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ARTICLE INFO ABSTRACT
ATtile-’ hfoO?’-‘ Recent paleobotanical studies suggest that megaphylls evolved several times in land plant
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Accepted after revision 23 May 2012

i . We theref i ! 1 i foli
Available online 24 July 2012 ent notions and concepts. We therefore review current knowledge about diverse foliar

Presented by Philippe Taquet

organs and related characters observed in fossil and living plants, using one phylogenetic
hypothesis to infer their origins and evolution. Four foliar organs and one lateral axis are
described in detail and differ by the different combination of four main characters: lateral
organ symmetry, abdaxity, planation and webbing. Phylogenetic analyses show that the

lE(leIJI; VI:;)lrltz)S;;hytes “true” megaphyll appeared at least twice in Euphyllophytes, and that the history of the
Megaphyll four main characters is different in each case. The current definition of the megaphyll is
Bilateral symmetry questioned; we propose a clear and accurate terminology in order to remove ambiguities
Abdaxity of the current vocabulary. Further analyses of megaphyll evolution need to consider new
Lamina definitions and descriptors, as well as make use of improved phylogenetic hypotheses.

Phylogeny © 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Mots clés : De récentes études paléobotaniques ont suggéré que la mégaphylle est apparue plusieurs
Euphyllophytes fois au cours de I'évolution des plantes terrestres, ceci implique que le mot « mégaphylle »
Mégaphylle décrit des notions et des concepts trés différents. Nous proposons donc une révision des

Symétrie bilatérale
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Limbe

Phylogénie

connaissances portant sur les divers organes foliaires ainsi que leurs caractéres associés
observables chez les fossiles et les plantes actuelles. Les origines et I'évolution de ces
organes sont inférées a partir d’'une hypothése phylogénétique issue de la littérature. Quatre
organes foliaires et un axe latéral sont décrits en détails et se distinguent par la combi-
naison différentielle de quatre principaux caractéres: la symétrie des organes latéraux,
I'abdaxité ainsi que les processus d’aplanissement et de « palmure ». Les inférences phy-
logénétiques montrent que la mégaphylle dite « vraie » serait apparue au moins deux fois
chez les Euphyllophytes et que les caractéres impliqués dans sa définition n’évoluent pas
de la méme maniére dans les deux cas. La définition méme de la mégaphylle est discutée,
nous proposons donc une terminologie claire et précise afin de lever les ambiguités du
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vocabulaire. De nouvelles analyses traitant de son évolution sont a entreprendre et néces-
siteraient aussi bien I'usage de nouveaux descripteurs et définitions, que de nouvelles

phylogénies.

© 2012 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

Despite a few interesting and key studies combining
morphological and molecular evidence (Schneider, 2007;
Schneider et al., 2009), within the last few decades, molec-
ular data have been used more often than morphological
characters to reconstruct phylogenetic trees in plants;
this is particularly illustrated by the well-known cur-
rent ordinal classification of Angiosperms based only on
molecules (APG, 2009). However, in order to take fossils
into account in a broader evolutionary context, it is also
essential to consider the information provided by morphol-
ogy and anatomy, and also to rigorously investigate the
means by which morphological homologies are assessed.
This is required to understand how apomorphic character
states are determined and to trace character transforma-
tions (Hawkins et al., 1997; Kenrick and Crane, 1997; as
also highlighted Schneider, 2007; Schneider et al., 2009).
Reproductive features (Endress, 2010; Friis et al., 2011)
such as flowers have always received more attention than
vegetative features and thus more explicit research on
their description and evolution has been carried out. For
example, hypotheses on floral homologies in angiosperms
have been carried out in greater detail and have been
more comprehensively assessed (as reviewed by Soltis
et al,, 2005, and Ingrouille and Eddie, 2006) than vege-
tative morphology. In contrast, except for a few studies
(Kenrick and Crane, 1997; Pryer et al.,, 1995; Rothwell,
1999; Schneider, 2007; Schneider et al., 2009), stems,
leaves and roots have often been neglected in studies deal-
ing with evolutionary relationships within land plants.
The study of these organs, and especially the megaphyll
(large branched plagiotropic lateral organ with a devel-
oped lamina; see the whole definition in Section 4.1.5),
is nevertheless necessary to understand the evolution of
Euphyllophyte diversity. Furthermore, understanding tim-
ing of foliar organ(s) appearance in evolutionary history
is necessary to infer the major evolutionary acquisitions
that allowed vascular plants to colonize all the land sur-
face, and thus to understand their history since Silurian
time (Beerling et al., 2001; Osborne et al., 2004). The prob-
lem is that the three main vegetative organs recognized in
vascular plants (stem, leaves and roots) were respectively
treated as the same object across the phylogenetic breadth
of the plant kingdom (and considered thus as homologous
across taxonomic groups) by plant biologists working at the
molecular, cellular and physiological levels. This reductive
treatment is often applied by taxonomists.

A spruce needle is very different in form, however, from
an Adiantum (maidenhair fern) frond, from a chestnut tree
leaf, or from the leaf of an Equisetum (horsetail), not only
in anatomy and morphology but also by a distinct history.
Currently all these foliar organs are grouped under the gen-
eral term of megaphyll. However, is it still relevant to use

a single term to describe such different forms observed in
living plants, especially taking into account the diversity of
fossil species? Can we apply the same concept and name
to all the foliar organs in fossil taxa? And a final question:
are the diverse megaphylls observed in Euphyllophytes all
homologous?

From Devonian to Carboniferous, within Spermato-
phyte, progymnosperm, fern and horsetail groups, many
different types of laminate leaves with multiple kinds
of venation and contrasting petiolar anatomy have been
described, many of which could have evolved indepen-
dently (Boyce and Knoll, 2002). Ferns (with horsetails)
and Spermatophytes (with progymnosperms) each belong
to a distinct lineage in the Euphyllophytes (Pryer et al.,
2001, 2004; Qui et al., 2006; Schneider et al., 2009) and
the earliest Euphyllophytes (e.g. the early Devonian fossils
Psilophyton and Pertica, Banks et al., 1975; Gerrienne, 1997;
Granoff et al,, 1976) were leafless. This indeed strongly
suggests at least two origins for megaphylls from leafless
ancestors: one in the lineage leading to ferns and horsetails
(the Monilophytes) and one in the lineage leading to pro-
gymnosperms and seed plants (the Lignophytes). Whether
or not the megaphyll appeared twice or more than twice
(Friedman et al., 2004; Galtier, 2010; Sanders et al., 2009;
Tomescu, 2008), the palaeobotanical community agrees
with a multiple origin of foliar organs observed in Euphyl-
lophytes.

Therefore, the term “megaphyll” is open to misinter-
pretation when it is considered as a common and unique
descriptor of the whole of the living Euphyllophytes. More-
over, within a defined clade, it is biological nonsense not to
take fossil taxa into consideration.

Thus, when taxonomists use megaphyll as a descriptor
in their phylogenetic analyses, they are implicitly masking
a potential diversity of characters and presenting a pri-
mary hypothesis of homology that might be questionable.
Furthermore, there is still no available study that com-
bines, firstly, a complete phylogenetic frameworkinvolving
living plants and fossils; and secondly, accurate rigorous
hypotheses on primary homology for foliar characters that
takes into account the observed diversity, and proposes
alternative scenarios involving potential analogy. The aims
of the present study are therefore:

e to provide a critical review of foliar descriptors and
definitions traditionally used for the megaphyll, with
a focus on anatomical data, in order to improve the
megaphyll definition in extinct as well as in living
groups;

e to use a land plant phylogenetic hypothesis already
published (including fossils and living taxa) to infer
hypotheses on the evolution of foliar organs in Euphyllo-
phytes.
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This study is preliminary and would lay the ground
for further analyses performed on new phylogenetic
hypotheses that would integrate more taxa and morpho-
anatomical data and/or would focus on particular clades
(such as Monilophytes).

2. Material and methods
2.1. Megaphyll definitions

The descriptors traditionally attributed to the mega-
phyll (Galtier, 2010; Kaplan, 2001; Kenrick and Crane,
1997) (e.g., a distinct lamina, complex venation, large size,
leaf gaps - if associated with solenosteles and dictyosteles,
etc.) are not always found within living taxa because of
numerous cases of reversal and loss (see for Angiosperms
the review of Bell, 2008). Therefore if we include fossils, the
study will become quite complex.

To define the megaphyll and its diversity, we will
consider every type of foliar organ - or more widely photo-
synthetic organs - observed among land plants (including
extinct groups). Twenty-eight genera are thus selected that
correspond to representative taxa in Euphyllophytes.

In the following text, taxonomic names follow the
classification of Chase and Reveal (2009) with some
exceptions concerning some extinct lineages not treated
in this publication. In these latter cases, we follow
Taylor et al. (2009). The main clades are: Monilo-
phytes (including Polypodiidae or leptosporangiate ferns,
Ophioglossidae and Marattiidae representing eusporan-
giate ferns, Equisetiidae or Sphenophytes or horsetails,
Psilotidae or whisk ferns, “cladoxylopsids” and other
extinct fern groups such as “zygopterids”, “botryopterids”
and “anachoropterids”), “progymnosperms” and Sper-
matophytes, the monophyly of taxa in “quotes” being
still debated. Polypodiidae (Bierhorst, 1971; Gifford and
Foster, 1989; Kramer and Green, 1990) are represented by
the living Osmunda (Osmundales) and Polypodium (Poly-
podiales), Ophioglossidae (Bierhorst, 1971; Gifford and
Foster, 1989; Kramer and Green, 1990) by Ophioglossum
and Botrychium (Ophioglossales), Marattiidae (Bierhorst,
1971; Gifford and Foster, 1989; Kramer and Green, 1990)
by Marattia (Marattiales) and the extinct Psaronius (Marat-
tiales), and Psilotidae (Bierhorst, 1971; Gifford and Foster,
1989; Kramer and Green, 1990) by living Tmesipteris
and Psilotum. The extinct fern lineages are represented
by Zygopteris (“zygopterid” ferns, Phillips and Galtier,
2005) and Rhacophyton (Rhacophytales, Leclercq, 1954),
Botryopteris (“botryopterid” ferns, Galtier, 1981; Rossler
and Galtier, 2003; Rothwell, 1991) and Psalixochlaena
(“anachoropterid” ferns, Holmes, 1981, 1989). For conve-
nience, Polypodiidae, Ophioglossidae, Marattiidae, Psiloti-
dae, “zygopterids”, Rhacophyton, “botryopterids” and
“anachoropterids” all will be considered ferns. Equisetidae
are represented by living Equisetum (Equisetales), extinct
Sphenophyllum (Sphenophyllales, Reed, 1949; Yao et al.,
1999) and Archaeocalamites (Calamitales, Mamay and
Bateman, 1991). Extinct “cladoxylopsids” are repre-
sented by Pseudosporochnus (Pseudosporochnales, Berry
and Fairon-Demaret, 1997, 2002; Leclercq and Banks,
1962; Stein and Hueber, 1989) and Ibyka (Iridopteridales,

Skog and Banks, 1973), extinct “progymnosperms” by
Aneurophyton (Aneurophytales, Serlin and Banks, 1978)
and Archaeopteris (Archaeopteridales, Beck, 1971; Fairon-
Demaret and Leponce, 2001; Meyer-Berthaud et al., 1999)
and Spermatophytes by extinct Elkinsia (Elkinsiales, Serbet
and Rothwell, 1992), extinct Medullosa (Medullosales,
Smoot and Taylor, 1981), living Cycas (Cycadales) and liv-
ing Pinus (Pinales). Euphyllophytes are also represented by
the traditional extinct and leafless Psilophyton (Banks et al.,
1975; Gerrienne, 1997; Trant and Gensel, 1985) and Pertica
(Granoff et al., 1976), traditionally belonging to “trimero-
phytes”, which would be paraphyletic according to Kenrick
and Crane (1997) and Schneider (2007). Outside Euphyl-
lophytes, Lycopodium (Kramer and Green, 1990; Thomas,
1992) represents Lycopodiidae or Lycophytes. In addition,
leafless Aglaophyton (non vascular Polysporangiophytes,
Remy and Hass, 1996) and Rhynia (“rhyniopsids”, Edwards,
1980) have been selected, essentially as extragroups for
the phylogenetic analyses. All these taxa represent as
well the diversity among Euphyllophytes (and also Tra-
cheophytes) as the selected taxa pro parte present in
the phylogenetic hypothesis used here (see below). Some
other Devonian plants, such as Foozia, should be added
in further analysis because of the originality of their
morpho-anatomy.

The precise description of lateral organs resulted from
observations on specimens in several collections (National
Museum of Natural History, Paris, France; University Mont-
pellier 2 and UMR AMAP, CIRAD, Montpellier, France;
National Museum and Charles University Prague, Czech
Republic; Pilsen Museum, Czech Republic) in addition to
published data (see below).

2.2. Diversity of lateral branch systems and/or foliar
organs in Tracheophytes

2.2.1. Psilophyton lateral branching system (Banks et al.,
1975; Gerrienne, 1997; Trant and Gensel, 1985)

Psilophyton is a “trimerophyte” from the Early Devo-
nian. Main cauline axes display both dichotomous and
pseudomonopodial branching as lateral branching sys-
tems. First and second order branches bear dichotomous
ultimate appendages (twice to thrice isotomous) that are
non-planated (Fig. 1A). Lateral branching systems (LBS)
are cauline and display radial symmetry. Thus, Psilophyton
exhibits a primitive model of LBS and other kinds of LBS
may have been derived from it.

2.2.2. Pseudosporochnus lateral branching system (Berry
and Fairon-Demaret, 1997, 2002; Leclercq and Banks,
1962; Stein and Hueber, 1989)

Pseudosporochnus is a “cladoxylopsid”; this extinct
group was very diverse and widespread during the Devo-
nian. These tree-like plants displayed a cauline erect
axis-trunk bearing photosynthetic branches (LBS) in an api-
cal crown (Fig. 1B). The first-order branches were helically
arranged and probably deciduous; both first and second
order branches dichotomized (“digitate branching”) with
helically arranged ultimate units that were tridimensional
and several times dichotomous. The primary branches dis-
played aradial symmetry but the anatomy of other division
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Fig. 1. Diversity of lateral branching systems (LBS). A. Psilophyton: stem (S) bearing a lateral system constituted of successive orders of pseudomonopodial
branches (B1, B2, B3) and terminating with isotomous ultimate units (UU) bearing ultimate appendages (UA). The whole system (drawn in grey) shows a
radial symmetry (redrawn from Banks et al., 1975). Bar =1 cm. B. Pseudosporochnus: one lateral branch system borne at the top of a trunk (S), the branching
of B1 and B2 is digitate; all branches are bearing ultimate units (UU) terminating as ultimate appendages (UA) (Redrawn from Berry and Fairon-Demaret,
2002). Scale bar = 10 cm. C. Zygopteris: horizontal stem (S) bearing a modified LBS with the B1 in the form of a petiole or phyllophore (PH) showing two planes
of symmetry and B2 as paired pinnae (P1) with bilateral symmetry. The ultimate divisions borne on the pinnae are small laminate pinnules, not visible on
the figure. The whole system is interpreted as a single large leaf/frond (L) (redrawn from Phillips and Galtier, 2005). Scale bar = 10 cm. D. Archaeopteris: detail
of the LBS, the whole B1 is not represented but only one attached penultimate branch (B2), which is bearing bilaterally symmetrical UA interpreted as small
leaves (L) either unwebbed or laminate. LV = vegetative leaf; LS = sterile leaf; LF = fertile leaf (redrawn from Phillips et al., 1972). Scale bar = 5 mm. E. Elkinsia:
erect slender stem (S) bearing a modified LBS with the B1 in the form of a petiole (P) showing a single plane of symmetry and dichotomous branching
then distichous arrangement of successive orders (= pinnae) bearing ultimate divisions as small laminate pinnules. The whole system is interpreted as a
single large leaf (L) (redrawn from Serbet and Rothwell, 1992). Scale bar =5 mm. Grey = cauline Axes with radial symmetry; Hatched = phyllophore with
two perpendicular planes of symmetry.
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orders is not well known. Ultimate appendages (UA) are
distal ramifications of ultimate units (UU) and divide iso-
tomously (Fig. 1B); they are more or less planated according
to Stein and Hueber (1989) but are interpreted as def-
initely three-dimensional by Berry and Fairon-Demaret
(1997) (p.369). Webbing as well as the presence of a
lamina are absent. We decided to treat the lamina as
absent and planation as present in this case. Berry and
Fairon-Demaret (1997) described Pseudosporochnus LBS
but their terminology is different as from the one proposed
here: their “LBS” correspond to our “ultimate units - UU”
and their “ultimate branching units - UBU” correspond
to our “ultimate appendage - UA”. We decided to follow
our terminology in order to improve the homogeneity of
vocabulary.

2.2.3. Sphenophyte leaf (Gifford and Foster, 1989;
Mamay and Bateman, 1991; Reed, 1949; Yao et al., 1999)
Equisetum is the only living genus belonging to Equi-
setidae (or Sphenophytes). Equisetum leaves are narrow,
inserted in whorls around the cauline axis and fused into
nodal sheaths. They are neither ramified nor circinate. They
possess hydathodes and a single central vein. The latter
character is confusing and may explain why the Equisetum
leaf has often been described as a microphyll, but one that
is not homologous of the microphyll of Lycopodiidae, also
named lycophyll (Schneider et al., 2002). Sphenophyllum is
an extinct sphenophyte genus belonging to Sphenophyl-
lales. In contrast to that of Equisetum, the Sphenophyllum
leaf is broad with a well developed lamina. Leaves are het-
erophyllous, spatulate and present wide ranges of variation
in leaf size. Two veins are often present at the base of the
leaf and bifurcate several times. Archaeocalamites is a late
Devonian member of the Calamitaceae displaying leaves
arranged in whorls on the distal branches and dichotomiz-
ing one to three times (Jennings, 1970).

2.2.4. Zygopteris leaf (Galtier, 2003; Phillips and Galtier,
2005)

The leaves of “zygopterid” ferns were helically borne
on a creeping rhizome (Fig. 1C); they show a quadriseri-
ate arrangement of pinnae (i.e. the pinnae were inserted
as alternating pairs on either side of the primary rachis).
The frond was up to four times divided and pinnules were
small. Petiole anatomy (i.e. phyllophore type) is remark-
able, the foliar trace presenting two perpendicular planes

of bilateral symmetry. This anatomy is not present in any
living fern group.

2.2.5. Botryopteris leaf (Galtier, 1981; Rossler and
Galtier, 2003; Rothwell, 1991)

“Botryopterid” ferns, from the Early Carboniferous to
the beginning of the Permian, exhibited an important foliar
diversity. The leaves, helically borne on the stem, were at
least six times pinnate. The petiole trace had bilateral sym-
metry and exhibited a unique anatomy, characteristic of
the genus. The oldest species, Botryopteris antiqua, showed
a quite narrow lamina (almost absent) whereas B. forensis
displayed small pinnules.

2.2.6. Osmunda leaf (Gifford and Foster, 1989; Kramer
and Green, 1990)

Osmunda presents a short erect stem bearing roots and
erect circinate leaves with persistent bases. The leaf is once
to twice pinnate and is representative of the standard fern
megaphyll, also called a frond. The frond is divided into
opposite pinnae inserted on a primary central rachis, more
or less in a single plane, and possesses bilateral symme-
try. Each pinna has determinate growth and is composed
of a number of pinnules, which are the laminate distal
appendages. We propose here that the diversity of fronds
observed in living ferns represents variation from this stan-
dard: extreme reduction in water ferns, such as Azolla
spp. (Azollaceae), or more divided fronds in many species,
such as the bracken fern, Pteridium aquilinum (Dennstaed-
tiaceae), or non divided leaves with an entire broad lamina
as in Asplenium (Phyllitis) scolopendrium (Aspleniaceae),
or with a peculiar indeterminate growth as in Lygodium
(Lygodiaceae), or with a pseudodichotomous branching in
Gleicheniaceae (Smith et al., 2006), etc.

2.2.7. Archaeopteris (“progymnosperms”) lateral
branching system (Beck, 1971; Fairon-Demaret and
Leponce, 2001; Meyer-Berthaud et al., 1999)

Archaeopteris is an extinct tree that lived during the Late
Devonian. It was the main species of the first widespread
Devonian forests. It has been interpreted as one of the
earliest known modern trees with trunks showing mas-
sive wood and secondary phloem. The trunk produced
deciduous LBS consisting of two orders of branches.
Laminate or dichotomous non-laminate photosynthetic
ultimate appendages - traditionally interpreted as small
leaves (Beck, 1971) - were helically borne on ultimate (B2)

Fig. 1. Diversité des systémes de ramification latéraux (LBS). A. Psilophyton : tige (S) portant un systéme latéral constitué d’ordres successifs de ramification
pseudomonopodiales (B1, B2, B3) qui sont terminées par des unités ultimes isotomes (UU) portant des appendices ultimes (UA). L'ensemble du systéme
(en gris) présente une symétrie radiale (adapté de Banks et al., 1975). Echelle =1 cm. B. Pseudosporochnus : le systéme de ramification latéral s'insére a
I'extrémité du tronc (S), le mode de ramification de B1et B2 est de type digité et toutes les branches portent des unités ultimes (UU) se terminant en
appendices ultimes (UA) (d’aprés Berry et Fairon-Demaret, 2002). Echelle = 10 cm. C. Zygopteris : la tige horizontale (S) porte un LBS modifié dont le premier
ordre de ramification (B1) correspond a un pétiole ou phyllophore (PH) avec deux plans de symétrie. Les B2 sont organisés en paires de pennes (P1) a
symétrie bilatérale. Les divisions terminales portées par les pennes sont de petites pinnules laminées (non visibles sur la figure). L'ensemble du systéme
est interprété comme une unique grande feuille/fronde (L) (d’aprés Phillips et Galtier, 2005). Echelle = 10 cm. D. Archaeopteris : détail du LBS, B1 n’est pas
représenté mais seulement une branche pennultime (B2) portant des UA a symétrie bilatérale interprétés comme de petites feuilles (L), laminées ou
non. LV = feuille végétative ; LS = feuille stérile ; LF = feuille fertile (d’aprés Phillips et al., 1972). Echelle =5 mm. E. Elkinsia: tige gréle érigée (S) portant un
LBS modifié avec B1 qui correspond a un pétiole (P) présentant un seul plan de symétrie et un mode de ramification dichotome. Puis se succédent des
ordres de ramifications (= pennes) arrangés de facon distique et portant des divisions ultimes telles des petites pinnules laminées. L'ensemble du systéme
est interprété comme une unique grande feuille (L) (d’aprés Serbet et Rothwell, 1992). Echelle =5 mm. En gris =axes caulinaires a symétrie radiale ; en
hachuré = phyllophore avec deux plans de symétrie perpendiculaire.
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and penultimate branches (B1) (Fig. 1D). B1 and B2 dis-
play radial symmetry whereas laminate or non-laminate
ultimate appendages exhibit bilateral symmetry and a
complex dichotomous venation.

2.2.8. Elkinsia lateral branching system (Serbet and
Rothwell, 1992)

Elkinsiais an early Spermatophyte from the Upper Devo-
nian; the slender erect stem bore helically arranged LBS
interpreted as dimorphic leaves branching dichotomously
to pinnately and presenting a diversified morphology
(Fig. 1E). Fertile leaves were tridimensional whereas the
vegetative ones displayed very small laminate pinnules at
their distal ends. Fertile leaves seemed to have an apical
location on the main axis. We have to specify that the
reconstruction of Elkinsia is based on dispersed elements
but we assume the presence of pinnules on vegetative
leaves.

2.3. Methods

2.3.1. Selected characters

Foliar characters have already been used several times
in phylogenetic analyses, especially in ferns (Kenrick and
Crane, 1997; Pryer et al., 1995; Rothwell, 1999; Schneider,
2007; Schneider et al., 2009; Stevenson and Loconte, 1996).
However, because of an unequal distribution of taxonomic
sampling (including or not fossil taxa and/or modern lin-
eages), the treatment of foliar organs (i.e., selection of
descriptors and coding of states) is also quite biased or
contrasts among studies.

The term megaphyll was described by Kenrick and
Crane (1997) as leafy appendages of seed plants, ferns
and basal Equisetiidae. True megaphylls are characterized
by a developed lamina and complex venation patterns.
Although they are typically of large size with a pinnate
organization, megaphylls show an extreme diversity in
terms of form and size (Kenrick and Crane, 1997).

Some foliar characters traditionally used in the liter-
ature are not used in the present study. For example,
circinate vernation is a character considered as the main
criterion defining extant ferns (Polypodiidae, Marattiidae
and Ophioglossidae). However, circination is not a char-
acter common to the whole of ferns: for instance there is
no standard circinate vernation in Ophioglossidae (Smith
et al., 2006). Furthermore, the rarity of young crosiers in
fossils makes it difficult to confirm circinate development
in extinct taxa (Schneider et al., 2009).

To discuss the foliar organ concept, we propose that all
lateral photosynthetic organs (including leaves) be con-
sidered to be lateral branching systems (LBS, Fig. 1). The
comparison of their characters will allow a better dis-
crimination between different kinds of foliar organs (from
unwebbed lateral branches to megaphylls). However, the
anatomical description of some of these lateral branching
systems remains unclear. The variability of foliar organs
thus must be described in detail in order to collect as
much information as possible. In this respect, we pro-
pose to focus principally on four anatomical characters of
importance regarding foliar organs (versus cauline axis).
Some have been already discussed in previous studies

(Galtier, 2010; Sanders et al.,, 2009). We have to point
out that phyllotaxy is also a major criterion character-
izing leaves. We have chosen, however, not to use it in
our consideration of the LBS concept. Indeed, this charac-
ter describes developmental reiteration of leaves on the
cauline axis; because it can often be difficult to distinguish
foliar from cauline organs on fossils, we thought that the
use of this character would have been misleading. To be
rigorous, we should have considered the insertion of ram-
ifications on each order of the LBS (B1, B2, ... Fig. 1) for
which the distinction between cladotaxy and phyllotaxy is
unclear.

Symmetry of lateral branching systems: The presence of
one or two planes of symmetry characterizes bilateral sym-
metry (Fig. 2). Bilateral versus radial symmetry is defined
from the cross section of vegetative organs depending of
the position of protoxylem strands and of the global shape
of the vascular supply of the LBS or the leaf (Galtier, 2010).
Comparing symmetry of stem, LBS and leaf permits iden-
tification - or not- of an anatomical distinction between
organs. It is difficult to distinguish between a foliar or
cauline nature of lateral ramifications, especially in puta-
tive basal groups like “cladoxylopsids”. We also must note
that the bilateral symmetry of lateral branching systems
is not homologous with the dorsiventrality of rhizomes,
which results in their prostrate subterranean habit. Sym-
metry of LBS is defined here for the first-order branches (B1
in Fig. 1).

Abdaxity: Fig. 2 brings to light differences between
bilateral symmetry and abdaxity with the examples of fern
and seed plant petioles. In the ferns Osmunda and Psal-
ixochlaena and in the seed plant Elkinsia, the leaf trace
possesses a single plane of symmetry with a clear distinc-
tion between abaxial (inferior) and adaxial (superior) faces.
This differentiation is supported by an adaxial concavity on
the rachis. In contrast, there are two perpendicular planes
of symmetry in the petiole or phyllophore of Zygopteris pre-
venting the differentiation of abaxial from adaxial face; in
this case there is no abdaxity. Recognition of this aspect
of lateral-appendage organization also depends on deter-
mination of the position of the protoxylem strand, which
is adaxial (abdaxity S) in ferns versus abaxial (abdaxity I)
in seed plants and Archaeopteris. Abdaxity is a new term,
introduced here, for a character similar but more complete
than the “abaxial/adaxial identity” of Sanders et al. (2009),
it is defined conjointly by:

e the presence of a single plane of symmetry;
e the position of protoxylem poles;
e eventual petiole trace concavity.

Furthermore, bilateral symmetry and abdaxity are
defined for the first-order branch of the leaf in this study,
but they can be different in the more distal branching
orders. That is why these characters generally vary along
leaf ramification divisions. Notice that the “leaves” of
Tmesipteris lack a petiole and thus the character is not appli-
cable.

In this study, we described the lamina through two
characters: planation and webbing (Zimmermann, 1938).
However, caution is required in the observation of these
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Fig. 2. Two types of abdaxity observed in Euphyllophytes. Black dots = protoxylem strands, lines=symmetry planes. Abdaxity I: Protoxylem on abaxial

side, Abdaxity S: protoxylem on adaxial side.

Fig. 2. Deux types d’abdaxité observés chez les Euphyllophytes. Points noirs = fibres de protoxyléme ; lignes = plans de symétrie. Abdaxité I : protoxyléme

sur la face abaxiale, Abdaxité S : protoxyléme sur la face adaxiale.

descriptors on fossils because taphonomic processes atten-
dant fossilization can confer the appearance of flattened
and webbed morphology (Chaloner, 1999). For the present
study, the absence or presence of planation and webbing
is coded for the whole LBS: it can as well be borne on first-
order branches as on ultimate appendages.

Planation: planation is the transition from three-
dimensional to bi-dimensional terete segments. Planate
organs are thus flattened branching axes organized into a
single plane (Beerling and Fleming, 2007).

Webbing: webbing consists of filling in flattened
branches with laminar tissue. In developmental terms,
the webbing of telomes to produce a laminate leaf blade
involves, first, the production of lateral outgrows and, sec-
ond, fusion of adjacent branches (Beerling and Fleming,
2007). The acquisition of planation then webbing induces
the development of the lamina.

2.3.2. Phylogenetic hypotheses

It is necessary to rely on relevant phylogenetic analysis
to understand megaphyll evolution and especially to define
one or several kinds of foliar organs among Euphyllo-
phytes. Consequently, we propose to use one phylogenetic
tree illustrating the main consensus hypotheses published
by Schneider (2007). The tree presented and used here
(Figs. 3 and 4) is synthetic, meaning it is not exactly
the same as any of the published ones, in order to pro-
vide a larger and summarized view of recent phylogenetic
knowledge and hypotheses on the subject (see below). The
characters tested (symmetry, abdaxity, planation and web-
bing) were added after the fact by the authors in order to
permit discussion of their evolution.

We arbitrarily added some fossil representatives not
present in Schneider (2007) (such as “cladoxylopsids”,
“zygopterids”, “botryopterids” and “anachoropterids”) in
order to increase the diversity of fossil foliar forms. We
also removed some living taxa to reduce the sampling and
to focus our study on basal lineages. Our synthetic tree
proposes the monophyly of Monilophytes, but with para-
phyletic “cladoxylopsids” (Pseudosporochnus and Ibyka)
as sister to a clade including Equisetidae and ferns. In
Schneider’s supertree (fig. 2 in Schneider, 2007), Ibyka

appears as closely related to Equisetidae, confirming a
traditional view (Stewart and Rothwell, 1993). We pre-
fer the hypothesis of Taylor et al. (2009) who proposed
that Iridopteridales (including Ibyka) share more char-
acters with Pseudosporochnales (“cladoxylopsids”) than
with Equisetidae. In the study of Schneider (2007), other
“cladoxylopsids” are lacking, and relationships of Ibyka
with traditional “cladoxylopsids” were thus not tested.
In the maximum parsimony analysis combining fossils
and living taxa (Fig. 1A in Schneider, 2007), Equisetidae
display an unresolved position within the Monilophytes.
We propose to regroup Equisetidae with ferns in order
to keep the hypothesis that horsetails would be embed-
ded within ferns in accordance with other phylogenies
focused on living taxa and including molecular data (Qui
et al,, 2006; Schneider et al., 2009). Furthermore, a clade
that groups together some Paleozoic extinct ferns (Botry-
opteris and Psalixochlaena) is proposed to be related to
Osmunda and Polypodium, and represents extinct Poly-
podiidae or leptosporangiate ferns (Taylor et al., 2009). In
addition, the Euphyllophytes are rooted by extinct Aglao-
phyton (non vascular Polysporangiophyte), extinct Rhynia
(“rhyniopsids”) and living Lycopodium (Lycopodiidae),
which together represent the basal Tracheophytes. We also
added Psilophyton to the Euphyllophyte sample because
this genus is a key taxon when considering early LBS diver-
sity. Lignophytes are represented in Schneider’s tree by
Archaeopteris, Pinus and Cycas; we propose to insert the
additional Aneurophyton, Elkinsia and Medullosa to increase
fossil representatives. The positions of extinct Sper-
matophytes are in accordance with Hilton and Bateman
(2006).

2.3.3. Phylogenetic inference of character evolution

In order to study the evolution of the selected supposed
foliar organ characters within Euphyllophytes we used
Mesquite version 2.74 software (Maddison and Maddison,
2010), which allows the inferred history of each selected
character to be traced on the phylogenetic hypothesis by
applying the maximum parsimony (MP) criterion and by
treating characters as unordered and unweighted. If infer-
ence for a character on the tree provides several character
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Fig. 3. Inferred evolution of bilateral symmetry and abdaxity of lateral branching systems (LBS). A. Evolution of bilateral symmetry, white = non-applicable,
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Fig. 3. Inférence de I'évolution de la symétrie bilatérale et de I'abdaxité des LBS. A.Evolution de la symétrie bilatérale, en blanc=non applicable, en
gris =radial, en noir =bilatéral. B. Evolution de I'abdaxité, en blanc=non applicable, en gris =absent, en noir = présent. Pour les détails des analyses phy-
logénétiques, se référer au texte. Sphen = Sphénophytes, Leptosp. ferns = fougéres leptosporangiées.

symmetry of LBS: non-applicable, radial, bilateral;
abdaxity: non-applicable, absent, present;
planation: absent, present;

webbing: absent, present.

distributions (resulting in an ambiguous state for some
nodes), all optimizations (including ACCTRAN and DEL-
TRAN) are tested. The four characters of interest were coded
as follows:
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Fig.4. Inférence de I'évolution de I'aplanissement et de la palmure. A. Evolution de I'aplanissement. B. Evolution de la palmure. Pour les détails des analyses
phylogénétiques, se référer au texte. En blanc = absent, en noir = présent. Sphen = Sphénophytes, Leptosp. ferns = fougéres leptosporangiées.

Symmetry and abdaxity are defined for differentiated growth. Coding of the selected characters for all the taxa is
lateral branches (related to pseudomonopodial growth). reported in Table 1, determined by personal observations
Outside Euphyllophytes, both characters are coded as non- on Paris, Liege and Montpellier collections and from the

applicable because taxa do not have pseudomonopodial published data mentioned above.
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Table 1

Character coding.

Tableau 1

Codage des caractéres.

Symmetry of LBS Abdaxity Planation Webbing

Aglaophyton? Non-applicable Non-applicable Absent Absent
Rhynia? Non-applicable Non-applicable Absent Absent
Lycopodium Non-applicable Non-applicable Present Present
Psilophyton? Radial Absent Absent Absent
Pertica® Radial Absent Absent Absent
Aneurophyton? Radial Absent Absent Absent
Archaeopteris? Radial Absent Present Present
Elkinsia® Bilateral Present Present Present
Medullosa? Bilateral Present Present Present
Cycas Bilateral Present Present Present
Pinus Bilateral Present Present Present
Ibyka? Radial Absent Absent Absent
Pseudosporochnus? Radial Absent Present Absent
Rhacophyton? Bilateral Absent Present Present
Zygopteris? Bilateral Absent Present Present
Ophioglossum Bilateral Present Present Present
Botrychium Bilateral Present Present Present
Psilotum Non-applicable Non-applicable Absent Absent
Tmesipteris Bilateral Non-applicable Present Present
Psaronius? Bilateral Present Present Present
Marattia Bilateral Present Present Present
Sphenophyllum? Bilateral Present Present Present
Equisetum Bilateral Present Present Present
Archaeocalamites? Bilateral Present Present Present
Osmunda Bilateral Present Present Present
Polypodium Bilateral Present Present Present
Botryopteris? Bilateral Present Present Present
Psalixochlaena® Bilateral Present Present Present

LBS: lateral branching systems.
2 Fossil taxon.

3. Results
3.1. Inferred evolution of characters

3.1.1. Symmetry of lateral branching systems (LBS)

Radial symmetry is inferred as ancestral in Euphyllo-
phytes.

The Maximum Parsimony (MP) proposes a single sce-
nario (Fig. 3A): one appearance of bilateral symmetry
in Spermatophytes and one appearance in ferns within
Monilophytes. The non-applicable status for Psilotum sug-
gests a secondary loss of the LBS rather than illustrating
a plesiomorphic state preceding the acquisition of pseu-
domonopodial growth.

3.1.2. Abdaxity

Absence of abdaxity is inferred as ancestral in Euphyl-
lophytes.

A single MP scenario proposes two appearances of
abdaxity (Fig. 3B): once in Spermatophytes and once in
ferns with reversal in Rhacophyton and Zygopteris. The
inclusion of Tmesipteris and Psilotum in ferns suggests that
abdaxity was present in ancestors but can no longer be
observed. Peculiar foliar features or absence of leaves in,
respectively, Tmesipteris and its close relative Psilotum are
proposed as the result of reduction (minimization), which
can thus be interpreted as an evolutionary reversion.

3.1.3. Planation

Absence of planation is inferred as ancestral in Polyspo-
rangiophytes (Fig. 4A).

Planation would have appeared in Lycopodium (with
the appearance of the lycophyll), in a clade grouping
Archaeopteris and Spermatophytes and in Monilophytes
with two equally parsimonious scenarios: one appearance
in Monilophytes with one reversal in Ibyka (ACCTRAN opti-
mization) or one appearance in Pseudosporochnus and one
appearance in ferns (DELTRAN optimization). The absence
of planation in Psilotum is explained by a regressive loss of
the leaf.

3.1.4. Webbing

Absence of webbing is inferred as ancestral in Polyspo-
rangiophytes.

Webbing would have appeared three times in Tracheo-
phytes (Fig. 4B): in Lycopodium (resulting in the lycophyll),
in a clade grouping Archaeopteris and Spermatophytes,
and in ferns (the absence of webbing in Psilotum is again
explained by a regressive loss of the leaf).

4. Discussion

Phylogenetic trees allow us to define different kinds of
foliar organs in the Euphyllophytes. The successive branch-
ing orders (B1, B2, ... UA) of LBS can display both cauline
and foliar nature; therefore, it can be very difficult to
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distinguish stems from leaves. The way in which the con-
cept of a “lateral branching system” is defined allow us to
identify which kinds or parts of LBS display cauline features
and which ones exhibit foliar features.

4.1. Vocabulary and hypotheses

Searching for accurate definitions of foliar organs is
important for taxonomists and perhaps even more for phy-
logeneticists. Indeed, the term “leaf” is satisfactory as a
descriptor for a diagnosis (i.e. descriptive term without
any implied homology sense, sensu Lebbe, 1991) but insuf-
ficient to emphasize the primary homology assessments
included in a phylogenetic “character” concept. For this rea-
son, the terms described below have to be considered as a
sum of characters and not a combination of descriptors.

4.1.1. Cauline lateral branches

Cauline lateral branches result from anisotomous
branching of the main axis. They are not plagiotropic and
are not necessarily specialized for the same functions as
extant leaves (photosynthesis, respiration, evapotranspi-
ration), and are thus distinct from the next trait, lateral
branching systems (LBS). For instance, lateral systems of
Psilophyton (Fig. 1A) are branched cauline axes that end
in ultimate appendages. They correspond to the cauline
ramified system sensu Gerrienne (1997).

4.1.2. Lateral branching system (LBS)

Although this term has been widely used in the liter-
ature, we propose here a new meaning in order to permit
comparison of the different kinds of foliar organs within the
Euphyllophytes. “LBS” encompasses every organ involved
in the principal functions of leaves within extant organisms
(photosynthesis, respiration, evapotranspiration) regard-
less the morpho-anatomy, except for the case of organs
with a radially symmetrical stele. Plagiotropic ramifica-
tions, possibly deciduous, as for instance, the penultimate
branches of Archaeopteris, typically belong to this latter
category. The lateral branching system is a ramification
borne lateral to a main axis, with cauline and/or foliar
parts, and possibly bearing ultimate appendages on distal
extremities. This LBS definition encompasses the differ-
ent kinds of foliar organs and facilitates the comparison
between homologous structures. LBS can encompass true
stems bearing leaves. For example, B1 of Pseudosporochnus
are true stems/branches and ultimate appendages of
Archaeopteris are true megaphylls (with or withoutlamina).
The organs described below (quadriseriate leaf, pinnate
leaf, . ..) are subsets of LBS.

4.1.3. Ultimate appendages

Ultimate appendages are small, dichotomous, ultimate
branches, mostly non-planated and unwebbed (Fig. 1B,
UA). They are borne on ultimate units (Fig. 1B, UU) that
are helically arranged along and up to the distal extremi-
ties of proximal appendages (= LBS) in “cladoxylopsids” and
“progymnosperms”. Anatomy of ultimate appendages is
distinct from the stem anatomy and their morphology can
be variable in “cladoxylospids”. Some of them are similar
to terete cylindrical cauline (telomic) axes (Ibyka) whereas

others can be flattened (Pseudosporochnus) or even pos-
sess bilateral symmetry and a lamina varying from small to
broad, as in Archaeopteris; in this latter case they are cur-
rently interpreted as leaves or “small megaphylls” (Galtier,
2010). The term ultimate appendages also encompasses
dichotomously branched, “megaphyll precursors” (sensu
Kenrick and Crane, 1997) present in basal Euphyllophytes.

4.1.4. Quadriseriate leaf

This term defines the case where secondary axes are
inserted in pairs alternately on the main rachis revealing
the existence of two planes of bilateral symmetry but no
abdaxity (Fig. 1C). A lamina may be present on distal divi-
sions of the organ in the form of generally narrow pinnules,
as in Zygopteris (Galtier, 2010). Such organization has not
yet been observed in Lignophytes.

4.1.5. “True” megaphylls

We define this as a large branched plagiotropic lateral
organ with a developed lamina (not only restricted to dis-
tal appendages). This corresponds to the lateral, webbed
appendages found in all living Euphyllophytes. Applied to
living organisms, the megaphyll is a vascular organ with
determinate growth, bilateral symmetry (and abdaxity)
definitely organized on the stem in some kind of phyllotaxy
(Sanders et al., 2009; Tomescu, 2008). Taking into account
fossil taxa and additional anatomical characters, we will be
able to check the validity of this megaphyll concept within
the whole Euphyllophyte clade, or show that this concept
hides a diversity that is rather explained by various char-
acter combinations illustrating contrasting histories and
processes. Characters discussed in the present study are
insufficient to distinguish Lignophyte leaves and Monilo-
phyte leaves on the basis of major anatomical differences
(Fig. 2) between abdaxity S (Monilophytes) and abdaxity I
(Lignophytes). However, the literature suggests some dif-
ferences, which can be summarized as follows:

megaphyll: Lignophyte leaves in which the adaxial face is
associated with a lateral cauline meristem and in which
both cellular differentiation and tissue maturation are
basipetal (Tomescu, 2008). This pattern differs from that
found in other Euphyllophyte groups;

megafrond (new term): Monilophyte leaves in which
development generally is circinate but may be revolute in
some taxa and in which both cellular differentiation and
tissue maturation are acropetal (Tomescu, 2008). This
form of leaf is characteristic of ferns. In those ferns with
stelar architecture more complex than a protostele, the
stem stele possesses leaf gaps (Gifford and Foster, 1989),
a feature absent in Lignophytes.

4.1.6. Lycophylls

The lycophyll (Kaplan, 2001; Schneider et al., 2009) is a
Lycophyte apomorphy, not observed in Euphyllophytes. It
isalateral organ with simple venation and limited develop-
ment of laminar tissue, straight or forked, with one vein or,
in some instances, two running in parallel. The so-called
“microphyllous leaf” of Sphenophytes is not homologous
with the lycophyll and must be studied in the context of
frond evolution in Monilophytes. It is generally accepted
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that the “unbranched microphyllous leaf” of Equisetum and
advanced calamitean fossils evolved by reduction from the
dichotomous leaf of archaeocalamiteans (Stanich et al.,
2009).

4.1.7. Necessary and dispensable characters defining
foliar organs

The different types of organs defined above exhibit the
combination of anatomical and morphological traits as
summarized in Table 2, with corresponding taxa noted.
All of the characters proposed are observable on both fos-
sil and/or living plants. The presence of a megaphyll or a
megafrond is often supported by the presence of a lamina,
and consequently by the presence of planation and web-
bing. We propose here to overcome this viewpoint, defining
the presence of a leaf by, at least, the presence of planation
(such as the ultimate appendages of Pseudosporochnus).
Conversely, bilateral symmetry is a necessary criterion but
not sufficient to define megaphyll or megafrond. Abdaxity
is an important anatomical character to identify modern
leaves but we showed that some flattened and laminate
leaves (such as quadriseriate leaves of “zygopterids”) do
not display abdaxity. As with abdaxity, the presence of a
webbed lamina is not sufficient to define a foliar organ in a
broad sense even if abdaxity and webbing are required to
identify megaphyll and megafrond. Finally, bilateral sym-
metry and planation are necessary to define a leaf sensu
lato; abdaxity and webbing are necessary to characterize
megaphyll and megafrond (even if they can be reduced
in some derived taxa) (Table 2). The four characters dis-
cussed are essential to define the leaf concept but we must
not lose sight that to be considered leaves, LBS have to be
repeated over and over in an orderly arrangement on the
stem, initiated by apical meristematic activity (phyllotaxy).

Considering the origins of the leaf sensu lato, the
questionis: would those characters have appeared simulta-
neously or not during the land plant evolution? By inferring
evolution of anatomical and morphological traits, inde-
pendently of the organs, we thus have the possibility to
examine evolutionary relationships and/or potential path-
ways between the diverse observed organs.

4.2. Evolution of lateral organs

4.2.1. Symmetry

The appearance of bilateral symmetry of lateral branch-
ing systems is a first important stage regarding the
differentiation of cauline and foliar organs. The pres-
ence of bilateral symmetry reveals a modification of LBS
anatomy in Monilophytes. Indeed from the radial sym-
metry of cauline axes, lateral ramifications developed
one or two bilateral symmetry planes (as observed in
extinct “zygopterids” and Rhacophytales for the second
case; Phillips and Galtier, 2005). In addition to the bilat-
eral state, the number of symmetry planes should also be
taken into account. In the present state of knowledge, the
“zygopterids” and Rhacophytales appear to be the earliest
ferns, and likely sisters to other ferns (Galtier, 2010). This
could suggest that the symmetry in one plane was derived
from the model with two planes, likely by the reduction of
the phyllophore. In this hypothesis, the “true” megafrond

in ferns would thus be derived from quadriseriate lateral
organs. Such an interpretation implies that relationships
of “zygopterid” ferns and Rhacophytales to the other ferns
(particularly early botryopterids) are better known than
they actually are. Phylogeny in Monilophytes, and espe-
cially in ferns, including fossil taxa needs to be improved.
The genetic background for morpho-anatomical characters
already may have been present in some groups even if the
morphological expression of that genetic background had
not yet been expressed or was not yet clearly observable
(Endress, 2010). Consequently, the previous hypothesis can
be tempered because the first appearance of bilateral state
can occur earlier than the base of the fern clade.

If we define the megaphyll by its symmetry, then the
megaphyll sensu lato would have appeared twice: once (the
megaphyll) in Spermatophytes and once (the megafrond)
in ferns. However, the study of this character needs to
be improved because it was, up to now, mainly defined
for first-order branches. Indeed, some taxa (e.g. Pseu-
dosporochnus) have no anatomical distinction between
first-order branches and the cauline axis. Rather, a bilat-
eral symmetry is observed in second order branches (Stein
and Hueber, 1989). Thereby, it is necessary to distinguish
branch orders in order to discuss the evolution of this char-
acter and avoid misinterpretation.

4.2.2. Abdaxity

Abdaxity is an essential character to understand the
evolution of leaf anatomy. Evolution of abdaxity and sym-
metry is fully congruent in Spermatophytes. Besides, we
can notice that abdaxity is absent from first-order branches
in Archaeopteris but present in its ultimate appendages
(abdaxity I) as shown in Fig. 2, suggesting that anatomi-
cal changes first occurred in the last-order branch systems.
For this reason, we can assert that Archaeopteris leaves are
not homologous with Spermatophyte megaphylls. Inter-
pretation of the evolution of abdaxity in ferns depends
on the phylogenetic position of the “zygopterids” and the
Rhacophytales. Because of phylogenetic irresolution, the
absence of abdaxity in “zygopterids” and Rhacophytales is
interpreted as two independent reversals. However, if such
taxa are sisters to other ferns, as already suggested here
above, abdaxity would have appeared in a clade grouping
all ferns but excluding “zygopterids” and Rhacophytales,
and thus after the appearance of bilateral symmetry. This
suggests that the megaphyll could be defined by the strict
combination of both these anatomical features only in
Lignophytes but not in Monilophytes. Here again, new phy-
logenetic hypotheses including fossils are needed to clarify
the evolution of abdaxity and its relation to symmetry in
ferns.

4.2.3. Lamina

Lamina is traditionally defined as the result of plana-
tion and webbing processes (Zimmermann, 1938). It is a
planated two-dimensional structure likely to be present on
the whole leaf or restricted to distal portions. Phyllods and
cladods of cauline origins but with foliar function are essen-
tially defined by their planate form converging on being a
lamina (Bell, 2008). Thus a lamina or a lamina-like structure
does not necessarily mean the presence of a leaf in absence
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Table 2

Lateral organ definition in Euphyllophytes.

Tableau 2

Définition des organes latéraux chez les Euphyllophytes.

Lateral organs Characters

Taxa

Cauline lateral branches No bilateral symmetry
No abdaxity
No planation

No webbing

Ultimate appendages Bilateral symmetry

No abdaxity (except in Archaeopteridales)
No planation (except in Archeopteridales and some Pseudosporochnales)

“Trimerophytes”

Aneurophytales
Archeopteridales
“Cladoxylopsids”

No webbing (except in Archeopteridales)

Quadriseriate leaf Bilateral symmetry
No abdaxity
Planation present

Webbing present

“True” megaphyll and megafrond Bilateral symmetry
Abdaxity
Planation present

Webbing present

“Zygopterids”

Living Euphyllophytes
Ferns (including Sphenophytes)
Spermatophytes

of other evidence. Present data (Stein and Boyer, 2006) sug-
gest that the development of veins and laminae and the
transition from axes to veins are progressive. There is no
word to designate a structure displaying planation with-
out webbing as in Pseudosporochnus. Furthermore, where
is the limit between a broad lamina and slightly webbed
appendages? To address these issues, further phylogenetic
analysis will be required in order to better define the con-
cept of “lamina” and understand its evolution. Leaves are
usually defined by the presence of a lamina, an interpre-
tation based on observations that can be quite subjective
(Sattler and Rutishauser, 1997). A standard megafrond is
a compound leaf with numerous branching orders and a
narrow distal lamina. In this case, it is often difficult to dis-
tinguish between a real absence of a lamina (i.e. a structure
that does not yet exist) and an absence of a lamina that
has secondarily disappeared. There are numerous exam-
ples of living ferns with fronds that lack laminae, the result
of regressive loss, interpreted as hygrophilous adaptive
strategies (e.g. in Hymenophyllaceae and the genus Abrod-
ictyum; Ebiharaetal., 2006). It is thus important to compare
in detail the organisms without laminae with their puta-
tive relatives in order to examine the possibility that the
character has been lost.

4.2.4. The foliar organ as a combination of anatomical
and morphological characters

Bilateral symmetry of first-order branches would
have appeared after planation within Lignophytes and
Monilophytes (with the ACCTRAN opitimization): the
progymnosperm Archaeopteris displays planation and web-
bing only for its ultimate appendages (= vegetative leaves)
and Pseudosporochnus exhibits planation only at dis-
tal ends of ramifications. Therefore, in these examples,
the appearance of planation and bilateral symmetry
was concomitant only in last-order branching (ultimate
appendages). However, planation would have appeared
together with webbing in a clade grouping Archeopteris
and Spermatophytes. The evolution of these characters is

differentin Monilophytes: both are present for the whole of
ferns and horsetails but are not present in “cladoxylopsids”
(Ibyka and Pseudosporochnus). Indeed, planate ultimate
appendages are present in Pseudosporochnus but not in
Ibyka. Webbing is absent in “cladoxylopsids” and seems
to appear once in the clade grouping horsetails and ferns.
With the ACCTRAN optimization, planation would have
been acquired before webbing (with reversal in Ibyka).
With the DELTRAN optimization, the planation observed
in some “cladoxylopsids” would be not homologous with
planation observed in ferns and horsetails (it would be an
example of a convergence). The “cladoxylopsid” planation
is restricted to ultimate appendages, whereas planation is
observed on the whole lateral organ in most ferns (except
Rhacophytales and “zygopterids”) and horsetails, support-
ing the hypothesis of absence of homology. In this case,
the combination of webbing and planation defines the
megafrond only in the ferns and horsetails and not in the
“cladoxylopsids”. The form of the leaves in “cladoxylopsid”
makes this group key for understanding the evolution of the
lamina, at least in Monilophytes. In available phylogenies,
these taxa, whose monophyly is still questioned, are under-
represented. Further studies should integrate additional
“cladoxylopsids” in order to refine our understanding of
their relationships, and to determine more accurately
the phylogenetic location of planated structures in this
lineage.

Phylogenetic inferences show that the definition of a
“true” leaf, as a combination of anatomical changes and
planation and webbing processes, cannot be easily applied
in Lignophytes because the laminar surface would have
appeared before the anatomical changes necessary to sup-
port it functionally. Actually, this observation is due to
the character coding of Archaeopteris: bilateral symmetry
and abdaxity have been coded as absent because these
characters were defined for first-order branches of LBS.
However, if we had considered only the vegetative leaves
of Archaeopteris (Fig. 1D), bilateral symmetry and abdaxity
would have been coded as present. Finally, the combination



416 A. Corvezetal./C. R Palevol 11 (2012) 403-418

of anatomical changes and planation and webbing pro-
cesses were concomitant in vegetative leaves of ultimate
branches of LBS, at least in Archaeopteris.

In Monilophytes, bilateral symmetry could have
appeared concomitantly with webbing and planation
processes in ferns (including horsetails), if we suppose
that planation observed in some “cladoxylopsids” is not
homologous with that observed in ferns. This evolution
suggests that, among the four discussed characters, plana-
tion is the first necessary step through the emergence of
the leaf at the Euphyllophyte scale. Furthermore, bilateral
symmetry combined with appearance of the lamina (pla-
nation and webbing) was present before the appearance of
abdaxity, at least in “zygopterids” and Rhacophytales, if we
assume that both of these taxa are sisters to other ferns (as
we discussed here above).

Concerning Tmesipteris, the symmetry of the lateral
organ was a priori coded bilateral because of the planate
shape and the single central vein, but we cannot exclude
here that this organ could be, in fact, given its absence of
clear abdaxity, a cladod (i.e. a planate stem with a foliar
function). Tmesipteris and its relative Psilotum are now well
recognized as true ferns, but exhibiting particular mor-
phology illustrating numerous regressive processes (loss
of roots and reduction of leaves) (Smith et al., 2006).

In this review we emphasized that Lignophytes and
Monilophytes do not display homologous leaves even if
both are traditionally called megaphylls (Tomescu, 2008).
In order to remove ambiguities about foliar differences
between Monilophytes and Lignophytes, we proposed to
distinguish the two kinds of leaves by use of the terms
megafrond, the leaf observed in Monilophytes, and mega-
phyll, now restricted to the Lignophytes, (as suggested here
above). Besides, in the absence of megaphyll or megafrond,
some ultimate appendages of extinct “progymnosperms”
and “cladoxylopsids” display distinct and various forms,
also suggesting analogy rather than homology. We note
that the term megafrond could be a priori not appropriate
for narrow leaves of Sphenopsids even though phyloge-
netic analysis shows that leaves of Sphenophytes and ferns
are homologous. Sphenophyte leaves are thus interpreted
as regressed megafronds.

Galtier (2010) argued that leaves evolved from two
complex and concomitant processes. On one hand there
is a transition from radial to bilateral symmetry, linked
to abdaxity. On the other hand, the blade resulted from
planation and webbing. The independent evolution of
the two processes would be illustrated by the morpho-
anatomy of “zygopterids” and some “botryopterids”, and
also of Elkinsia and early seed plants. This interpreta-
tion is based mainly on paleobotanical studies without
any phylogenetic considerations. Our inferences do not
contradict this hypothesis by suggesting the scenario
in which lamina (defined sensu lato) did not neces-
sarily evolve concomitantly with anatomical changes in
Euphyllophytes. Hypotheses proposed by our phylogenetic
inferences encourage additional evolutionary studies that
could benefit from more complete phylogenies and the
new vocabulary proposed here. For example, it would allow
examination of the independence between planation pro-
cesses and anatomical changes in distinct clades, especially

in Monilophytes. It would also emphasize the necessity to
treat phyllotaxy as a combination of branching patterns of
different ramification orders. Indeed, this character should
be one of the first of importance involved in the origin of
leaves.

5. Conclusion

The definition of a new terminology to describe pre-
cisely the various kinds of lateral photosynthetic organs
is a first step to clarify the origins of foliar organs in
Euphyllophytes. This vocabulary should now be used in a
phylogenetic analysis, the results of which will allow the
usefulness of these new terms to be evaluated. Develop-
ment of a lamina remains a necessary condition for the
definition of a megaphyll or a megafrond but alone it
clearly appears insufficient. It is essential to combine this
character with anatomical criteria in order to fully char-
acterize the megaphyll and the megafrond. We showed in
this study that appearances of the four discussed charac-
ters are neither fully successive nor concomitant, but seem
to develop first on last-order branches. We saw that the
location of anatomical characters on the lateral branching
systems is also very important for understanding the evolu-
tion of foliar forms. Therefore, it would be very interesting
to add some new characters (such as location of plana-
tion, size of webbed surfaces, ...) in further analyses in
order to distinguish possible different kinds of megaphylls
and megafronds. One question remains: is bilateral sym-
metry or abdaxity the main anatomical character required
to improve the definition of the leaf? Is it still relevant
to speak about the “megaphyll”, if this concept is highly
homoplastic? It will be very difficult to abandon this word
for many historical academic reasons. We propose in this
study to limit the use of “megaphyll” to modern true leaves
of Spermatophytes. If we persist in using this word in inap-
propriate ways, misinterpretation and incorrect use will
continue in the field.

Acknowledgments

We warmly thank Jean Galtier and Brigitte Meyer-
Berthaud (Montpellier), Hervé Sauquet (Orsay), Philippe
Gerrienne (Liége) and Jean Broutin (Paris), for their wise
advice and also Josef Psenicka (Pilsen) and Jakub Sakala
(Praha) for providing us access to Czech collections. We also
thank reviewers for valuable comments on the manuscript
and especially William DiMichele for improving English
expression. The work was supported by the ATM MNHN
“Biodiversité actuelle et fossile”.

References

APG, Chase, M.W., Fay, M.F,, Reveal, ].L., Soltis, D.E., Soltis, P.S., Stevens,
P.F., Anderberg, A.A., Moore, M.J., Olmstead, R.G., Rudall, P.J., Sytsma,
KJ., Tank, D.C., Wurdack, K., Xiang, Q.-Y., Zmarzty, ].S., 2009. An update
of the Angiosperm Phylogeny Group classification for the orders and
families of flowering plants: APG III. Bot. J. Linn. Soc. 161, 105-121.

Banks, H.P., Leclercq, S., Hueber, F.M., 1975. Anatomy and morphology of
Psilophyton dawsonii, sp. n. from the late Lower Devonian of Québec
(Gaspé), and Ontario, Canada. Palaeontogr. Am. 8, 75-127.

Beck, C.B., 1971. On the anatomy and morphology of lateral branch sys-
tems of Archaeopteris. Am. J. Bot. 58, 758-784.



A. Corvezetal./C. R Palevol 11 (2012) 403-418 417

Beerling, DJ., Fleming, AJ., 2007. Zimmermann'’s telome theory of mega-
phyll leaf evolution: a molecular and cellular critique. Curr. Opin.
Plant. Biol. 10, 1-9.

Beerling, D.J., Osborne, C.P., Chaloner, W.G., 2001. Evolution of leaf-form
inland plants linked to atmospheric CO; decline in the Late Palaeozoic
era. Nature 410, 352-354.

Bell, A.D., 2008. Plant form, an illustrated guide to the flowering plant
morphology. Timber Press, London, 431 p.

Berry, C.M., Fairon-Demaret, M., 1997. A reinvestigation of the cladoxy-
lopsid Pseudosporochnus nodosus Leclercq et Banks from the Middle
Devonian of Goe, Belgium. Int. J. Plant Sci. 158, 350-372.

Berry, C.M., Fairon-Demaret, M., 2002. The architecture of Pseu-
dosporochnus nodosus Leclercq et Banks: a Middle Devonian
Cladoxylopsid from Belgium. Int. J. Plant Sci. 163, 699-713.

Bierhorst, D.W., 1971. Morphology of vascular plants. Collier-Macmillan,
London, 560 p.

Boyce, C.K.,Knoll, A.H.,2002. Evolution of developmental potential and the
multiple independent origins of leaves in Paleozoic vascular plants.
Paleobiology 28, 70-100.

Chaloner, W.G., 1999. Plant and spore compression in sediments. In: Jones,
T.P., Rowe, N.P. (Eds.), Fossil Plants and Spores - Modern Techniques.
Geological Society, London, pp. 36-40.

Chase, M.W., Reveal, ].L., 2009. A phylogenetic classification of the land
plants to accompany APG III. Bot. J. Linn. Soc. 161, 122-127.

Ebihara, A., Dubuisson, J.-Y., Iwatsuki, K., Hennequin, S., Ito, M,
2006. A taxonomic revision of the Hymenophyllaceae. Blumea 51,
221-280.

Edwards, D.S., 1980. Evidence for the sporophytic status of the Lower
Devonian plant Rhynia gwynne-vaughanii Kidston. Rev. Palaeobot.
Palynol. 29, 177-188.

Endress, P.K, 2010. Flower structure and trends of evolution in
Eudicots and their major subclades. Ann. MO Bot. Gard. 97,
541-583.

Fairon-Demaret, M., Leponce, 1., 2001. Leaf dimorphism in Archaeopteris
roemeriana (Progymnosperm): further early fossil evidence of shoot
dorsiventrality. Am. J. Bot. 88, 729-735.

Friedman, W.E., Moore, R.C., Purugganan, M.D., 2004. The evolution of
plant development. Am. J. Bot. 91, 1726-1741.

Friis, E.M., Crane, P.R.,, Pedersen, K.R., 2011. The Early Flowers and
Angiosperm Evolution. Cambridge University Press, Cambridge,
596 p.

Galtier, ., 1981. Structures foliaires de fougéres et Ptéridospermales du
Carbonifére inférieur et leur signification évolutive. Palaeontograph-
ica 180, 1-38.

Galtier, ]., 2003. A new zygopterid fern from the Early Carboniferous of
France and areconsideration of the Corynepteris-Alloiopteris ferns. Rev.
Palaeobot. Palynol. 128, 195-217.

Galtier, J., 2010. The origins and early evolution of the megaphyllous leaf.
Int. J. Plant Sci. 171, 641-661.

Gerrienne, P., 1997. The fossil plants from the Lower Devonian of Marchin
(northern margin of Dinant Synclinorium, Belgium). V. Psilophyton
genseliae sp. nov., with hypotheses on the origin of Trimerophytina.
Rev. Palaeobot. Palynol. 98, 303-324.

Gifford, E.M., Foster, A.S., 1989. Morphology and Evolution of Vascular
Plants, 3rd ed. W.H. Freeman, San Francisco, CA, 626 p.

Granoff, J.A., Gensel, P.G., Andrews Jr., H.N., 1976. A new species of Per-
tica from the Devonian of eastern Canada. Palaeontographica 155,
119-128.

Hawkins, J.A., Hughes, C.E., Scotland, RW., 1997. Primary homol-
ogy assessment, characters and character states. Cladistics 13,
275-283.

Hilton, J., Bateman, R.M., 2006. Pteridosperms are the backbone of seed
plant phylogeny. J. Torrey Bot. Soc. 133, 119-168.

Holmes, J.C., 1981. The Carboniferous fern Psalixochlaena cylindrica as
found in Westphalian A coal balls from England. Part II. The frond
and fertile parts. Palaeontographica 176, 147-173.

Holmes, J.C., 1989. Anomalous branching patterns in some fossil Filicales:
implications in the evolution of the megaphyll and the lateral branch,
habit and growth pattern. Plant Syst. Evol. 165, 137-158.

Ingrouille, M., Eddie, B., 2006. Plants: Evolution and Diversity. Cambridge
University Press, Cambridge, UK, 440 p.

Jennings, J.R., 1970. Preliminary report on fossil plants from the Chester
Series (Upper Mississippian) of Illinois. Trans. Ill. State Acad. Sci. 63,
167-177.

Kaplan, D.R., 2001. The science of plant morphology: definition, history,
and role in modern biology. Am. J. Bot. 88, 1711-1741.

Kenrick, P., Crane, P.R., 1997. The Origin and Early Diversification of Land
Plants: A Cladistic Study. Smithsonian Institution Press, Washington
DC, 441 p.

Kramer, K.U., Green, P.S., 1990. The Families and Genera of Vascular Plants;
Volume 1: Pteridophytes and Gymnosperms. Springer Verlag, Berlin,
404 p.

Lebbe, ]., 1991. Représentation des concepts en biologie et médecine.
Introduction a I'analyse des connaissances et a I'identification assistée
par ordinateur. PhD thesis, université Paris-6. 281 p.

Leclercq, S., 1954. An Upper Devonian zygopterid showing clepsydropsoid
and etapteroid feature. Am. J. Bot. 41, 488-492.

Leclercq, S., Banks, H.P., 1962. Pseudosporochnus nodosus sp. nov., a Middle
Devonian plant with cladoxylalean affinities. Palaeontographica 110,
1-34.

Maddison, D.R., Maddison, W.P., 2010. Mesquite: a modular system for
evolutionary analysis. Version 2.74. http://mesquiteproject.org.

Mamay, S.H., Bateman, R.M., 1991. Archaeocalamites lazarii, sp. nov.: the
range of Archaeocalamitaceae extended from the lowermost Pennsyl-
vanian to the mid-Lower Permian. Am. . Bot. 78, 489-496.

Meyer-Berthaud, B., Scheckler, S.E., Wendt, J., 1999. Archaeopteris is the
earliest known modern tree. Nature 398, 700-701.

Osborne, C.P., Beerling, D.J., Lomax, B.H., Chaloner, W.G., 2004. Biophysical
constraints on the origin of leaves inferred from the fossil record. Proc.
Nat. Acad. Sci. 28, 10360-10362.

Phillips, T.L., Galtier, ]., 2005. Evolutionary and ecological perspectives of
Late Paleozoic ferns. Part I Zygopteridales. Rev. Palaeobot. Palynol.
135, 165-203.

Phillips, T.L., Andrews, H.N., Gensel, P.G., 1972. Two heterosporous species
of Archaeopteris from the Upper Devonian of West Virginia. Palaeon-
tographica B 139, 47-71.

Pryer, K.M., Smith, AR, Skog, J.E., 1995. Phylogenetic relationships of
extant ferns based on evidence from morphology and rbcL sequences.
Am. Fern ]. 85, 205-292.

Pryer, K.M., Schneider, H., Smith, A.R., Cranfill, R., Wolf, P.G., Hunt, ].S.,
Sipes, S.D., 2001. Horsetails and ferns are a monophyletic group and
the closest living relatives to seed plants. Nature 409, 618-622.

Pryer, K.M., Schuettpelz, E., Wolf, P.G., Schneider, H., Smith, A.R., Cran-
fill, R., 2004. Phylogeny and evolution of ferns (Monilophytes) with
a focus on the early leptosporangiate divergences. Am. J. Bot. 91,
1582-1598.

Qui, Y.-L,, Li, L., Wang, B., Chen, Z., Knoop, V., Groth-Malonek, M., Dom-
brovska, O., Lee, ]., Kent, L., Rest, ]., Estabrook, G.F., Hendry, T.A., Taylor,
D.W,, Testa, C.M., Ambros, M., Crandall-Stotler, B., Duff, R]., Stech, M.,
Frey, W., Quandet, D., Davis, C.C., 2006. The deepest divergences in land
plants inferred from phylogenomic evidence. Proc. Nat. Acad. Sci. 103,
15511-15516.

Reed, F.D., 1949. Notes on the anatomy of two Carboniferous plants
Sphenophyllum and Psaronius. Bot. Gaz. 110, 501-510.

Remy, W., Hass, H., 1996. New information on gametophytes and
sporophytes of Aglaophyton major and inferences about possible envi-
ronmental adaptations. Rev. Palaeobot. Palynol. 90, 175-193.

Rossler, R., Galtier, J., 2003. The first evidence of the fern Botryopteris
from the Permian of the Southern Hemisphere reflecting growth form
diversity. Rev. Palaeobot. Palynol. 127, 99-124.

Rothwell, G.W., 1991. Botryopteris forensis (Botryopteridaceae), a trunk
epiphyte of the tree fern Psaronius. Am. J. Bot. 78, 782-788.

Rothwell, G.W., 1999. Fossils and ferns in the resolution of land plant
phylogeny. Bot. Rev. 65, 188-218.

Sanders, H., Rothwell, G.W., Wyatt, S.E., 2009. Key morphological alter-
ations in the evolution of leaves. Int. ]. Plant Sci. 170, 860-868.

Sattler, R., Rutishauser, R., 1997. The fundamental relevance of morphol-
ogy and morphogenesis to plan research. Ann. Bot. 80, 571-582.

Schneider, H., 2007. Plant morphology as the cornerstone to the integra-
tion of fossils and extant taxa in phylogenetic analyses. Species Phylog.
Evol. 1, 65-71.

Schneider, H., Pryer, K.M.,, Cranfill, R.,, Smith, A.R., Wolf, P.G., 2002. The
evolution of vascular plant body plans: a phylogenetic perspective.
In: Cronk, Q.C.B., Bateman, R.M., Hawkins, J.A. (Eds.), Developmental
genetics and plant evolution. Taylor and Francis, London, pp. 330-364.

Schneider, H., Smith, A.R., Pryer, K.M., 2009. Is morphology really at odds
with molecules in estimating fern phylogeny? Syst. Bot. 34, 455-475.

Serbet, R., Rothwell, G.W., 1992. Characterizing the most primitive seed
ferns. I. A reconstruction of Elkinsia polymorpha. Int. J. Plant Sci. 153,
602-621.

Serlin, B.S., Banks, H.P., 1978. Morphology and anatomy of Aneurophyton,
a progymnosperm from the Late Devonian of New York. Palaeontogr.
Am. 8, 343-359.

Skog, J.E., Banks, H.P., 1973. Ibyka amphikoma, gen. et sp. n., a new protoar-
ticulate precursor from the late Middle Devonian of New York state.
Am. J. Bot. 60, 366-380.

Smith, A.R,, Pryer, K.M., Schuettpelz, E., Korall, P., Schneider, H., Wolf, P.G.,
2006. A classification for extant ferns. Taxon 55, 705-731.


http://mesquiteproject.org/

418 A. Corvezetal./C. R Palevol 11 (2012) 403-418

Smoot, E.L., Taylor, T.N., 1981. The petrified pteridosperm stem Medullosa
anglica from the Pennsylvanian of North America. Palaeontology 24,
647-653.

Soltis, D.E., Soltis, P.S., Endress, P.K., Chase, M.W., 2005. Phylogeny and
Evolution of Angiosperms. Sinauer associates, USA, 370 p.

Stanich, N.A., Rothwell, G.W., Stockey, R.A., 2009. Phylogenetic diver-
sification of Equisetum (Equisetales) as inferred from Lower
Cretaceous species of British Columbia, Canada. Am. J. Bot. 96,
1289-1299.

Stein Jr., W.E., Hueber, F.M., 1989. The anatomy of Pseudosporochnus:
P. hueberi from the Devonian of New York. Rev. Palaeobot. Palynol.
60, 311-359.

Stein, W.E., Boyer, ].S., 2006. Evolution of land plant architecture: beyond
the telome theory. Paleobiology 32, 450-482.

Stevenson, D.W., Loconte, H., 1996. Ordinal and familial relationships of
pteridophyte genera. In: Camus, ].M., Gibby, M., Johns, RJ. (Eds.), Pteri-
dology in Perspective. Royal Botanic Gardens, Kew, UK, pp. 435-467.

Stewart, W.N., Rothwell, G.W., 1993. Paleobotany and the Evolution of
Plants, 2nd ed. Cambridge University Press, New York, 521 p.

Taylor, T.N., Taylor, E.L., Krings, M., 2009. Paleobotany: the Biology and
Evolution of Fossil Plants. Academic Press of Elsevier, USA, 1230 p.

Thomas, B.A., 1992. Palaeozoic herbaceous lycopsids and the beginnings
of the extant genera Lycopodium and Selaginella. Ann. MO Bot. Gard.
79, 623-631.

Tomescu, A., 2008. Megaphylls, microphylls and the evolution of leaf
development. Trends Plant Sci. 14, 5-12.

Trant, C.A., Gensel, P.G., 1985. Branching in Psilophyton: a new species
from the Lower Devonian of New Brunswickmm, Canada. Am. ]. Bot.
72,1256-1273.

Yao, Z.-Q., Liu, L.-J., Mapes, G., Rothwell, G.W., 1999. Leaf morphology and
cuticular features of Sphenophyllum in the Gigantopteris flora from
South China. Rev. Palaeobot. Palynol. 110, 67-92.

Zimmermann, W., 1938. Die Telomtheorie. Biologie: Monatsschrift zur
Wahrung der Belange der Deutschen Biologen 7, 385-391.



	Diversity and evolution of the megaphyll in Euphyllophytes: Phylogenetic hypotheses and the problem of foliar organ defini...
	1 Introduction
	2 Material and methods
	2.1 Megaphyll definitions
	2.2 Diversity of lateral branch systems and/or foliar organs in Tracheophytes
	2.2.1 Psilophyton lateral branching system (Banks et al., 1975; Gerrienne, 1997; Trant and Gensel, 1985)
	2.2.2 Pseudosporochnus lateral branching system (Berry and Fairon-Demaret, 1997, 2002; Leclercq and Banks, 1962; Stein and...
	2.2.3 Sphenophyte leaf (Gifford and Foster, 1989; Mamay and Bateman, 1991; Reed, 1949; Yao et al., 1999)
	2.2.4 Zygopteris leaf (Galtier, 2003; Phillips and Galtier, 2005)
	2.2.5 Botryopteris leaf (Galtier, 1981; Rössler and Galtier, 2003; Rothwell, 1991)
	2.2.6 Osmunda leaf (Gifford and Foster, 1989; Kramer and Green, 1990)
	2.2.7 Archaeopteris (“progymnosperms”) lateral branching system (Beck, 1971; Fairon-Demaret and Leponce, 2001; Meyer-Berth...
	2.2.8 Elkinsia lateral branching system (Serbet and Rothwell, 1992)

	2.3 Methods
	2.3.1 Selected characters
	2.3.2 Phylogenetic hypotheses
	2.3.3 Phylogenetic inference of character evolution


	3 Results
	3.1 Inferred evolution of characters
	3.1.1 Symmetry of lateral branching systems (LBS)
	3.1.2 Abdaxity
	3.1.3 Planation
	3.1.4 Webbing


	4 Discussion
	4.1 Vocabulary and hypotheses
	4.1.1 Cauline lateral branches
	4.1.2 Lateral branching system (LBS)
	4.1.3 Ultimate appendages
	4.1.4 Quadriseriate leaf
	4.1.5 “True” megaphylls
	4.1.6 Lycophylls
	4.1.7 Necessary and dispensable characters defining foliar organs

	4.2 Evolution of lateral organs
	4.2.1 Symmetry
	4.2.2 Abdaxity
	4.2.3 Lamina
	4.2.4 The foliar organ as a combination of anatomical and morphological characters


	5 Conclusion
	Acknowledgments
	References


