (D96 11, DE 31 modified). Stomata (predomi-

nant type on leaf when variable) (0) anomocytic (hap-

locheilic), (1) some or all paracytic (syndetocheilic),

(2) stephanocytic (including tetracytic). Saururaceae

are stephanocytic; in Chloranthaceae, Hedyosmum is

stephanocytic, Ascarina encyclocytic, Sarcandra later-

ocytic, and Chloranthus laterocytic and paracytic (Ek-

lund et al. 2004). Based on the topology of Chloran-

thaceae in Eklund et al. (2004), the most parsimonious

ancestral state in the family could be any of these

states. Treating laterocytic and encyclocytic as poten-

tially related to either paracytic or stephanocytic, I

have scored Chloranthaceae as (1/2), rather than par-

acytic in Doyle (1996) and laterocytic in Doyle and

Endress (2000).

35 (DE 33). Palisade parenchyma (0) absent (me-

sophyll homogeneous), (1) present (mesophyll dorsi-
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ventral). Chloranthaceae as a whole scored as (0), Il-

licium changed from (0) to (1), and Schisandraceae
changed from (?) to (0) based on Eklund et al. (2004)
and Feild et al. (2004). Data not compiled for non-
angiospermous groups.

36 (D96 13, DE 34). Foliar astrosclereids (0) absent,
(1) present. Illicium and Schisandraceae scored as (1),
Winteraceae changed from (1) to (0) based on Doyle
and Endress (2000).

37 (DE 35). Oil cells in mesophyll (0) absent, (1)
present.

38 (DE 36). Mucilage cells in mesophyll (0) absent,
(1) present. Scored only in angiosperms because of
uncertainty in homology with mucilage cells and cav-
ities in other groups (character 20).

General reproductive organization

39 (D96 46). Fertile appendages (0) not aggregated
or in simple strobili, (1) simple male, compound fe-
male strobili, (2) compound male and female strobili.
As in Doyle (1996), angiosperms with solitary flowers
are scored as (0), as are those with botryoids and re-
lated inflorescences (Amborella, etc.), which differ
from compound strobili of coniferophytes in having
terminal flowers and intergrade with solitary flowers
via types with occasional lateral flowers. Doyle (1996)
scored spikes of Saururaceae and Chloranthaceae as
(2), but because they differ from the gymnosperm
states in being made up of flowers that are bisexual or
probably derived from bisexual (Doyle et al. 2003), I
have rescored them as (?).

Characters 40–42 are most informative for conifers
and similar groups, but many other taxa can be rea-
sonably assigned to the (0) state.

40 (D96 47). Symmetry of ovuliferous shoot (0) ra-
dial, (1) bilateral (dorsiventral). Radial includes bisym-
metric, as in Gnetales.

41 (D96 48). Ovuliferous shoot (0) with distinct ap-
pendages, (1) cone scale without distinct appendages.

42 (D96 49). Bract and axillary female shoot (0)
free, (1) fused.

Characters 43–47, which concern floral organiza-
tion, are scored only in angiosperms because they can-
not be applied to taxa with no flowers without making
questionable assumptions on homology.

43 (DE 38 modified). Sex of flowers (0) bisexual,
(1) unisexual. Because former state (1), bisexual and
unisexual (usually male), occurs only in some Trimen-

ia species, I have eliminated this state and rescored
Trimenia as (0/1) (cf. Eklund et al. 2004).

44 (DE 40). Perianth phyllotaxy (0) spiral, (1)
whorled.

45 (D96 50 modified, DE 41 in part). Perianth
whorls (0) more than two, or spiral-irregular, (1) two
whorls, (2) one or none. I have redefined state (2) to
include one whorl in Hedyosmum as well as none in
other Chloranthaceae.

46 (D96 51 modified, DE 42). Perianth merosity (0)
irregular, (1) in threes, (2) in twos. DE state (2) also
included fours and fives, not found in the present data
set.

47 (DE 43). Outer perianth cycle (0) not clearly dif-
ferentiated (or continuum of forms), (1) sepaloid.

I deleted D96 52, hypanthium, which occurs only in
Amborella.

Microsporangiate structures

48 (D96 37). Microsporophylls (0) pinnate or pad-

dle-like, (1) simple, one-veined, scale-like, (2) simple,
one- (rarely three-) veined, with two pairs of longitu-
dinal microsporangia. Doyle (1996) scored Chloran-
thaceae as (0/2) to allow for the possibility that the
three-lobed androecium of Chloranthus is pinnate and
ancestral, but because current phylogenies indicate that
Chloranthus is derived (Eklund et al. 2004), I have
rescored the family as (2). I have changed Gnetales
from (0) to (0/1): the assumption that the androecium
definitely consists of two branched rather than several
simple sporophylls now seems premature, since the lat-
eral grouping of sporangial units may be a conse-
quence of the bisymmetric organization of the whole
‘‘flower.’’

49 (D96 39, DE 54 modified). Microsporangia (0)
terminal, (1) abaxial, (2) adaxial, (3) lateral. See text
for discussion of glossopterids and Pentoxylon. In ad-
dition to numbering the states differently, I have mod-
ified the limits used in Doyle and Endress (2000) char-
acter 54 (expressed as introrse, latrorse, extrorse) to
restrict (1) and (2) to markedly extrorse and introrse,
respectively, to avoid magnifying the variations among
states in angiosperms, which are relatively minor com-
pared to those differentiating other groups.

50 (D96 43, DE 48). Microsporophylls (0) free, (1)
basally fused. Chloranthaceae changed from (?) to (0)
because Chloranthus, interpreted as having fused sta-
mens, is nested within the family (Eklund et al. 2004).

51 (D96 40). Microsporangia per sporophyll (0)
more than two, (1) two.

52 (D96 41). Microsporangia (0) free, (1) fused at
least basally.

53 (D96 42 modified). Microsporangial dehiscence
(0) ectokinetic, (1) endokinetic, (2) endothecial. Fol-
lowing Nixon et al. (1994), Doyle (1996) scored sev-
eral taxa as endokinetic, a condition recognized in
Ginkgo by Jeffrey and Torrey (1916), with a fibrous
layer below the epidermis of the microsporangia. How-
ever, Singh (1978), Martens (1971), and D’Arcy
(1996) indicate that only Ginkgo is endokinetic; the
scoring of other taxa was apparently an editing error
(D. S. Stevenson, pers. comm.).

Characters 54–59, which concern androecial mor-
phology, are scored only in angiosperms because they
cannot be confidently applied to taxa with no flowers
or depend on the special morphology of angiosperm
stamens.

54 (DE 46 modified). Androecium phyllotaxy (0)

spiral, (1) whorled. Former state (2), irregular, does not

occur in this data set.

55 (D96 44 in part, DE 47 modified). Stamen mer-

osity (0) irregular, (1) in threes, (2) in twos. DE state

(2) also included fours and fives, not found in the pres-

ent data set.

I deleted D96 45, inner staminodes; in the present

data set these occur only in Austrobaileya.

56 (DE 49 modified). Stamen base (0) short (�2/3

length of anther), (1) long and wide (�1/2 width of

anther), (2) long and narrow (typical filament). Re-

places D96 38, stamens (0) laminar, (1) with well-dif-

ferentiated filament. States (0) and (2) redefined as in

Eklund et al. (2004).

57 (DE 51). Connective apex (0) extended, (1) trun-

cated or smoothly rounded. Nymphaeales scored as

(1), as in Cabombaceae and Nuphar, Chloranthaceae

as (0), based on data and topology of Eklund et al.

(2004).

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 29 May 2022
Terms of Use: https://bioone.org/terms-of-use



2006] 205DOYLE: SEED FERNS AND ANGIOSPERM ORIGINS

58 (DE 56). Connective hypodermis (0) unspecial-
ized, (1) endothecial or sclerenchymatous. Chlorantha-
ceae scored as (1), based on Hedyosmum and Ascarina.

59 (DE 53). Pollen sacs (0) protruding, (1) embed-
ded. Trimenia changed from (?) to (0), since its sacs
are more protruding than those of Ascarina.

Pollen, microgametophyte

60 (D96 67, DE 58). Microspore cytokinesis (0) si-
multaneous, (1) successive. Amborella (1) based on
Tobe et al. (2000).

61 (D96 68 modified, DE 61 in part). Pollen with
(0) proximal tetrad scar, (1) distal sulcus or round ger-
minal area, (2) no aperture, (3) tri- or hexacolpate.
State (3) added with inclusion of Illicium and Schis-
andraceae. Several-armed aperture in Hedyosmum con-
sidered monosulcate for scoring of Chloranthaceae.
Asaroideae (Saruma and Asarum) scored as (1/2)
based on Doyle and Endress (2000), rather than (1) for
Aristolochiaceae in Doyle (1996).

62 (D96 69). Pollen symmetry (0) radial, (1) bilat-
eral, (2) global.

I deleted DE 60, pollen shape, because the only
boat-shaped angiosperms in the present data set are

Nymphaeales. I deleted DE 62, size, because only

Nymphaeales (large) and Saururaceae (small) deviate

from medium-sized.

63 (D96 70). Pollen (0) non-saccate or sub-saccate,

(1) saccate.

64 (D96 71 modified, DE 63 in part). Infratectal

structure (0) massive or spongy alveolar, (1) honey-

comb alveolar, (2) granular, (3) columellar (including

intermediate). I have combined the intermediate state

of Doyle and Endress (2000), found in Amborella and

some Nymphaeales (where it is inferred to be ances-

tral), with columellar; several authors have already

considered it columellar (e.g., Osborn et al. 1991; Ga-

barayeva et al. 2003).

65 (D96 72). Exine striations (0) absent, (1) present.

Not comparable to DE 65, which refers to a striate

tendency of the muri.

66 (D96 73, DE 64 in part). Tectum (0) continuous

or finely perforate, (1) foveolate-reticulate. DE state

(2), reduced, is not represented in this data set. Asa-

roideae (0/1) based on Doyle and Endress (2000), rath-

er than (0) for Aristolochiaceae in Doyle (1996).

67 (D96 74, DE 66). Supratectal spinules (0) absent,

(1) present.

68 (D96 75, DE 68). Aperture membrane (0) smooth

or weakly sculptured, (1) conspicuously sculptured.

Asaroideae (1) based on Doyle and Endress (2000) and

Dickison (1992) rather than (0) for Aristolochiaceae in

Doyle (1996); Winteraceae (?) based on Doyle and En-

dress (2000) rather than (0) in Doyle (1996), to allow

homology of the annulus with sculpture in other taxa.

69 (D96 76 modified). Endexine (0) uniformly thick

(laminated), (1) thin (non-laminated), except under ap-

ertures, or absent. In angiosperms, Doyle (1996) dis-

tinguished (1) absent from (2), thin (non-laminated),

except under apertures. However, with exclusion of

Magnoliales and recognition of a thin endexine in Am-

borella (Hesse 2001), the only taxa in this data set that

lack endexine are Chloranthaceae and some Nymphae-

ales (Cabombaceae), and even Chloranthaceae show

what may be remnants of endexine (Chlonova and Su-

rova 1988; Sampson 2000). Therefore I have com-

bined the two states.

70 (D96 77). Microgametophyte with (0) five or

more nuclei, (1) four nuclei, tube nucleus produced by

the second division (no stalk cell), (2) four nuclei, tube

nucleus produced by the first division (no prothallials),

(3) three nuclei.

71 (D96 78). Sterile cell (0) colinear with other mi-

crogametophyte cells, (1) ring-shaped. In an oversight,

Doyle (1996) scored Taxodiaceae as (0); because they

resemble Cephalotaxus and Taxaceae in lacking proth-

allials, they are rescored as (?), like these taxa.

72 (new). Sperm size (0) small (�50 �m), (1) large

(�50 �m). This character distinguishes medullosans,

cycads, and Ginkgo from glossopterids and other mod-

ern taxa. Data compiled by Nishida et al. (2003, 2004).

Benson (1908) reported sperm measuring about 41 �m

in a pollen chamber of Lagenostoma (probably Lygi-

nopteris), which was accepted by Rothwell and Serbet

(1994) in scoring sperm of Lyginopteris as ‘‘small, fla-

gellate and zooidogamous.’’

73 (D96 79). Sperm transfer (0) zooidogamous, (1)

siphonogamous. Glossopterids scored as zooidoga-

mous based on Nishida et al. (2003, 2004), Bennetti-

tales as siphonogamous based on Stockey and Roth-

well (2003). Elkinsia and Lyginopteris were inadver-

tently not scored in Doyle (1996) but can be assumed

to be zooidogamous based on their spore-like pollen

and Benson’s (1908) report of sperm in Lagenostoma

(cf. Nishida et al. 2004).

Ovulate structures

74 (D96 29 modified, D96 34 in part). Ovule-bear-

ing structure (0) pinnate (ovules or ‘‘cupules’’ in two

rows on a dorsiventral structure) or pinnate with a

three-dimensional fertile portion, (1) simple, paddle-

like (ovules not in two definite rows), (2) simple, stalk-

like, with one ovule, or ovule sessile, (3) closed carpel

with stigmatic pollen germination. In Doyle (1996) I

scored multiovulate carpels as (0) and uniovulate car-

pels as unknown, but I have rescored all angiosperms

as a new state (3), transferred from the former carpel

character (D96 34). This avoids questionable assump-

tions that the carpel precursor was pinnate, allows for

the possibility that paddle-like sporophylls in other

taxa correspond to bitegmic ovules in angiosperms,

and reduces the number of unknown scorings, which

would otherwise increase relative to Doyle (1996) be-

cause of the greater number of uniovulate taxa. In

Doyle (1996) I scored Cordaitales as (?) because their

megasporophylls vary from simple to dichotomous,

but I have changed this to (2) on the assumption that

dichotomous is more likely related to stalk-like than

to other types. See text for discussion of peltasperms,

corystosperms, and Caytonia.

In angiosperms and Gnetales, ‘‘ovule’’ in characters

75–80 refers to the nucellus plus inner integument.

75 (D96 30). Ovule (0) on a lateral appendage or

sessile but lateral on stem, (1) terminal on stem.

76 (D96 31 modified). Ovule position on supporting

foliar structure (0) apical, (1) abaxial, (2) adaxial, (3)

marginal. See text for discussion. Doyle (1996)

lumped marginal, found only in cycads, with apical,

but it makes fewer assumptions to separate the two

states. I have changed the scoring of cycads from (0/

1) to (3): although ovules are abaxial on a peltate spo-

rophyll in some cycads (Zamia, Encephalartos, etc.),

they are marginal in more basal taxa (Cycas, Dioon,
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Stangeria: Norstog and Nicholls 1997). See text for
discussion and references on other taxa.

77 (D96 32). Ovule orientation (0) erect, (1) invert-
ed. In Podocarpaceae, Doyle (1996) assumed that taxa
with erect ovules (e.g., Phyllocladus, Microstrobus)
were derived based on then-available evidence, and
this has been confirmed by more extensive analyses of
Conran et al. (2000). Taxaceae and Gnetales were
scored as erect, but because their orientation could be
a consequence of their shift to a fully terminal position
(75), it seems more prudent to score them as unknown.

78 (D96 33 modified, DE 85). Ovule (0) in radial,
lobed ‘‘cupule,’’ (1) with no closely enclosing struc-
ture or in abaxially anatropous ‘‘cupule,’’ (2) in adax-
ially anatropous ‘‘cupule’’ or outer integument, (3) in
orthotropous, unlobed ‘‘cupule’’ or outer integument.
Because its opposite dorsiventral polarity implies that
the anatropous cupule of corystosperms is not com-
parable to that of Caytonia and angiosperms (see text),
I have redefined state (1) to include corystosperms,
previously scored as (2). This distinction is not redun-
dant with character 76, which also applies to groups
with ovules on less modified leaves. Because the origin
of the outer integument in Gnetales from two append-
ages seems well established (Martens 1971; Crane
1985; Takaso 1985), I have defined former state (4),
bipartite outer integument derived from two primordia,
as a separate character (79) and scored Gnetales as (0)
for the present character. See text for discussion of
Bennettitales.

79 (new). Bipartite outer integument around ovule
(0) absent, (1) present.

D96 34, closed carpel, is included in character 74.
80 (new). Ovules per fertile short shoot or cone

scale (0) more than one, (1) one. Scored only in co-
nifers, cordaites, and ginkgos, in which homology of
fertile short shoots is least contested. I have scored
Taxaceae, with terminal ovules, as (?) because a cone
scale is not recognizable. Although some Mesozoic
fossils with two ovules per cone scale (Rissikia, Ma-

taia: cf. Stewart and Rothwell 1993) have been as-
signed to Podocarpaceae, I have scored Podocarpaceae
as (1), based on extant members, so that relationships
of the fossils can eventually be tested rather than as-
sumed.

Characters 81–93, which concern gynoecial mor-
phology, are scored only in angiosperms because they

cannot be confidently applied to taxa with no flowers

or carpels. Here ‘‘ovule’’ refers to the whole bitegmic

ovule.

81 (DE 71). Carpel number (0) more than one, (1)

one.

82 (D96 35). Carpels (0) spiral or irregular, (1)

whorled.

83 (DE 72 modified). Carpel form (0) ascidiate up

to stigma, (1) completely plicate, or intermediate with

some or all ovule(s) on the plicate zone. I have elim-

inated DE state (1), both plicate and ascidiate zones

present below the stigma with ovule(s) on the ascidiate

zone, because in this data set it occurs only in Illicium,

which I have rescored as (?).

84 (DE 73 modified). Carpel sealing (0) by secre-

tion, (1) complete postgenital fusion without canal. I

have eliminated DE states (1), partial postgenital fu-

sion with continuous unfused canal containing secre-

tion, and (2), postgenital fusion to apex with partial

canal containing secretion. Former state (1) occurs in

Illicium only, which I have rescored as (?); former state
(2) occurs only in some Nymphaeales (Nymphae-
aceae).

85 (DE 74 modified). Pollen tube transmitting tissue
(0) not prominently differentiated, (1) one prominently
differentiated layer. State (2), more than one differen-
tiated layer, does not occur in this data set.

86 (DE 75). Style (0) absent (stigma sessile or cap-
itate), (1) present (elongated, distinctly constricted api-
cal portion of carpel).

87 (DE 77). Stigma papillae (0) unicellular only (or
stigma smooth), (1) some or all uniseriate pluricellular,
(2) some or all pluriseriate pluricellular (including
multicellular protuberances).

88 (DE 78). Extragynoecial compitum (0) absent,
(1) present.

I deleted DE 79, carpel fusion: in this data set, only
Saururaceae and Asaroideae are syncarpous, and they
show different modes of carpel fusion (paracarpous
and eusyncarpous, respectively).

89 (DE 80). Oil cells in carpels (0) absent or inter-
nal, (1) intrusive.

90 (D96 36, DE 82 modified). Ovules per carpel (0)

one, (1) two or more. I have combined DE state (1),

mostly two, with more than two: it occurs only in

Schisandraceae, some Cabombaceae, and some Sau-

ruraceae. State (0) was previously defined as apical,

but this is expressed in the next character.

91 (DE 84). Ovule direction (0) pendent, (1) hori-

zontal, (2) ascendent.

92 (DE 93). Fruit wall (0) fleshy, (1) fleshy with

hard endocarp (� drupe), (2) dry. In Doyle and En-

dress (2000), Hedyosmum, with a hard wall with aril-

like outgrowths, was scored as (0/1), but because most

of the fruit wall consists of the adnate perianth its cor-

respondence to other types is unclear. Therefore I have

considered Hedyosmum autapomorphic and scored

Chloranthaceae as (0) based on the other genera.

93 (DE 94). Fruit dehiscence (0) indehiscent, (1)

dehiscent. In Doyle and Endress (2000), numbering of

the two states was inadvertently reversed in the state

descriptions.

Ovule/seed morphology and anatomy

In angiosperms and Gnetales, ‘‘ovule,’’ ‘‘integu-

ment,’’ and ‘‘seed’’ in characters 94–100 refer to the

nucellus plus inner integument.

94 (D96 53). Anatomical symmetry of ovule (0) ra-

dial (radiospermic), (1) bilateral or bisymmetric (pla-

tyspermic).

95 (D96 54). Apex of integument (0) free lobes, (1)

simple, (2) bifid, (3) straight, tubular.

96 (D96 55). Integument (0) free from nucellus, (1)

fused more than half way up from the base. See text

for discussion of Bennettitales.

97 (D96 56). Lagenostome (0) present, (1) absent.

Rothwell and Serbet (1994) scored corystosperms as

having a lagenostome, but in Doyle (1996) I consid-

ered the character unknown. However, Klavins et al.

(2002) showed a nucellar beak in petrified material, so

I have rescored the group as (0).

98 (D96 57 modified). Pollen chamber (0) hydra-

sperman (with central column), (1) prominent but with

no central column, (2) rudimentary to absent. Doyle

(1996) recognized one state for ‘‘nonhydrasperman or

absent,’’ which had been distinguished by Rothwell

and Serbet (1994). At least a rudimentary pollen cham-
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ber appears to be almost universally present in gym-
nospermous seed plants (Chamberlain 1935), but it is
variably developed and inconsistently reported in the
literature, and its complete absence in angiosperms
may be a consequence of enclosure. However, it is
possible to distinguish a prominent pollen chamber of
the type seen in medullosans, Callistophyton, cordai-
tes, Ginkgo, and cycads from the rudimentary and in-
consistently developed chamber of conifers. Poort et
al. (1996) proposed a correlation between prominent
vs. vestigial pollen chamber and zooidogamy vs. si-
phonogamy, but this correlation is not perfect, since
Ephedra has a prominent chamber (Martens 1971) but
is siphonogamous, so it seems best to keep these as
separate characters. Pollen chamber type is more often
recognizable in fossil taxa. In light of these patterns, I
have drawn a boundary between prominent and rudi-
mentary pollen chamber, but not between the latter and
no pollen chamber. This allows taxa for which the
scoring of Rothwell and Serbet (1994) conflicted with
previous reports to be scored as (2), such as Welwit-

schia (Martens 1971), Pinaceae, Podocarpaceae, and
Taxaceae (Singh 1978).

A prominent pollen chamber is known in Emporia

(Mapes and Rothwell 1984) and glossopterids (Nishida
et al. 2003, 2004). Although the pollen chamber of
Gnetum is somewhat intermediate, Martens (1971)
considered it more like that of Welwitschia than Ephe-

dra. In Doyle 1996 I scored corystosperms as un-
known, but according to Klavins et al. (2002) they had
a nucellar beak, so I have rescored them as (0), as in
Rothwell and Serbet (1994). Reymanówna (1974) con-
trasted the small pollen chamber of Caytonia with the
large chamber of Callistophyton (Callospermarion). I
have not found clear evidence on the condition in Pen-

toxylon (Bose et al. 1985; Srivastava and Banerji 2001;
Sharma 2001). See text for discussion of Bennettitales.

99 (D96 58). Micropyle (0) not sealed after polli-
nation, (1) sealed.

100 (D96 59). Sarcotesta (0) absent or uniseriate,
(1) multiseriate. As discussed in Doyle (1996), state
(1) excludes what Rothwell and Serbet (1994) called
a uniseriate sarcotesta, which they included in the
same state as a classic thick, fleshy sarcotesta. By com-
bining these conditions, they scored most gymno-
sperms as having a sarcotesta, including many not nor-
mally so described, such as Lyginopteris, conifers, and

Caytonia. In the exceptions, corystosperms, Gnetales,

and angiosperms, the absence of a sarcotesta was sus-

piciously correlated with ovule enclosure. Whether or

not the uniseriate type is defined as a sarcotesta, it

seems potentially more informative to distinguish it

from the thick sarcotesta of cycads, Ginkgo, medullo-

sans, and cordaites. Klavins et al. (2002) described the

integument of corystosperms as consisting of outer

thin-walled isodiametric cells and inner thicker-walled

tabular cells, but because the whole integument is so

thin and unsclerified I have continued to score the

group as (?). Similarly, because the inner integument

of angiosperms and Gnetales, the presumed homolog

of the integument of other seed plants, is reduced and/

or unsclerified (Martens 1971; Corner 1976), presum-

ably as a result of enclosure in the outer integument,

I have rescored these groups as (?) rather than (0). In

Bennettitales, Rothwell and Stockey (2002) and Stock-

ey and Rothwell (2003) described a sarcotesta in pet-

rified material of Cycadeoidea and Williamsonia.

Much of its thickness consists of one layer of radially
elongated cells, but because it includes two cell layers
in Cycadeoidea and multicellular pegs in Williamson-

ia, I have rescored Bennettitales as (1). The sarcotesta
of Austrobaileya (see character 106) is in the outer
integument and therefore not comparable.

101 (D96 60). Nucellus (0) not vascularized, (1)
vascularized at least at base. Corystosperms were pre-
viously unknown, but Klavins et al. (2002) showed
that they had a basal vascular disk.

102 (D96 61). Nucellar cuticle (0) thin, (1) thick.
See text for discussion of Bennettitales.

Characters 103–106 are scored only in angiosperms
because they depend on the bitegmic nature of the
ovule.

103 (DE 89). Outer integument thickness (at middle
of integument length) (0) two cells, (1) two and three
to four, (2) four and five, or more. Ordered. Chloran-
thaceae scored as (0/1/2) based on data and topology
of Eklund et al. (2004).

104 (DE 88). Outer integument lobation (0) unlo-
bed, (1) lobed.

105 (D96 63, DE 96 in part). Exotesta (0) normal,

(1) palisade. DE 96 state (2), tabular, is not represented

in this data set.

106 (DE 97 modified). Mesotesta (0) unspecialized,

(1) sclerotic. Two states in DE 97, (2) fibrous and (4)

spongy, are not represented in this data set. State (3),

sarcotesta, occurs in Austrobaileya, but this genus also

has a sclerotic layer in the inner part of the mesotesta

(Endress 1980) that may be homologous with that of

other Austrobaileyales. This suggests that sarcotesta

and sclerotic mesotesta should be treated under two

independent characters, but in the present data set sar-

cotesta is autapomorphic and has therefore been elim-

inated.

I deleted D96 64, ruminations in the seed coat: with

elimination of eumagnoliids, it occurs only in Austro-

baileya.

107 (D96 65). Megaspore tetrad (0) tetrahedral, (1)

linear.

108 (D96 66 modified). Cutinized megaspore mem-

brane (0) present, (1) absent. See text for discussion.

Nixon et al. (1994) scored Taxaceae as thick, Rothwell

and Serbet (1994) as thin. Because I was unable to

resolve this discrepancy I scored them as unknown

(Doyle 1996), but with the present character definition

they can be scored as (0).

Megagametophyte, fertilization, embryo

109 (D96 80). Megagametophyte (0) monosporic,

(1) tetrasporic. In Doyle (1996), I scored Piperales (Pi-

peraceae, Saururaceae) as (0/1), but Saururaceae alone

are (0).

110 (D96 81 modified). Megagametophyte (0) large,

cellular, with normal archegonia; (1) large, apical part

and egg free-nuclear; (2) one or two four-nucleate

modules, consisting of a group of three cells (including

egg) and one free nucleus, no neck cells. See text for

discussion.

111 (new). Megagametophyte modules (0) one, (1)

two, one at each pole of gametophyte. See text for

discussion.

112 (D96 82). Megagametophyte cellularization (0)

enclosing single nuclei, resulting in uninucleate cells,

(1) enclosing several nuclei, resulting in multinucleate-

polyploid cells.
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113 (D96 83). Fusion of (0) only one sperm with a
female gametophyte nucleus, (1) regular fusion of both
sperm. Friedman and Floyd (2001) reviewed scattered
reports of double fertilization in conifers; except for
Thuja, most are in Pinaceae (Abies, Pinus, Pseudot-

suga), which I have therefore rescored as (0/1).
I deleted D96 84, fertilization producing embryo

plus triploid endosperm tissue, as redundant with char-
acters 111, 113, and 114 (see text for discussion).

114 (new). Provisioning of embryo (0) in female
gametophyte before fertilization, (1) in female game-
tophyte before and after fertilization, (2) in female ga-
metophyte after fertilization, (3) in endosperm derived
from double fertilization. See text for discussion.

115 (DE 105, D96 85 in part). Perisperm (diploid
nourishing tissue derived from the nucellus) (0) absent,
(1) present. In D96 85, perisperm plus endosperm and
endosperm only were treated as two states of one char-
acter. However, presence of endosperm is treated here
in character 114, and as the previous definition ac-
knowledged the two types of tissue are independent,
since both occur in seeds of Nymphaeales and Piper-
ales. For this reason they were split in Doyle and En-

dress (2000). Presence or absence of endosperm in the
mature seed (DE 104) would be uninformative, be-
cause all angiosperms in the present data set have
seeds with endosperm.

116 (new). First division of zygote (0) free-nuclear,
(1) cellular. See text for discussion of this character
and its relation to the next.

117 (D96 86). Embryo (0) derived from several free
nuclei, (1) from a single uninucleate cell by cellular
divisions.

118 (D96 87 and 88 modified). Proembryo (0) mas-
sive, no visible tiers, (1) tiered, cells of embryo tier
elongating to form secondary suspensor, (2) not tiered,
no secondary suspensor, derivatives of primary sus-
pensor cell contributing to embryo. See text for dis-
cussion and references.

119 (D96 89). Feeder in embryo (0) absent, (1) pres-
ent.

120 (D96 90). Seeds shed (0) without, (1) with well-
developed embryo.

121 (D96 91, DE 108). Seed germination (0) hy-
pogeal, (1) epigeal. Numbering of states reversed in
Doyle and Endress (2000).
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