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Recent advances in plant developmental genetics together with rapid
accumulation of transcriptomic data on plants from divergent lineages provide
an exciting opportunity to explore the evolution of plant morphology. To
understand leaf origin in sporophytes of land plants, we have combined
the available molecular and structural data on development of leaves with
different morphologies in different plant lineages: clubmosses, spikemosses,
leptosporangiate ferns, ophioglossioid ferns, marattioid ferns, whisk ferns,
horsetails, and conifers. Specifically, we address the peculiarities of proximo-
distal, ad/abaxial, and lateral development; presence/absence of mesophyll
differentiation into palisade and spongy parenchyma; and type of leaf
vascular bundles (collateral and bicollateral). Furthermore, taxon-specific and
morphology-specific features of leaf development are considered in the context
of the organization of shoot apical meristems (SAMs)—monoplex, simplex, or
duplex—that produce leaf primordia. The data available imply that cellular
patterns of leaf initiation correlate strongly with the structure of the SAMs
but not with further leaf development or morphology. The later stages of leaf
development are neither correlated with SAM structure nor with taxonomy.
Occurrence and, if available, patterns of expression of homologs of the
angiosperm genes responsible for the development of adaxial (ARP and C3HDZ)
and abaxial (YABBY and KANADI) leaf domains, or establishment of the leaf
marginal meristem (WOX) are discussed. We show that there is no correlation
in the set of homologs of TFs that regulate abaxial and adaxial leaf domain
development between leaves containing only spongy and no palisade mesophyll
(of spikemosses, clubmosses, whisk ferns, horsetails, and most conifers), and
leaves differentiated into palisade and spongy mesophyll (of leptosporangiate
ferns, Ginkgo, Gnetum, and angiosperms). Expression of three out of four
requlators of leaf development in primordia of both leaves and sporangia—
C3HDZ in spikemosses and whisk ferns, YABBY in clubmosses and KANADI
in spikemosses and horsetails—indicates that a sporangium developmental
program could have been co-opted as a “precursor program” for the origin of
microphylls and euphylls. Additionally, expression of leaf development regulators
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in SAMs of spikemosses (ARP, C3HDZ, and KANADI), clubmosses (YABBY),
leptosporangiate ferns (C3HDZ), and horsetails (C3HDZ and KANADI) indicates
that at least some mechanisms of SAM regulation were co-opted as well in the
pre-program of leaf precursors.

SAM, leaf evolution, WOX, ARP, C3HDZ, KANADI, YABBY

Introduction

Colonization of land by plants in the middle Cambrian—
Early Ordovician (Morris et al,, 2018) has dramatically changed
the ecology of Earth. Although the haploid phase (gametophyte)
dominated in the life cycle of the first land plants, it was the
transition to the dominance of the diploid phase (sporophyte) in
Late Silurian—Early Devonian that led to numerous morphological
and reproductive innovations in the plants of the sporophytic
evolutionary line (polysporangiophytes; Bowman et al., 2017). One
of the most influential morphological innovations was the origin of
specialized dorsoventral organs, leaves, that significantly increased
the plants’ photosynthetic surface. However, how leaves came into
being remains enigmatic (Tomescu, 2009; Harrison and Morris,
2018; Vasco and Ambrose, 2020).

Discussions addressing this question over more than a century
resulted in three main scenarios: (1) leaves evolved once in the
common ancestor of all tracheophytes (Kaplan, 2001; Schneider
et al,, 2002); (2) two independent evolutionary events resulted in
so-called microphylls in lycophytes and so-called megaphylls in all
other vascular plants (Bower, 1935); and (3) leaves evolved more
than twice, with the exact number of independent origins subject
to debate (Stewart and Rothwell, 1993; Kenrick and Crane, 1997;
Boyce, 2010). Three putative mechanisms explaining the origin of
leaves are recognized. (1) Gradual elaboration of stem outgrowths
of early land plants (e.g., in Drepanophycales) that resulted in
lycophyte microphylls (Bower, 1935). (2) A hypothetical series
of successive transformations of early land plant axes or telomes
(known as Telome Theory): unequal branching ("overtopping"; e.g.,
in Renalia and Pertica), transition of determinate lateral branching
systems from three-dimensional to two-dimensional development
(“planation”; e.g., in Eospermatopteris), and the development of
lateral outgrowths of photosynthetic tissue filling the space between
planar determinate systems of branching axes ("webbing'; e.g.,
in Rhacophyton and Archaeopteris; Zimmerman, 1952; Kenrick
and Crane, 1997; Harrison and Morris, 2018). (3) Sterilization
of some lateral branches that originally bore sporangia (e.g.,
in Adoketophyton; Kenrick and Crane, 1997). As modifications
of branching systems were likely independently involved in the
evolution of land plant sporophytes, it was assumed that the
leaves of ferns and seed plants have independent origins, while
the homology of the leaves of horsetails (Equisetidae), whisk
ferns (Psilotidae), ophioglossoid ferns (Ophioglossidae), marattioid
ferns (Marattiidae), and leptosporangiate ferns (Polypodiidae)
remains under debate (Tomescu, 2009). The ambiguous homology
of leaves is reflected by the terms “lycophyte leaves,
2009;
Ambrose, 2020), and we will maintain this terminology. Years
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of research have shown that no morphological or anatomical
criteria alone can be used to distinguish unequivocally between
a common origin vs. several independent evolutionary origins of
leaves.

Since all leaves originate from the shoot apical meristem (SAM),
the precisely organized pool of undifferentiated proliferating cells
on the shoot tips that manages shoot growth and is the origin of
lateral organs, it was expected that differences in leaf evolutionary
origin would correlate with differences in SAM structure and/or
functions. Studies of the diversity of SAMs in land plants resulted in
the development of several classifications based on SAM structure
(reviewed by Tooke and Battey, 2003). The classification that arose
from the studies of Popham (1951), Newman (1965), and Philipson
(1990) is best fitted to the evolutionary context. It specifies three
structural types of SAMs in land plants according to the number,
location and division pattern of the apical initials (Als; Newman,
1965). Monoplex SAMs contain a single tetrahedral Al located in
the surface layer that is the ultimate source of all other cells of
the shoot apex (Figure 1A). Simplex SAMs contain several Als
located in the surface layer (Figure 1B). Duplex SAMs contain
Als in several outermost layers of the SAM that belong to two
different zones, the tunica specified by anticlinal divisions, and
the corpus (Figure 1C). The number of Als in the SAM is
likely correlated with the mechanism of plasmodesmata formation:
exclusively during cytokinesis in monoplex SAMs (Figure 1D),
and both during and after cytokinesis via local digestion of
the cell walls in simplex and duplex SAMs (Figures 1E, F;
Imaichi and Hiratsuka, 2007; Evkaikina et al., 2017). However,
all three SAM types are likely paraphyletic, and no correlation
between SAM structure and the evolutionary origin of leaves
produced by a SAM could be found. For instance, monoplex SAMs
are found in spikemosses (Selaginellales) while simplex SAMs
occur in clubmosses (Lycopodiales) and quillworts (Isoetales),
i.e,, the leaves of lycophytes are produced by two different
SAM types [Gifford and Foster, 1989; Maksimova (Evkaikina)
et al, 2021]. On the rather hand, monoplex SAMs give rise to
both "microphylls" of spikemosses and "euphylls" of most ferns.
However it should be mentioned that some ferns have SAMs with
multiple apical initials (Tomescu, 2011, Tomescu and Matsunaga,
2019).

It is known that leaf development results from cell proliferation
localized at certain developmental stages in different parts of
growing leaves; these sites of meristematic activity are collectively
termed leaf meristems (Esau, 1965; Tsukaya, 2021). Four meristems
are usually identified in growing leaves: leaf apical meristem,
marginal meristem, intercalary meristem and plate meristem. The
term "leaf apical meristem" refers to cell proliferation at the leaf
tip that is usually activated at the initial stage of leaf development,
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FIGURE 1

Patterns of cell division and symplastic organization of different types of the shoot apical meristem (SAM) according to Newman (1965),

Imaichi and Hiratsuka (2007). (A,D) Monoplex SAM, (B,E) simplex SAM, (C,F) duplex SAM. The colors of dotted lines in panels (A—C) lines denote
different planes of cell division: red—oblique anticlinal, purple—anticlinal, blue—periclinal. Plasmodesmata (PDs) formed during cytokinesis are
unbranched in outline, while post-cytokinesis PDs are X-shaped in outline. PD density is depicted with a color gradient, where fading color in the
peripheral zone (PZ) of the SAM stands for decrease in PD density, and absence of fading for uniform PD density in the central zone (CZ) and PZ.

while "marginal meristem" refers to the proliferation of cells at the
leaf perimeter. Unlike these two meristems, intercalary and plate
leaf meristems are rather diffuse; moreover these two terms refer to
different planes of division of the same cells. Anticlinal mediolateral
divisions of internal cells of the growing leaf blade along the medio-
lateral axis (i.e., growth in “width”) are collectively referred to
as the plate meristem, while anticlinal proximodistal divisions of
these cells that provide growth in "height" are collectively referred
to as the intercalary meristem (Esau, 1965; Steeves and Sussex,
1989; Tsukaya, 2021). However, only a few studies have provided
structural data about different leaf meristems and their regulation
outside angiosperms (e.g., Nardmann and Werr, 2013; Vasco and
Ambrose, 2020).

Below we will summarize the cellular and molecular
aspects of SAM functions and of leaf development in extant
polysporangiophytes. Only genetic regulators that can be discussed
in the evolutionary context will be mentioned. For the sake
of clarity, for angiosperms we will consider only development
of simple leaves of eudicots; the function and interaction of
genetic regulators will be described only for Arabidopsis, the most
comprehensively studied plant with this leaf morphology. However,
much variation in leaf structure, development and regulation exists
within angiosperms. For leaf anatomy and development in eudicots
and monocots with different morphologies, the reader is referred
to Esau (1965) and Steeves and Sussex (1989) and for the diversity
of regulation to Tsukaya (2018) and Nakayama et al. (2022). Due to
the continuous update of transcriptomics data in public databases,
we have added new homologs of the transcription factors under
discussion (Supplementary Figures 1-4, Supplementary Table 1,

and Supplementary File 1).
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Duplex SAMs producing angiosperm
leaves

Shoot apical meristems in angiosperms are composed of one
to several layers of tunica cells and of underlying corpus cells. The
SAMs consist of a central zone (CZ) composed of large, slowly
proliferating cells, and a peripheral zone (PZ) consisting of smaller
and more quickly proliferating cells (Gifford and Foster, 1989;
Figures 2A, E). Molecular genetic studies reveal heterogeneity
within the CZ (Figure 2B). Typically, the three outermost layers
of the CZ (i.e., two tunica layers and the outermost corpus layer)
are marked by the expression of CLAVATA3 (CLV3) and considered
true Als (Fletcher et al, 1999). The subtending CZ cells of the
corpus are marked by the expression of the WUSCHEL (WUS)
homeobox gene and constitute the organizing center (OC) (Mayer
et al,, 1998). A negative feedback loop between the CLV3 peptide
and the WUS TE mediated by two more CLV proteins, a receptor-
like kinase and a receptor that act together as a heterodimer,
maintains a dynamic equilibrium of Als and OC cells and is
essential for maintenance of SAM size (Brand et al., 2000; Schoof
et al., 2000; Nimchulk et al., 2011). Another, presumably ancestral,
CLE-40 signaling system was shown to have stem-cell-promoting
function (Hirakawa, 2022). In both CZ and PZ, the key regulators
of the undifferentiated state are transcription factors (TFs) encoded
by class I KNOTTED (CIKNOX) genes (Jackson et al, 1994;
Figure 2C).

Leaves originate in the PZ of the duplex SAM (Esau, 1965;
Steeves and Sussex, 1989) after a switch between meristem-specific
and leaf-specific programs in a group of initially morphologically
indistinguishable cells designated as incipient leaf primordium
(LP) (Figures 2A, E). The switch is caused by suppression of
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FIGURE 2

Organogenesis in the duplex SAM of eudicot angiosperms. Line drawings of longitudinal sections through the shoot apex (A—C) and a transversal
section of a leaf (D); micrographs of a longitudinal section of the SAM of Syringa vulgaris (E) and a transversal section of a young leaf of Nicotiana
tabacum (F). SAM structure, cellular pattern of leaf origin and contribution of different leaf meristems to its development are based on Esau (1965),
Steeves and Sussex (1989), Tsukaya (2021); patterns of gene expression are based on in situ RNA-RNA hybridizations reviewed in Nakata et al. (2012),
Nardmann and Werr (2013) and Shi and Vernoux (2019). Although procambium strands are mapped only in P1, they are present in all leaf primordia
and in young leaves. Apical initials (Als) are marked in red; color codings for gene expression and symbols for different types of leaf meristems and
tissues are given. SAM, shoot apical meristem; Al(s), apical initial(s); OC, organizing center; CZ, central zone; PZ, peripheral zone; PO-P3, successive
stages of leaf primordia and leaf development; e, epidermis; pm, palisade mesophyll; sm, spongy mesophyll; vb, vascular bundle; LAM, leaf apical
meristem; lim, leaf intercalary meristem; mm, leaf marginal meristem; plm, leaf plate meristem. Putative interactions between the regulators of SAM
maintenance and leaf development described in the text are mapped on panels (C,D); the arrows indicate positive regulation, while bars show
negative regulation.

CIKNOX expression by an increase in local auxin maxima in  “adaxial determinants” and “abaxial determinants” (Yamaguchi
the leaf founder cells (Jackson et al, 1994; Long et al, 1996; et al, 2012; Du et al, 2018). Adaxial determinants regulate the
Reinhardt et al,, 2003) followed by upregulation of the expression  differentiation of palisade parenchyma and upper epidermis in
of the leaf development regulators that in angiosperms comprise  leaves, and of the xylem in the leaf bundles. They are encoded by
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the ARP genes (ASYMMETRIC LEAVESI, ROUGH SHEATH?2 and
PHANTASTICA) ( > ; > ;
) ; )and C3HDZ

genes (class III HD-Zip) ( R ; R
). Abaxial determinants control the differentiation of spongy

> > >

parenchyma and lower epidermis in leaves and of the phloem in
the leaf bundles. They are encoded by the YABBY (

, ; , H R ) and KANADI
(KAN) genes ( s ; ). After
the onset of the leaf-development program, proliferation of leaf

and

founder cells occurs by anti- and periclinal divisions of the second
tunica layer, L2, and of the outermost corpus cells, L3, accompanied
by anticlinal divisions of L1, and results in the emergence of a
radially symmetric LP ( , ). The prepatterned expression
of the adaxial-abaxial polarity genes C3HDZ and KANADI at the
PZ occurs prior to LP formation and persists in incipient LPs
( ; ,2017; » 2017).

After the onset of LP development, transcription of ARP and
C3HDZ genes is confined to the adaxial, whilst that of YABBY
and KANADI genes is confined to the abaxial domain of the LP
( )
along the lateral margins of the LP, YABBY up-regulates the
expression of WUSCHEL-RELATED HOMEOBOX (WOX) 1 and
WOX3 genes ( ; R ). WOX1 and WOX3
activate two CLAVATA3/ESR-RELATED peptide ligand gene family
members, CLE5 and CLE6, and altogether establish a new marginal

> >

). At their juxtaposition

meristem ( s ). Thus, the meristematic activity
in the LP becomes restricted to the marginal regions (

R ). While the restriction of the broadly acting leaf
meristem to the margins is maintained by WOXI and WOX3,
the cessation of proximodistal lamina growth is mediated by the
NGA and CIN-TCP TFs ( ; ,

LP transition from radial to dorsoventral symmetry, anticlinal

). During

divisions of surface marginal initials produce the leaf epidermis,
while both anti- and periclinal divisions of subsurface marginal
initials produce the leaf mesophyll. Once the required number of
mesophyll layers has been laid down, the activity of the marginal
meristem ceases ( , ).

The further growth of leaf blade along the medio-lateral
axis proceeds via anticlinal divisions of the plate meristem
( ; , 5 , ; ,

). WOX1 is thought to be its key regulator (

s 3 R ). Further leaf development is regulated
by abaxial and adaxial determinants in concert with auxin and
cytokinin ( , 5 > H

, H s H s ). The
collateral symmetry of leaf vascular bundles results from the specific
pattern of procambium differentiation and activities of the adaxial
and abaxial determinants together with the levels of auxin and
cytokinin in the precursors of the phloem and the xylem (

,2016; » 2020).

Leaf growth along the proximodistal axis results from the
activity of the intercalary meristem ( : s ).
The limited leaf height growth results from the decline of cell
proliferation of its distal-most cells, termed the “arrest front”
( ) ; ) ) where expression of
the CIKNOX, WOXI, and WOX3 genes is gradually repressed

( ; , ).
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Structures of gnetophyte SAMs are similar to that of
angiosperm SAMs ( s ; ). The
available data suggest that at least some regulatory aspects are
similar to those in angiosperms. An immunolocalization study
using an antibody raised against KN1 (C1IKNOX) from Zea mays
yielded a signal in Welwitschia mirabilis SAMs which was absent
from LPs ( > )-

The major developmental regulators, WOX proteins, form
three clades: T1 (previously called the ancient clade) (sensu

; , ; , ), T2
(former intermediate clade), and T3 (or WUS/WOXG5) clade that
were shown to be equally ancient ( ,

> >

). A number
of WOX proteins from all these clades was found in gnetophytes
( ; ; ) 5
). A single representative of the T3 clade (GgWUS/WOX5)
is expressed in the PZ of the vegetative SAM ( ) and in
the SAMs of male cones of Gnetum gnemon ( s
), while in angiosperms, WOX35 is expressed only in the root
apical meristem (RAM). Two other genes from the T3 clade of the
WOX gene family found in G. gnemon, GgWOXX and GgWOXY,
encode proteins lacking homologs in other seed plant genomes,
suggesting that they represent ancestral sequences that might be
have been lost in other seed plant lineages ( ,
; » 2018).

In spite of similar structure of the SAMs in all three genera
of gnetophytes, their leaf development differs. Leaves of Gnetum
species resemble those of many angiosperms in possessing a
broad lamina whose development along the mediolateral axis
involves activities of both marginal and plate meristems, while it
develops along the proximodistal axis via an intercalary meristem
( ; , ; , ;

, ). No homologs of the marginal and
plate meristem regulator WOX1 have been detected in G. gnemon
( s ; R ), although expression
of its counterpart, a WOX3 homolog, was detected in incipient LPs
and along the margins of young leaves ( , ). In
older LPs, the expression of GgWOX3 marks a stripe between blade
margins, resembling the expression pattern of both WOX3 and
WOXI angiosperm homologs and likely regulating both marginal
and plate meristems ( , ). Transcriptomic analyses
detected C3HDZ, KANADI and YABBY homologs in Gnetum
species ( R

).

Leaves of Ephedra species are reduced to scale-like structures

-4, and

lacking differentiation between palisade and spongy mesophyll
( , , ; , ; ).
Two YABBY homologs (EdiYABD and EdiYABD) were found in
Ephedra distachya, both expressed in the outer layer of the ovule
integument in a pattern similar to angiosperm “reproductive’
YABBY genes, and in the cone bracts where one of them, EdiYABD,
showed a higher expression level on the abaxial side, similar to
“vegetative YABBY” in leaves of angiosperms ( , ).
Transcriptomic analyses detected C3HDZ homologs in E. sinica
( , ,and ).
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TABLE1 Summary of structural and regulatory peculiarities in land plants.

lant group Number of TF homologs in different species of every group Structural peculiarities

Adaxial determinants | Adaxial determinants SAM WOX (subdivision into superclades [SAM type Palisade Leaf Stem
after Wu et al.,, 2019) parenchyma | (petiole) | vasculature

vasculature
ARP C3HDzZ YABBY | KANADI | CIKNOX Sister to T3
T2+T
Liverworts 1 1-3 Not found 1 1 2 Unknown - Not found |Monoplex - n/a n/a
Hornworts Unknown 1-2 1 1-2 Not found 3-4 Unknown - Not found |Monoplex - n/a n/a
bryophytes Not found 3-6 Not found 2-3 3 3 Unknown - Not found |Monoplex - n/a n/a
Lycophytes Selaginellales 1 1-7%% Not found 1-4 2 1-6 1-3 - 1 Monoplex - Xylem enclosed by | Exarch protostele
parenchyma
Lycopodiales Unknown 1-3 ) bt 1-2 2 2-5 Unknown - Unknown | Simplex - Xylem enclosed by Actinostele,
parenchyma plectostele
Tsoetales Unknown 1-2 Not found 1-3 2 4 1 - Unknown |Simplex - Xylem enclosed by Actinostele
parenchyma
Ferns Marratiales Unknown 4 Not found 1 1 4 Unknown - 1 Monoplex, + Collateral and Amphi-phloic
simplex bicollateral dictyostele
Osmundales | Maize AB cross- 3-4 Not found 2 Maize AB cross- 2 1 - Unknown |Monoplex, + Collateral Ectophloic
hybridiz-ation hybridization simplex dictyostele
Ophioglossales Unknown 1-4 Not found Unknown 1 1-6 1 - 1-3 Monoplex - Collateral Ectophloic
siphonostele
Polypodiidae Not found 2-6 Not found 1-3 5 1-4 1-4 - 1 Monoplex + Collateral and Amphiphloic
bicollateral dictyostele
Equisetales Unknown 2 Not found 3-6 2-5 1 1 - Unknown | Monoplex - Collateral Ectophloic
siphonostele
Psilotales Unknown 2-5%% Not found 2 1 3-5 1 - 2 Monoplex - Absent Exarch siphonostele,
actinostele
Gymnosperms Gnetum Unknown 1 1-2 2-3 Unknown 1 - 1 3 Duplex + Collateral Eustele
Ephedra Unknown 1 2 Unknown Unknown Unknown - Unknown | Unknown |Duplex - Collateral Eustele
Welwitschia Unknown 2 3 2 2 2 - Unknown 1 Duplex + (isopalisade) Collateral “polycyclic”
eustele
conifers 1 1-5 1-3 1-3 4 1-3 - 1-5 4-6 Simplex - Collateral Eustele
Some exceptions*
Ginkgo Unknown 4-5 4 1 Unknown 1 - 2 5 Simplex + Collateral Eustele
cycads 1-2 2 2-4 1-4 Maize AB cross- 1 - Unknown 1-2 Simplex + Collateral Eustele
hybridization
Angiosperms Eudicots 1 5-6 6 and more 1-4 4 and more 3 - 4 8 duplex + Collateral Eustele, atactostele
Some exceptions

Numbers of homologs of TFs based on genome sequences are given in bold. “Not found” indicates the reported absence of homologs in certain taxa, while “unknown” reflects lack of information. As Wu et al. (2019) have convincingly shown that WOX TFs from the
T2 clade exist only in seed plants and that Sm WOXII, which was previously placed in the intermediate clade, is positioned as sister to the T2 + T3 clades, we have assumed that the WOX homologs from seed-free plants previously placed in the intermediate clade are
probably sister to the T2 + T3 clades like SmWOXIIL.

*Mesophyll of mature conifer leaves are most often composed of uniform spongy parenchyma-like cells, but in Abies, Cathaya, Keteleeria, Larix, Nothotsuga, Pseudolarix, and Tsuga the mesophyll is differentiated into palisade and spongy parenchyma (Du et al,, 2020).
**The expression C3HDZ homologs in sporangia of Selaginella moellendorfiii and Psilotum nudum (Vasco et al,, 2016) and of YABBY homologs in sporangia of Huperzia selago (Ivkaikina et al,, 2017) are labeled with double asterisks. Supplementary Table 1 lists all
species, all homologs in every species, their accession numbers and links. Supplementary Figures 2-4 show the phylogeny of TFs listed in Supplementary Table 1 and represent a graphic summary of available data about WOX, C3HDZ, YABBY, and KANADI homologs
in different plant taxa.
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FIGURE 3

Organogenesis in the duplex SAM of gnetophytes. Line drawings of longitudinal sections through the shoot apex (A,B) and transversal sections of
Gnetum (C) and Ephedra (D) leaves and a longitudinal section through the base of a young Welwitschia leaf (E); micrographs of longitudinal section
of the SAM of Gnetum gnemon (F) and transversal section of young (G) and mature (H) leaves of G. gnemon and Ephedra sinica (l). SAM structure is
based on Gifford and Foster (1989), cellular patterns of leaf origin and contribution of different leaf meristems to its development are inferred from
descriptions and illustrations in Rodin (1958a,b, 1967), Nardmann and Werr (2013), Wan et al. (2018) for Gnetum, Dorken (2014), San Martin et al.
(2022) for Ephedra; Rodin (1958a,b) for Welwitschia. Patterns of gene expression are based on in situ RNA-RNA hybridizations and
immunolocalizations from Nardmann et al. (2009), Nardmann and Werr (2013), Wan et al. (2018), Bueno et al. (2021) for Gnetum; Finet et al. (2016)
for Ephedra; Pham and Sinha (2003) for Welwitschia. Apical initials (Als) are marked in red; color codings for gene expression and symbols for
different types of leaf meristems and tissues are given. LP, leaf primordium; CMC, central mother cells; slm, spongy-like mesophyll; other captions
and symbols as in Figure 2. Panels (C,G,H) contributed by lanina Bogdanova.

Welwitschia  mirabilis bears only a single pair of with an antibody against Zea mays KN1 (CIKNOX) protein
linear isopalisade leaves that develop via a basal meristem failed to yield a signal in W. mirabilis LPs (Pham and Sinha,
(Figure 3E; Rodin, 1958a,b). The fact that immunolocalization =~ 2003) suggests that downregulation of CIKNOX expression is
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part of the LP initiation program. Obviously, functions of the
basal meristem that provides leaf development in Welwitschia are
regulated by other, yet unknown proteins. C3HDZ, KANADI, and
YABBY homologs were identified in the W. mirabilis transcriptome
(Table 1, Supplementary Figures 2-4, and Supplementary
Table 1).

No ARP homologs were found in Gnetum, Ephedra, and
Welwitschia species (Table 1).

Simplex SAMs producing leaves of
conifers, cycads, and Ginkgo

Similar to angiosperms and gnetophytes, the simplex SAMs
of conifers, cycads, and Ginkgo biloba can be divided into the
CZ and PZ based on differences in cell size and vacuolation. CZ
is partitioned into prismatic Als in the outermost layer and the
subtending polygonal central mother cells (Foster, 1938, 1939,
1943). At the periphery and beneath the CZ, respectively, PZ and
rib meristem are located (Figures 4A, F).

Four CIKNOX genes (designated either HBK1-4 or KNI1-4)
were identified in several spruce and pine species, and one of them,
KN3, is phylogenetically very close to AtSTM (Bueno et al,, 2020).
Two CIKNOX genes are expressed in both CZ and PZ of SAMs
of Picea abies (Figure 4B; Sundéas-Larsson et al., 1998; Hjortswang
et al, 2002) and three in Pinus pinaster (Larsson et al, 2012
Bueno et al, 2020), respectively. An immunolocalization study
using an antibody raised against Zea mays KN1 (C1IKNOX) protein
yielded a signal in the SAM of Zamia integrifolia (Bharathan et al,
2002), suggesting that the key role of CIKNOX TFs in meristem
maintenance is shared among simplex SAMs of gymnosperms and
duplex SAMs of angiosperms. Several WOX proteins from conifers,
cycads and G. biloba belong to the T3 clade (one of them, WOXX,
is gymnosperm-specific), or to the T2 and T1 clade (Nardmann
and Werr, 2013; Alvarez et al., 2018; Bueno et al., 2021; Table 1;
Supplementary Figure 1; Supplementary Table 1). Since conifer
WUS and WOXX genes are expressed in cells corresponding to the
position of the angiosperm OC (Figure 4B), they are likely to play
a similar role in SAM regulation (Bueno et al,, 2021). A specific
feature of gymnosperm SAMs that is shared with gnetophytes, but
different from angiosperms, is its regulatory similarity to root apical
meristems (RAMs). Unlike angiosperm CIKNOX genes that are
transcribed only in the SAM, all Picea abies CIKNOX homologs
are expressed in both SAM and RAM (Hjortswang et al,, 2002;
Larsson et al,, 2012). A number of WUS/WOX5 homologs are as
well expressed both in SAM and RAM of Pinus sylvestris, Picea
abies, and Ginkgo biloba (Hedman et al,, 2013; Alvarez et al., 2018;
Bueno et al., 2021).

As in angiosperms and gnetophytes, leaves of non-gnetophyte
gymnosperms originate in the PZ of the SAM. LP development
starts from enlargement and subsequent periclinal divisions of
a group of subsurface and surface cells (Foster, 1938, 1939;
Napp-Zinn, 1966; Owens, 1968; Skupchenko and Ladanova, 1984;
Skupchenko, 2019). As morphology and development of leaves in
conifers, Ginkgo, and cycads differ, the regulation of their leaves
development will be discussed separately.

Similar to angiosperms, expression of CIKNOX homologs
(HBK2 and HBK4) is downregulated in incipient and developing
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LPs of P. abies (Larsson et al,, 2012); however, they are expressed
in leaves of Pinus pinaster and Picea glauca (Bueno et al,
2020). LP development in conifers starts with the proliferation
of leaf Als (Figures 4A, F). Divisions of internal LP cells in
the abaxial/adaxial plane sets the number of mesophyll layers,
while diffuse proliferation of internal LP cells in the proximodistal
plane provides length growth. Then the marginal meristem is
activated over the entire circumference of the LP (Figures 4C, G).
The activity of the marginal meristem is very short and no
plate meristem could be identified (Figure 4H; Owens, 1968;
Skupchenko and Ladanova, 1984). The presence of a WOX3
homolog in Pinus sylvestris and P. abies and its expression at leaf
margins suggests regulatory similarity between marginal meristems
of conifers and angiosperms (Nardmann and Werr, 2013; Alvarez
et al,, 2015), while the absence of WOXI expression in P. sylvestris
provides molecular support for the absence of a plate meristem
(Nardmann and Werr, 2013). On the other hand, WOX3 expression
in the PZ of the SAM, in incipient LPs and in the tips of early stage
LPs (Nardmann et al., 2009; Hedman et al., 2013; Alvarez et al,,
2018; Bueno et al,, 2020, 2021) indicates that in conifers it might
regulate not only the marginal meristem, but also leaf initiation and
leaf apical growth.

A single ARP homolog exists in most of the Pinaceae species
(Table 1) and is expressed in young leaves at the juxtaposition
between the adaxial and abaxial leaf domains (Figure 4C) in Abies
holophylla and Picea smithiana (Du et al,, 2020). Thus, ARP TFs
seem to be involved in the regulation of leaf development in
gymnosperms as well as in angiosperms.

Homologs determinants—GymC3HDZ_A to
GymC3HDZ_D—were identified in a number of conifers (Floyd
et al., 2006; Prigge and Clark, 2006; Du et al., 2020). They are
expressed in the PZ of SAMs, in the tips of early stage LPs, adaxial

of adaxial

domains of young leaves and the procambium in Pseudotsuga
menziesii (Floyd et al., 2006), Abies holophylla and Picea smithiana
(Du etal, 2020). Similar expression patterns of C3HDZs in conifers
and angiosperms suggest similar functions in regulation of SAM
maintenance, leaf development and differentiation of the leaf
adaxial domain and of the procambium (Figures 4B, C).

Four clades of YABBY genes (A-D), which encode abaxial
determinants, have been identified in conifers (Finet et al., 2016).
Unlike in angiosperms and Ginkgoales, where YABBY expression
is restricted to the abaxial domain, in conifers with mesophyll only
consisting of spongy parenchyma, Pseudotsuga menziesii (Finet
et al, 2016) and Picea smithiana, as well as in a species with
palisade and spongy mesophyll, Abies holophylla (Du et al., 2020),
a YABBY homolog PmeYABC is expressed throughout LPs and in
the provascular tissues of young leaves (Figures 4B, C). Homologs
of the other abaxial determinant, KANADI, were identified in a
number of gymnosperms (Zumajo-Cardona et al., 2019; Table 1;
Supplementary Figure 4; Supplementary Table 1), but their
expression patterns have not yet been examined.

Ginkgo biloba leaves, similar to angiosperm leaves, possess a
broad lamina with the mesophyll differentiated into spongy and
palisade parenchyma (see Critchfield, 1970; Hara, 1980 for details).
Cells of developing LPs proliferate very unevenly leading to the
folding of future leaf blade edges inside and the emergence of
adaxial protuberances that split during unfolding of the leaf blade
(Figures 4D, I). The discrete sites of meristematic activity are
first located along the adaxial surface of leaf margins, but after
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FIGURE 4

Organogenesis in the simplex SAM of gymnosperms. Line drawings of longitudinal sections through the shoot apex (A,B), transversal sections of
leaves of conifers (C) and Ginkgo (D) and schematic of the tip of a young cycad leaf (E); micrographs of longitudinal section of the SAM of Picea
abies (F) and transversal sections of young and mature leaves of P. abies (G,H), a young leaf of Ginkgo biloba (l) and a mature leaflet of Cycas
revoluta (J). SAM structure is based on Foster (1938, 1939, 1943), cellular pattern of leaf origin and contribution of different leaf meristems to its
development are inferred from descriptions and illustrations in Napp-Zinn (1966), Owens (1968), Skupchenko and Ladanova (1984) for conifers, Hara
(1980) for Ginkgo; Stevenson (1990, 2020), Boyce and Knoll (2002), Vovides et al. (2020) for cycads. Patterns of gene expression are based on in situ
RNA-RNA hybridizations and immunolocalization from Sundas-Larsson et al. (1998), Hjortswang et al. (2002), Floyd et al. (2006), Prigge and Clark
(2006), Nardmann and Werr (2013), Alvarez et al. (2015), Finet et al. (2016), Du et al. (2020), Bueno et al. (2021) for conifers; Floyd et al. (2006),
Nardmann and Werr (2013), Finet et al. (2016), Zumajo-Cardona et al. (2021) for Ginkgo; Bharathan et al. (2002) for cycads. Apical initials (Als) are
marked in red; color codings for gene expression and symbols for different types of leaf meristems and tissues are given. RM, rib meristem; ap,
adaxial protuberance; Im, leaf margin; other captions and symbols as in Figures 2, 3.
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FIGURE 5

meristem; other captions and symbols as in Figures 2-4.

Organogenesis in the simplex SAM of lycophytes. Line drawings (A,B) and a micrograph (C) of longitudinal sections through the shoot apex; line
drawing (D) and a micrograph (E) of transversal leaf section of a young leaf of Huperzia selago. SAM structure, cellular pattern of leaf origin and
contribution of different leaf meristems to its development are inferred from descriptions and illustrations in Stevenson (1976a), Sterling (1984),
Paolillo (1963), Gola and Jernstedt (2011), Evkaikina et al. (2017), and Romanova et al. (2022). Patterns of gene expression are based on in situ
RNA-RNA hybridizations from Evkaikina et al. (2017). Apical initials (Als) are marked in red; surface initials (SI) are marked in blue; color codings for
gene expression and symbols for different types of leaf meristems and tissues are given. Sl, surface initials; SSI, subsurface initials; pr, parenchymatic
cells assumed to represent phloem; cortex cells that contribute to the development of the leaf base are dotted in the same way as the leaf apical

unfolding of the leaf blade its development in the mediolateral
and proximodistal planes proceeds exclusively via proliferation
of the ribbon-like marginal meristem. Identification of WOX3
homologs in the genome of G. biloba (Nardmann and Werr, 2013)
suggests that regulation of marginal meristems is similar in Ginkgo
and seed plants. Two Ginkgo WOX3 homologs are expressed in
different parts of the developing leaf lamina: GbWOX3A marks
the growing apical part of protuberances, whereas GbWOX3B is
expressed at the base of the median furrow or between future
protuberances (Nardmann and Werr, 2013). Likely GbWOX3A
upregulates cell proliferation, while GbWOX3B suppresses it.
Localization of GbWOX3A in the apical part of protuberances
supports that most cell proliferation is located at the distal margin
of the leaf, contrarily to angiosperms where meristematic activity is
first excluded from the distal part (Tsukaya, 2018).

No ARP homologs have been identified in G. biloba thus far
(Table 1), but transcriptomics revealed homologs of the other
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adaxial determinant, C3HDZ (Floyd et al, 2006; Prigge and
Clark, 2006). Similar to its counterpart in conifers, GbC3HDZ1
is expressed in the PZ of the SAM, with stronger signal in
the incipient LPs, in the tips of young LPs, in the leaf adaxial
domain and procambium of the leaf trace (Floyd et al, 20065
Zumajo-Cardona et al,, 2021). These data suggest involvement of
C3HDZ in regulation of SAM maintenance, leaf development and
differentiation of the leaf adaxial domain. However, the similarity
of C3HDZ expression patterns in conifer leaves with only spongy
mesophyll (Du et al, 2020) and in Ginkgo leaves containing
both palisade and spongy mesophyll (Nardmann and Werr, 2013)
supports their role in the regulation of ab/adaxial polarity in
vascular bundles (which are collateral in both taxa) and not in
mesophyll patterning (Table 1 and Figure 4D).

Ginkgo biloba homologs of abaxial determinants, YABBY
(GbiYAB_A - GbiYAB_C) are expressed similarly to the “vegetative”
YABBYs in angiosperms in abaxial domains of LPs and young
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leaves (Finet et al, 2016). A KANADI homolog, GibiKAN, is
uniformly expressed in all cells of LPs and leaves throughout their
development (Zumajo-Cardona et al,, 2021; Figure 4D). Notably,
both abaxial determinant, GibiKAN (Zumajo-Cardona et al., 2021),
and adaxial determinant, GbC3HDZI (Floyd et al.,, 2006), are also
expressed in the integument and nucellus of the ovule.

Leaves of Cycads resemble fern leaves by their prolonged apical
growth, circinate tips, and leaflets (Stevenson, 1980, 1990, 2020).
Marginal position of leaflet veins indicates that leaflets develop
exclusively via marginal meristem activity, similar to Ginkgo (Boyce
and Knoll, 20025 Boyce, 2005; Figure 4E). Zamia integrifolia is
characterized by the presence of CIKNOX TFs at the sites of leaflet
initiation in older LPs as suggested by immunolocalization with an
antibody against Zea mays KN1 protein (Bharathan et al., 2002;
Figure 4E). Thus, CIKNOX TFs in cycads seem responsible for
prolonged apical growth of leaves and origin of leaflets (Figure 4])
via establishment of new meristems. ARB C3HDZ, YABBY, and
KANADI homologs were found in transcriptomes of cycad leaves
(Table 1, Supplementary File, Supplementary Figures 2-4, and
Supplementary Table 1).

Although of all seed-free plants, lycophytes have the lowest
similarity to spermatophytes, most of them possess SAMs with
several Als. In order to discuss which molecular differences in
similar SAMs could cause differences in leaf development, leaf
development in clubmosses and quillworts will be explained next.

Simplex SAMs producing lycophyte
leaves

Shoot apical meristems of clubmosses and quillworts resemble
those of most gymnosperms, belonging to the simplex type
(Newman, 1965; Stevenson, 1976a; Sterling, 1984). Als and their
anticlinal derivatives in simplex SAMs of lycophytes are more
elongated than in SAMs of gymnosperms and are termed surface
initials (SIs) (Figures 5A, C). Als differ from other SIs by their
larger width and higher vacuolation (Paolillo, 1963; Gola and
Jernstedt, 2011; Romanova et al,, 2022). The periclinal derivatives
of Als are termed subsurface initials (SSIs) and occupy the
position of what in gymnosperms would be the central mother
cell zone and the rib meristem (Stevenson, 1976a). Similar to
SAMs of angiosperms and gymnosperms, the simplex lycophyte
SAMs can be partitioned into the CZ composed of Als and
SSIs and the PZ composed of SIs and their periclinal derivatives
(Romanova et al., 2022).

Two CIKNOX homologs have been found in each of the
shoot tip transcriptomes of Huperzia selago (Evkaikina et al,, 2017)
and Isoetes lacustris [Maksimova (Evkaikina) et al, 2021]. Three
WOX homologs that are sisters to the T3 clade were recently
identified in Isoetes tegetiformans (Wu et al, 2019; Youngstrom
et al, 2022). A number of WOX homologs from the T1 clade
was found in a Lycopodium annotinum transcriptome, and in the
genomes of Diphaziastrum complanatum and Isoetes taiwanensis.
The I. taiwanensis genome also contains WOXes that can be
mapped as sisters of the T2 + T3 clades (Table 1, Supplementary
Figure 1 and Supplementary Table 1). WOX expression patterns
in clubmosses and quillworts have not been analyzed yet.
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Leaves of clubmosses and quillworts, similar to those of seed
plants, initiate in the PZ of the SAM. In Lycopodium species,
leaves originate at a considerable distance from Als. This peculiarity
was once interpreted as a fingerprint of their evolutionary origin
as outgrowths of the cortex of the axes of rhyniophytes s.L
(Bower, 1935). However, the initiation of leaves in Huperzia and
Isoetes species close to the Als contradicts this interpretation. Leaf
initiation in L. lucidulum starts from periclinal divisions of several
SIs (Stevenson, 1976a); in Isoetes howellii, 1. nuttalii, and 1. brainii
and Huperzia selago these are accompanied by periclinal divisions
of SSIs (Paolillo, 1963; Romanova et al., 2022).

As in seed plants, LPs of clubmosses and quillworts emerge as
radial bumps (Figure 5A). Later, LPs acquire an oval shape due to
proliferation of cells at the leaf margins that were defined as the
marginal meristem (Paolillo, 1963). No cells that would resemble
the plate meristem in leaves of seed plants could be identified
within the developing leaves of either clubmosses or quillworts.
Due to a stronger segmentation of LP cells in the proximodistal
than in the mediolateral plane, although this is more pronounced
in Isoetes species than in clubmosses (Paolillo, 1963; Stevenson,
1976a), it can be assumed that an intercalary meristem is present in
lycophyte leaves. Mature leaves of clubmosses contain homogenous
spongy mesophyll (Evkaikina et al, 2017); in quillworts the
leaf blade is separated into aerenchyma chambers by narrow
trabeculae of rounded mesophyll cells (Liu et al, 2006). The
lack of differentiation between palisade and spongy mesophyll is
a trait that clubmosses and quillworts share with most conifers
(Figures 5D, E).

No ARP homologs were found in the transcriptomes of
Huperzia selago (Evkaikina et al, 2017), H. serrata (Yang
et al, 2017), indicating that other molecular players are
involved in the switch from a meristem-specific to a leaf-specific
program in the PZ of lycophyte SAMs. However, homologs of
C3HDZ were found in a number of clubmosses and quillworts
(Floyd et al., 2014; Vasco etal.,2016; Table 1; Supplementary
Figure 2; Supplementary Table 1).

Clubmosses are the only seed-free vascular plants that
possess YABBY homologs, expressed in the shoot tips of
H. selago (Evkaikina et al, 2017), H. serrata (Yang et al., 2017)
and found in the genomes of Phylloglossum drummondii and
Diphasiastrum complanatum (Table 1, Supplementary Figure 3,
and Supplementary Table 1). Their YABBY proteins form a clade
which is sister to the YABBY proteins of seed plants. Expression
of HsYABBY in H. selago marks primordia of leaves and sporangia
without any abaxial restriction (Evkaikina et al., 2017). HsYABBY
is also expressed in the PZ of the SAM, while the expression
of its counterparts in angiosperms is always excluded from the
SAM. This difference suggests that in lycophytes YABBY TFs might
regulate both organogenesis and SAM maintenance. HsYABBY
expression in LPs and sporangial primordia supports the hypothesis
of lycophyte leaves evolved via co-option and modification of the
sporangia development program (Crane and Kenriclk, 1997; Vasco
et al, 2016; Evkaikina et al, 2017). The uniform expression of
HsYABBY in LP cells (Figure 5B) correlates with the absence of leaf
differentiation into spongy and palisade mesophyll and suggests
that the ancestral YABBYs were not involved in the differentiation
of the abaxial domain. KANADI homologs were detected in shoot
tip transcriptomes of H. selago (Zumajo-Cardona and Ambrose,
2020), L. annotinum and genomes of Isoetes taiwanensis and
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Diphasiastrum complanatum (Table 1, Supplementary Figure 4,
and Supplementary Table 1). Thus, KANADI TFs evolved before
the separation of clubmosses and ferns. Altogether, molecular
regulation of simplex SAMs of lycophytes and of gymnosperms
shows similar features like CIKNOX-mediated maintenance of the
undifferentiated state of the SAM and involvement of the same pool
of WOX TFs in maintenance of both SAMs and RAMs.

Monoplex SAMs producing
lycophyte leaves

Shoot apical meristems of Selaginella species conform to
Newman’s (1965) monoplex structural type. However, analysis of
clonal sectors in S. kraussiana revealed a pair of transiently active
Als within the SAM (Harrison et al,, 2007; Jones and Drinnan,
2009; Harrison and Langdale, 2010). Oblique anticlinal divisions
of Als produce prismatic cells that together with Als compose
the SI zone (Dengler, 1983; Romanova et al, 2022). Polygonal
subsurface cells compose the SSI zone (Figures 6A, C). SIs and
SSIs in spikemosses resemble their counterparts in simplex SAMs
of clubmosses and quillworts, or cells of CZ in seed plant SAMs.
SIs divide anti- and periclinally and retain their prismatic shape,
but become more narrow and less vacuolated and, together with
their subsurface derivatives, resemble the seed plant PZ. Thus,
the monoplex SAM can be partitioned into CZ and PZ similar to
simplex and duplex SAMs.

Advances in developmental regulation of several Selaginella
species have been recently reviewed by Spencer et al. (2021) and
will be mentioned only briefly, with some updates. Expression
of two CIKNOX genes in Selaginella kraussiana was observed in
the SAM, in the peripheral part of the procambium (SkKNOXI)
and in the surface cells between the developing leaves (SkKKNOX2)
(Figure 6B; Harrison et al,, 2005). In S. kraussiana, CIKNOX genes
are not expressed in the Al and its closest derivatives, while they are
expressed in the AT and SIs of S. moellendorffii (Frank et al., 2015)
and S. uncinata (Kawai et al,, 2010). These findings suggest that
multiple CIKNOX genes likely have similar functions in the shoot
apex of Selaginella and seed plants, and confirm the functional
compartmentalization of monopled SAMs into several domains
(Frank et al,, 2015; Spencer et al, 2021). Some WOX homologs
in the spikemosses S. kraussiana and S. moellendorffii have been
mapped to the T1 and T2 clades of the WOX genes (Deveaux et al,,
2008; van der Graaff et al., 2009; Segatto et al., 2016; Spencer et al.,
2021). However, recent studies suggested that SmWOXI11 from
S. moellendorfii is sister to the T2 and T3 clades, and SkWOX11C
is sister to the T3 clade, showing that WUS/WOX TFs were already
present in the earliest extant vascular plants, lycophytes (Wu et al,,
2019; Youngstrom et al, 2022). Emerging data about expression
patterns of WOX genes in Selaginella species suggest that they
are functionally different from their angiosperm counterparts.
Specifically, RNAseq analysis showed that SmWOX11, a homolog
of WOX5 which is expressed root-specifically in Arabidopsis,
is ubiquitously expressed in S. moellendorffii (Ge et al, 2016).
A WOX homolog from S. moellendorffii (SmWOX) is expressed in
peripheral SIs, leaf Als (LAIs) and other LP cells suggesting that it
rather regulates leaf initiation than SAM maintenance (Frank et al,,
2015). SkWOX11Cin S. kraussiana is expressed only in the phloem
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of the shoot vasculature while SkWOX11B is expressed throughout
shoot apex including in LPs (Youngstrom et al., 2022). Altogether,
these data suggest that although genes of the T3 clade emerged
already in the last common ancestor of lycophytes and other land
plants, they were not recruited to regulation of SAM maintenance
at that point but rather involved in the regulation of leaf initiation
(Youngslmm et al., 2022).

Leaves of spikemosses originate about a dozen of cells away
from the AL This distance of leaf initiation from the Als is also
found in Lycopodium species, and thus is not correlated with the
structural type of the SAM. Development of leaves within the SAM
slightly differs between Selaginella species. It was shown for, e.g.,
S. martensii that leaf initiation starts from anticlinal elongation
and subsequent periclinal divisions of several SIs; one of these SIs
then divides obliquely, forming a single or a pair of wedge-shaped
cells (Dengler, 1983; Figure 6A). However, the clonal analysis of
Harrison et al. (2007) revealed that in S. kraussiana, leaves are
always initiated from two adjacent epidermal cells. Therefore, the
wedge-shaped cell frequently observed at the top of early stage
leaves of Selaginella species likely represent only one of these two
cells. In S. martensii proliferation of the shoot cortex cells also
contributes to the development of the LP base (Dengler, 1983),
and this might be considered as a fingerprint of the origin of
leaves of Selaginella ancestors as cortex outgrowths. The leaf blade
in S. martensii results from divisions of wedge-shaped surface
cells along the entire LP edge that act as marginal meristem
(Figures 6D, E; Dengler, 1983). As marginal meristem derivatives
divide only anticlinally, the leaves in S. martensii are only two
cells thick except for the midrib region composed of uniform
spongy mesophyll (Dengler, 1983). In S. kraussiana, two adjacent
epidermal cells that give rise to the leaves divide to extend leaf
development mediolaterally prior to the ad/abaxial divisions that
serve proximodistal growth (Iarrison et al,, 2007).

Expression of CIKNOX homologs is absent from incipient
and developing LPs of S. kraussiana like in seed plants (Harrison
et al, 2005), but in S. wuncinata, SuKNOXI 1is expressed in
surface cells of the youngest LPs, including LAIs (Kawai et al,
20105 Figures 6B, D). Homologs of the leaf development regulator
ARP have been found in S. kraussiana (Harrison et al,, 2005),
S. viticulosa, S. selaginoides, and S. willdenowii (Hernindez-
Herndndez et al,, 2021). Although in seed plants, ARP proteins
antagonize the expression of CIKNOX, thus switching the leaf
founder cells from a meristematic to a leaf-development program,
homologs of both gene groups, SKARPI and SkKNOXI, are co-
expressed in the SAM of S. kraussiana (Harrison et al, 2005).
SkARPI1 expression also marks LPs and leaf vascular traces
(Figures 6B, D). The presence of these genes in S. kraussiana
suggests that the CIKNOX/ARP developmental module might have
existed in the last common ancestor of lycophytes and other plants,
i.e., has a single evolutionary origin in land plants (Harrison et al,,
2005). The co-expression of CIKNOX and ARP homologs in the
SAM suggests that leaves might have originated via co-option and
modification of the dichotomy program of the axes of the first land
plants (Harrison et al,, 2005). The absence of CIKNOX expression
in S. kraussiana leaves allows different interpretations. On the one
hand, it can be regarded as a result of ARP-mediated suppression
similar to seed plants (Harrison et al,, 2005). On the other hand,
the absence of CIKNOX expression from S. kraussiana leaves might
indicate that CIKNOX genes were never expressed in lycophyte
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FIGURE 6

are labeled in red; other captions and symbols as in Figures 2-5.

C3HDZ (Sm, SK)

?’ SKkARP+SmKAN
LN

SKARP+SmKAN+C3HDZ
L. (Sm, Sk)

L. SKKNOX1+SmKAN+C3HDZ
[ (Sm, SK)

[ SUKNOX1+SmKAN+C3HDZ
. (Sm, Sk)

Organogenesis in the monoplex SAM of lycophytes. Line drawings (A,B) and a micrograph (C) of longitudinal sections through shoot apex; line
drawing (D) and a micrograph (E) of a transversal section of a young leaf of Selaginella uncinata. SAM structure, cellular pattern of leaf origin and
contribution of different leaf meristems to its development are inferred from descriptions and illustrations in Dengler (1983), Harrison et al. (2007),
Romanova et al. (2022). Patterns of gene expression are based on Spencer et al. (2021) and Vasco et al. (2016), but expression in different Selaginella
species is mapped on the same schematic of the spikemoss apex. For details of gene expression in different Selaginella species see Figure 4 in
Spencer et al. (2021). The apical initial (Al) is marked in red; surface initials (SI) are marked in blue; color codings for gene expression and symbols for
different types of leaf meristems and tissues are given. LA, leaf apical initial; L, ligule; sp — sporangium; the cells that contribute to PO development

LPs since they originated as cortex outgrowths with limited growth
potential (Floyd and Bowman, 2006; Floyd et al., 2006).

A number of C3HDZ homologs are present in Selaginellales
(Floyd and Bowman, 2006, 2010; Floyd et al.,, 2006; Prigge and
Clark, 2006; Vasco et al, 2016). C3HDZs of spikemosses are
expressed in the SAM similarly to their angiosperm counterparts.
SkH3HDZ2 expression marks all SAM cells in S. kraussiana,
while SkC3HDZ1 and SmC3HDZ expression in S. moellendorffii is
excluded from the AI and its immediate derivatives (Figure 6B;
Floyd and Bowman, 2006; Vasco et al, 2016). This expression
pattern confirms a multicellular zonal structure of monoplex SAMs
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and supports the viewpoint of Floyd et al. (2006) that the ancestral
role of C3HDZ in land plants was in meristem maintenance.
C3HDZ are expressed also in all cells of incipient and early stage
LPs (Floyd and Bowman, 2006; Prigge and Clark, 2006; Vasco et al.,
2016). In the course of leaf development SkC3HDZ1 and SmC3HDZ
expression becomes restricted to the adaxial domain of the leaf
base, which later will produce a ligule and a sporangium, and to
leaf traces and shoot procambium (Floyd and Bowman, 2006, 2007;
Prigge and Clark, 2006).

No homologs of abaxial determinants from the YABBY gene
family were identified in spikemosses (Floyd and Bowman, 2007),
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but KANADI homologs were detected in Selaginella moellendorffii
(Zumajo-Cardona et al, 2019). SmKANI and SmKAN2 are
expressed in the SAM of S. moellendorffii (except in the AI and
its closest derivatives) where they co-localize with C3HDZI, and
SmKAN3 is expressed only weakly in the SIs (Zumajo-Cardona
et al, 2019). Thus, unlike in seed plants where both KANADI
and YABBY antagonistically interact with CIKNOX TFs and
are therefore excluded from the SAM, expression of KANADI
homologs in S. moellendorffii occurs in the same SAM cells as
expression of SkKKNOXI in S. kraussiana. Hence CIKNOX and
KANADI TFs are unlikely to act as antagonists in spikemosses. Yet
another peculiarity of S. moellendorffii KANADI homologs is their
uniform expression in all cells of LPs and young leaves. A possible
anatomical consequence of non-polar KANADI expression is the
homogenous sponge-like structure of the mesophyll in Selaginella
species (Figures 6D, E).

Monoplex SAMs producing
leptosporangiate ferns leaves

Shoot apical meristems of most leptosporangiate ferns belong
to the monoplex type (Newman, 1965). A single tetrahedral AI
produces prismatic derivatives which, in turn, undergo periclinal
divisions, producing prismatic SIs and polygonal SSIs (Stevenson,
1976b; Romanova and Jernstedt, 2005; Romanova et al., 2021).
Thus, segmentation patterns of Al and SIs in ferns are similar to
those in spikemosses (Figures 7A, C). Polygonal cells that enclose
SIs and SSIs, are termed the cup-zone and resemble PZ cells in
simplex and duplex SAMs (Stevenson, 1976b, 1978; Romanova
et al,, 2022). However, despite this structural similarity, contrarily
to PZ cells cup-zone cells are unable to perform organogenesis, and
both leaves and branches in ferns are produced by SIs.

In a number of leptosporangiate fern species (Ceratopteris
richardii, Elaphoglossum lloense), CIKNOX genes are expressed
in the cells of the cup-zone (Sano et al, 2005 Ambrose and
Vasco, 2016), in E. peltatum they also mark the AI and its closest
derivatives (Figure 7B; Vasco and Ambrose, 2020). In Osmunda
regalis and Anogramma chaeophylla, CIKNOX was detected in the
shoot apex using a heterologous antibody raised against maize
CIKNOX (Bharathan et al., 2002; Harrison et al., 2005). These data
confirm the partitioning of fern SAMs into functionally different
zones and the conservation of KNOX TF function in promoting
indeterminacy in all plant lineages. A number of WOX homologs
of leptosporangiate and ophioglossoid ferns have been mapped to
the T1 and T2 clades (Nardmann and Werr, 2012; Xia et al., 2022).
However, since Wu et al. (2019) have shown that the WOX TFs of
the T2 clade are only present in seed plants, it can be assumed that
the T2 (“intermediate”) clade members are probably sisters to the
T2 + T3 clades (Table 1; Supplementary Figure 1; Supplementary
Table 1; Wu et al., 2019).

WOX homologs from the T3 clade were discovered in
Ceratopteris richardii and Cyathea australis (Nardmann and Werr,
2013). However, unlike its spermatophyte counterparts, the single
WUS lineage member of the leptosporangiate fern C. richardii
(CrWUL) is expressed only in the procambium, primordia of shoot-
borne roots and lateral roots (Nardmann and Werr, 2012). These
data suggest that WUS clade genes in ferns already function in the
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regulation of meristematic tissues such as procambium or RAMs
but do not yet regulate SAMs, marginal or plate meristems.

Leaves in leptosporangiate ferns originate via emergence
of a lens-shaped LAI from one of SIs (Hou and Hill, 2002
Romanova and Borisovskaya, 2004; Romanova and Jernstedt, 2005;
Imaichi, 2008). This LAI produces two files of prismatic cells that
constitute the marginal meristem (Figures 7D, E). More active cell
proliferation on the abaxial side results in a coiled leaf morphology
(Kaplan and Groff, 1995).

Unlike in seed plants and lycophytes, CIKNOX expression in
leptosporangiate ferns is not downregulated in LAIs (Figure 7B),
with the exception of Elaphoglossum lloense, a fern with simple
leaves; nor is it downregulated in LPs, or in the apical part of
developing leaves (Bharathan et al,, 2002; Harrison et al, 2005;
Sano et al., 2005; Ambrose and Vasco, 2016; Vasco and Ambrose,
2020). These data support an indeterminate growth potential of
these leaves, similar to that of shoots. In species with simple
leaves, marginal meristem cells are marked by continuous CIKNOX
transcription, and their uniform proliferation, similar to that in
G. biloba leaves, results in the development of the whole leaf blade
(Tsukaya, 2018, 2021; Vasco and Ambrose, 2020). Development
of pinnae and pinnules in compound leaves proceeds through
emergence of new Als from prismatic surface cells of the marginal
meristem (Vasco et al, 2013); accordingly, CIKNOX expression
fades in marginal meristem cells except for the initials of pinnae
and pinnules (Vasco and Ambrose, 2020).

Thus, leaves of leptosporangiate ferns like those of cycads and
unlike those of other plants develop via activities of both the apical
and the marginal meristems (Figures 7A, D; Tsukaya, 2021). Apical
growth of leaves is nearly indeterminate like shoot growth in some
ferns (e.g., in Lygodium venustum a single leaf can reach 30 m
in length) (Mueller, 1983). Morphogenetic similarity between fern
leaves and shoots was confirmed by extensive experimental studies
in the mid-20th century (reviewed in Wardlaw, 1963; White, 1971;
Steeves and Sussex, 1989; Vasco et al., 2013).

Leaves of most leptosporangiate ferns are differentiated into
adaxial palisade mesophyll and abaxial spongy mesophyll (Gifford
and Foster, 1989; Vasco et al., 2013; Figures 7D, F). The leaf
veins are collateral in ferns with ectophloic siphonosteles, and are
termed amphicribral in ferns with amphiphloic siphonosteles (e.g.,
Gifford and Foster, 1989). However most if not all phloem elements
in the latter are located abaxially and adaxially the xylem, not
around it, it would be more accurate to call such veins bicollateral.
Similar to SIs of the SAM, marginal meristem cells produce smaller
derivatives toward the center that differentiate into leaf mesophyll
and vasculature (Cruz et al.,, 2020). Expression of CIKNOX and
the absence of expression of WOX homologs in fern leaf margins
indicate a different regulation of the maintenance of marginal
meristems compared to seed plants.

Harrison et al. (2005) had detected a putative ARP protein in
the SAM and LPs SAM of LPs of Osmunda regalis using antibodies
raised against maize ARP. The putative ARP homolog and a
C1KNOX homolog occurred in the same cells, unlike mutually
exclusive localization of these TFs in angiosperms (Harrison et al,,
2005). However, subsequent analyses of Herndndez-Herndndez
et al. (2021) have shown that the genomes of three other
leptosporangiate ferns (Azolla filiculoides, Salvinia cucullata and
Ceratopteris richardii) do not contain ARP homologs. Thus, the
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FIGURE 7

in Figures 2-6.

Organogenesis in the monoplex SAM of leptosporangiate ferns. Line drawings (A,B) and a micrograph (C) of longitudinal sections through shoot
apex of Gymnocarpium dryopteris; line drawing of a transversal section of a fern leaf (D); micrographs of a transversal section of a young leaf (E) and
a fragment of a mature leaflet (F) of Athyrium filix-femina. SAM structure, cellular pattern of leaf origin and contribution of different leaf meristems to
its development are inferred from descriptions and illustrations in Imaichi (2008), Romanova and Borisovskaya (2004), Romanova and Jernstedt
(2005) and Vasco et al. (2013). Patterns of gene expression are based on in situ RNA-RNA hybridizations and immunolocalizations from

Bharathan et al. (2002), Harrison et al. (2005), Sano et al. (2005), Nardmann and Werr (2012), Ambrose and Vasco (2016), Vasco et al. (2016) and
Vasco and Ambrose (2020). The apical initial (Al) is marked in red; surface initials (SI) are marked in different shades of blue depending on the
number of periclinal divisions they underwent; subsurface initials (SSI) are marked in yellow; color codings for gene expression and symbols for
different types of leaf meristems and tissues are given. CuZ, cup-zone; RAI, root apical initial; r, rachis; pn, pinnae; other captions and symbols are as

detection of ARP in O. regalis using a heterologous antibody, and
the presence of ARP in ferns in general, is questionable.

A number of C3HDZ homologs were discovered in
leptosporangiate ferns (Table 1; Supplementary Figure 2;
Supplementary Table 1; Aso et al, 1999; Floyd et al,, 2006;
Plackett et al,, 2015; Vasco et al, 2016). In Pilularia globulifera
and Elaphoglossum peltatum (Polypodiales), they are expressed
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in all zones of the SAM, as are their counterparts in seed plants.
However, C3HDZ expression was not detected in the SAM of
Osmunda regalis (Osmundales) (Vasco et al,, 2016). This difference
is interpreted as support of a phylogenetic distinction between the
two orders. In Polypodiales, C3HDZ homologs are expressed in
the entire LPs during the early stages of leaf development. Later,
expression becomes restricted to the leaf tip and the adaxial side of
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FIGURE 8

Organogenesis in the monoplex SAM of horsetails. Line drawings (A,B) and a micrograph (C) of longitudinal sections through the shoot apex; line
drawing (D) and a micrograph (E) of a transversal section of a fragment of a young whorl that is composed of two leaves and a sheath between
them; micrograph of an adult leaf (F) of Equisetum fluviatile. SAM structure, cellular pattern of leaf origin and contribution of different leaf meristems
to its development are inferred from descriptions and illustrations in Duval-Jouve (1864), Golub and Wetmore (1948a,b) and Gifford and Foster
(1989). Patterns of gene expression are based on in situ RNA-RNA hybridizations from Frank et al. (2015), Vasco et al. (2016) and

Zumajo-Cardona et al. (2019). The apical initial (Al) is marked in red; surface initials (SI) are marked in blue; color codings for gene expression and
symbols for different types of leaf meristems and tissues are given. Lf, leaf; sh, sheath; other captions and symbols as in Figures 2-7.

the upper circinate leaf domain in both simple and divided leaves,
leaf traces and shoot procambium. In O. regalis, a C3HDZ gene is
expressed in the adaxial region of developing pinnae (Vasco et al,,
2016). Adaxial expression of C3HDZ homologs is similar in leaves
of angiosperms and leptosporangiate ferns.

A number of KANADI homologs were detected in
leptosporangiate ferns; phylogenetic analyses have shown that
they appeared before the diversification of their counterparts in
seed plants (Zumajo-Cardona et al., 2019; Table 1; Supplementary
Figure 4; Supplementary Table 1). No YABBY homologs could
be found (Floyd and Bowman, 2007). To confirm that the
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specification of the abaxial identity in ferns is regulated solely
by KANADI homologs, data on their expression patterns should
be obtained.

Monoplex SAMs producing
horsetails leaves

Shoot apical meristems in horsetails resemble those in
leptosporangiate ferns: the single prominent AI undergoes oblique
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anticlinal divisions producing prismatic derivatives. Their unequal
periclinal divisions produce prismatic SIs and polygonal SSIs
(Figures 8A, C). However, unlike SIs of leptosporangiate ferns, SIs
of horsetails do not shorten in the course of periclinal divisions;
therefore the cup-zone is absent (Gifford and Foster, 1989). SSIs
divide predominantly periclinally and form the rib-meristem.

Two CIKNOX homologs were discovered in Equisetum
diffusum (Vasco and Ambrose, 2020). WOX homologs from the
T1 clade were identified in Equisteum giganteum, E. arvense (Xia
et al, 2022), E. diffusum (Wu et al, 2019), and E. hyemale
(Supplementary Figure 1 and Supplementary Table 1). The WOX
members from E. giganteum and E. arvense mapped by Xia et al.
(2022) to T2 clade are more likely sisters to the T2 + T3 clades
(Table 1), as WOX TFs of the T2 clade are only present in seed
plants (Wu et al,, 2019). No members of the T3 clade were found in
horsetails (Xia et al., 2022).

The leaves of horsetails are highly reduced and connate laterally
to form a sheath around the aerial stem, unlike leptosporangiate
ferns where leaves are the dominant organs of the plant (Golub and
Wetmore, 1948a,b; Tomescu et al., 2017). LPs initiate not one by
one, as in most plants, but as a whorl that contains six to more than
a dozen LPs. Several detailed anatomical studies (e.g., Duval-Jouve,
1864; Golub and Wetmore, 1948a,b) revealed that leaves from one
whorl are produced from three successive segments of the Al Each
LP emerges as result of several periclinal divisions in a group of
two to five SIs. Subsequent oblique anticlinal divisions of one of
the LP surface cells establishes the LAI which is smaller than the
Al in the SAM (Figures 8A, C). In summary, the cellular pattern
of LP initiation is similar to that of spikemosses and dissimilar to
that of leptosporangiate ferns where LP development starts with the
emergence of an LAIL

When LAIs of LPs
segmentation, SIs between them also undergo periclinal divisions

from the same whorl start their

but do not form LAIs. Coordinated proliferation of cells at the base
of LPs and between them results in the development of a unitary
collar-like structure, the phytomer (Tomescu et al, 2017). The
activity of the LAI is very transient. In the fourth or fifth phytomer
from the AI, cells in the upper part of LP, including the LAI,
significantly elongate, become vacuolated and deteriorate, resulting
in abortion of LP development (Golub and Wetmore, 1948a,b).
The entire collar is composed of uniform spongy mesophyll;
the part of it located beneath the leaf contains a greater number
of mesophyll layers and a single collateral vascular bundle
(Figures 8D-F; Golub and Wetmore, 1948a,b). No homologs of
the adaxial determinant ARP were identified in the transcriptome
of E. diffusum (Hernindez-Hernandez et al, 2021), similar to
leptosporangiate ferns. Homologs of the other adaxial determinant,
C3HDZ, were found in E. diffusum (Vasco et al., 2016), E. arvense
(Frank et al, 2015) and E. hyemale (Vasco et al, 2016).
Accumulation of C3HDZ transcripts was reported for SAMs and
leaves of E. arvense (Frank et al, 2015). In E. diffusum, C3HDZ
homologs are not expressed in the SAM but are transcribed in the
peripheral SIs that are about to originate leaves, in entire early stage
LPs, the adaxial protodermal cells and in the procambium of young
leaves (Figures 8B, D; Vasco et al,, 2016). The absence of C3HDZ
expression in horsetail SAMs is similar to the fern O. regalis but
different from other leptosporangiate ferns, lycophytes and seed
plants. The confinement of C3HDZ expression to the adaxial leaf
domain is similar to other ferns and seed plants but different from
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the leaves of lycophytes where these genes are uniformly expressed
over the LPs.

No YABBY homologs were found in horsetails like in most
other seed-free plants (Floyd and Bowman, 2007; Romanova
et al,, 2021). However, three KANADI homologs were found in
E. hyemale and in E. diffusum (Zumajo-Cardona et al, 2019
Table 1; Supplementary Figure 4; Supplementary Table 1).
EhyKANI transcription occurs in all SAM cells including the AI
while EhyKAN?2 is transcribed in the SAMs of emerging buds. Thus,
expression of KANADI homologs in the horsetail shoot apex differs
from seed plants and lycophytes, where it is excluded from the
SAM (Zumajo-Cardona et al,, 2019). EhyKANI is transcribed in
all cells of the emerging LPs where it co-localizes with C3HDZ
transcription. At subsequent developmental stages, expression of
all three KANADI homologs (EhyKANI1 - EhyKAN3) becomes
confined to the abaxial domain of the sheath (Zumajo-Cardona
etal., 2019).

Monoplex SAMs producing whisk
fern leaves

Shoot apical meristems of whisk ferns (Psilotales) belong to
the monoplex type with a single AI (Figures 9A, C; Takiguchi
et al, 1997). SSI and cup-zones are not found (Naumenko and
Romanova, 2008).

Leaves of whisk ferns are unique among land plants in lacking
vasculature. Their evolutionary homology is debatable and depends
on the placement of whisk ferns in plant phylogeny (e.g., Bierhorst,
1968, 1977; Gensel, 1977, Kaplan, 1977, Wagner, 1977; Rothwell,
1999). The inclusion of Psilotales within the ferns as a sister
group to Ophioglossales (Rothfels et al, 2015; Qi et al, 2018)
suggests that the scale-like appendages in Psilotum nudum are
probably best interpreted as highly reduced leaves (Schneider, 2013;
Vasco et al., 2013).

Despite their major morphological dissimilarity, scale-like
leaves of whisk ferns originate similarly to the leaves of “typical”
ferns through the emergence of LAIs via oblique anticlinal divisions
of SIs (Bierhorst, 1971; Naumenko and Romanova, 2008). Unlike
LAIs of leptosporangiate ferns, and similarly to those of horsetails,
LAIs of P. nudum have a very transient meristematic activity and
soon become highly vacuolated and crumple. There is no localized
meristematic activity within developing LPs. At this stage, an LP
looks like LPs of other ferns, as it is tilted toward the SAM,
differentiated into parenchymal and prosenchymal cells, although
the latter neither proliferate nor differentiate into vascular tissues.
Then active proliferation of the SAM results in shoot elongation
above the LP (Bierhorst, 1971). Consequently, the LP aborts its
morpho- and histogenesis. Therefore, mature scale-like leaves do
not show ad/abaxial differentiation of the mesophyll and lack
vascular bundles (Figures 9D, E).

Data about the homologs of development regulators in whisk
ferns have recently become available (Table 1). Homologs of
C1KNOX TFs are found in Psilotum nudum (Huang et al., 2020).
WOX TF homologs from the T1 clade are found in P. nudum and
Tmesipteris tannensis, and members of the T3 (“modern”) clade
are present in P. nudum (Xia et al,, 2022). The presumable T2 clade
homolog reported for P. nudum (Nardmann and Werr, 2012)
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FIGURE 9

Organogenesis in the monoplex SAM of whisk ferns. Line drawings (A,B) and a micrograph (C) of longitudinal sections through the shoot apex; line
drawing of a transversal leaf section (D); a micrograph of a transversal section of a stem tip with two young leaves (E) of Psilotum nudum. SAM
structure, cellular pattern of leaf origin and contribution of different leaf meristems to its development are inferred from descriptions and
illustrations in Bierhorst (1977), Takiguchi et al. (1997), and Naumenko and Romanova (2008). Patterns of gene expression are based on in situ
RNA-RNA hybridizations from Vasco et al. (2016). The apical initial (Al) is marked in red; surface initials (SI) are marked in different shades of blue
depending on the number of periclinal divisions they underwent; color codings for gene expression and symbols for different types of leaf
meristems and tissues are given. Plc, procambium-like cells that do not further differentiate into vascular tissues; sn, synangium; other captions and
symbols as in Figures 2-8.

might represent a sister to the T2 + T3 clades (Table 1, No homologs of ARP adaxial determinants were found in
Supplementary Figure 1, and Supplementary Table 1).  whisk ferns so far (Table 1). Several homologs of the other
Phylogenetic analyses revealed that homologs of both TF groups  adaxial determinant C3HDZ found in P. nudum form a common
cluster with their counterparts from ophioglossoid ferns. This  clade with their counterparts from horsetails, Ophioglossales and
topology suggests that the evolution of the KNOX and WOX  Marattiales (Table 1) (Floyd et al,, 2006; Vasco et al,, 2016). Similar
families took place before the separation of whisk ferns and  to their counterparts in horsetails and Osmunda regalis (Vasco
ophioglossoid ferns (Xia et al., 2022). et al, 2016) and unlike those in other plant taxa, the C3HDZ
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homologs are not expressed in the SAMs of P. nudum. Expression
of PnC3HDZ?2 is confined to the elongated provascular-like cells
of the LP and the central shoot procambium (Vasco et al,
2016). Expression of PnC3HDZ2 in provascular-like cells of LPs
indicates that they are characterized by initial stages of leaf trace
provascular tissue differentiation that is terminated by abortion of
LP development. PnC3HDZ2 and PnC3HDZ3 are also expressed
throughout sporangium development (Figure 9B), similarly to
their counterparts in spikemosses and in the ophioglossoid fern
Ophioglossum reticulatum. PnC3HDZ2 marks the sporogenous
cells, while PnC3HDZ3 is expressed in the procambium, the basal
portion of the synangium and its wall; later its expression becomes
confined to the inner synangium wall and the spores (Vasco et al,,
2016). These data together with the expression of C3HDZ homologs
in both leaves and sporangia of Selaginella moellendorfiii (Vasco
et al, 2016) and the expression of YABBY homologs in both
leaves and sporangia of Huperzia selago (Evkaikina et al., 2017)
might be seen as support of the scenario where the sporangium
developmental program was co-opted for leaf development in
whisk ferns as well as in ophioglossoid ferns and lycophytes.

Like for other sporophytes of seed-free plants with the
exception of clubmosses, no homologs of the adaxial determinant
YABBY were found in whisk ferns (Floyd and Bowman, 2007).
However, two homologs of another abaxial determinant, KANADI,
are present in the transcriptomes of P. nudum (Zumajo-
Cardona and Ambrose, 2020) and Tmesipteris parva (Table 1,
Supplementary Figures 3, 4, and Supplementary Table 1).

Discussion

All regulators of SAM maintenance and
leaf development already existed in
bryophytes

Mounting evidence from genomic and transcriptomic studies
suggests that most TFs that regulate various developmental
programs in polysporangiophytes, SAM functioning and leaf
development among them, already existed in bryophytes, the
pioneer plants on land (Bowman et al,, 2019; Szovenyi et al,, 2019).
Among them are the homologs of CIKNOX found in the liverwort
Marchantia polymorpha (Dierschke et al, 2021) and the moss
Physcomitrium (Physcomitrella) patens (Champagne and Ashton,
2001; Sakakibara et al., 2008); C3HDZ homologs in M. polymorpha
(Romani et al., 2018), P. patens (Yip et al,, 2016) and the hornwort
Anthoceros agrestis (Li et al., 2020); YABBY homologs in A. agrestis
(Lietal, 2020); KANADI homologs in M. polymorpha (Briginshaw
et al, 2022); WOX homologs in P. patens (Sakakibara et al,
2014), A. agrestis (Li et al,, 2020) and M. polymorpha (Hirakawa,
2022); ARP homologs that seem to exist in M. polymorpha
(Figure 10, Table 1, Supplementary Figures 1-4, Supplementary
Table 1, and Supplementary File 1). These TFs function both in
sporophytes and gametophytes of bryophytes. CIKNOX promotes
cell proliferation in P. patens sporophytes, participates in the
regulation of sporangium development (Sakakibara et al,, 2008)
and promotes the sporophytic program in M. polymorpha
(Dierschke et al, 2021); WOX homologs are likely involved in
sporophyte development of P. patens (Sakakibara et al, 2014).
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A C3HDZ homolog regulates leaf development in gametophytes
of P. patens (Yip et al, 2016), and a KANADI homolog
promotes the development of gametophores in M. polymorpha
(Briginshaw et al,, 2022). Recently, CLE homologs were found
to be involved in stem-cell-promotion and the induction of
dichotomy in gametophytes of M. polymorpha (Hirakawa, 2022).
How developmental programs regulated by these TFs could have
been co-opted and modified at the divergence between bryophytes
and polysporangiophytes (protracheophytes + tracheophytes) is
discussed elsewhere (e.g., Tomescu et al,, 2014; Harrison, 2017;
Harrison and Morris, 2018).

Fingerprints of three hypothetical
programs of leaf origin can be found in
lycophytes

The complete toolkit of the abovementioned TFs exists in
lycophytes. Specifically, CIKNOX homologs were found in the
transcriptomes of a number of spikemosses, clubmosses, and
quillworts [Harrison et al., 2005; Kawai et al., 2010; Maksimova
(Evkaikina) et al, 2021; Supplementary Table 1]; homologs of
ARP (Harrison et al.,, 2005; Hernandez-Herndndez et al., 2021);
C3HDZ (Vasco et al, 2016); and KANADI (Zumajo-Cardona
et al, 2019). TFs exist in different Selaginella species; C3HDZ
and KANADI homologs were also found in transcriptomes of
a number of clubmosses and quillworts as well as in the
genomes of Diphasiastrum complanatum and Isoetes taiwanensis
(Supplementary Table 1); YABBY homologs were revealed in
transcriptomes of the clubmosses Huperzia selago (Evkaikina et al,,
2017), H. serrata (Yang et al., 2017), Phylloglossum drummondii and
in the genome of Diphasiastrum complanatum (Figure 10, Table 1,
Supplementary Figures 1-4, and Supplementary Table 1). These
data confirm that SAM and leaf regulators could have been co-
opted from bryophytes, suggest that likely all of them existed
in leafless polysporangiophytes, and allow us to hypothesize that
YABBY homologs may have been lost in spikemosses, and ARP
homologs in clubmosses (Figure 10).

Based on the co-expression of genes encoding KNOX and ARP
TFs in the SAM of S. kraussiana, Harrison et al. (2005) suggested
that these TFs together regulated the dichotomy of leafless axes in
the first polysporangiophytes, and that this program was co-opted
for leaf development in lycophytes; i.e., lycophyte leaves share deep
homology with axes. This hypothesis is supported by the expression
of C3HDZ and KANADI in the SAM of Selaginella species (Floyd
and Bowman, 2006; Vasco et al., 2016; Zumajo-Cardona et al., 2019;
Figure 5) and YABBY in the SAM of H. selago (Evkaikina et al,
2017; Figures 6, 11).

At the same time, the expression of C3HDZ (Vasco et al,
2016) and KANADI (Zumajo-Cardona et al, 2019) homologs in
the primordia of leaves and sporangia of S. moellendorffii, and
of YABBY homologs in the primordia of leaves and sporangia
of H. selago (Evkaikina et al, 2017) supports the sporangia-
sterilization hypothesis of leaf origin in lycophytes (Kenrick and
Crane, 1997; Figure 11).

The expression of KANADI homologs in the stem, but not
in leaf trace vasculature in S. moellendorffii (Zumajo-Cardona
et al, 2019) and the expression of different C3HDZ homologs
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either in stem or in leaf provascular tissues in S. kraussiana
(Floyd and Bowman, 2006) suggest that differentiation of leaf veins
in spikemosses differs in regulation from the stem vasculature.
Together with the contribution of the stem cortex cells to the
development of S. martensii leaves (Dengler, 1983), these facts
indicate that the “enation” (axis cortex outgrowth sensu Bower,
1935) program was also involved in the evolutionary origin of
leaves in lycophytes.

Despite the presence of the complete toolkit of adaxial and
abaxial determinants in different lycophyte species, expression of
neither of them is polar in LPs (Harrison et al, 2005; Vasco
et al., 2016; Evkaikina et al., 2017; Zumajo-Cardona et al., 2019);
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the mesophyll is not differentiated into palisade and spongy
parenchyma and the vascular bundles are composed from xylem
surrounded by the parenchyma cells sometimes interpreted as
the phloem (Figures 5, 6 and Table 1). These facts suggest that
although ARP, C3HDZ, YABBY, and KANADI TFs control leaf
development in lycophytes, they have not gained a role in the
regulation of leaf abaxial/adaxial polarity yet.

Although T3 WOX clade members were identified in
S. moellendorffii (Wu et al, 2019; Table 1; Supplementary
Figure 1), they are closer to RAM-specific WOX5, than to
regulators of marginal (WOX3/PRS) and plate (WOX1) meristems
and their expression is not leaf-specific (Youngstrom et al,, 2022).
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FIGURE 11

Hypothesized scenario for the evolutionary emergence of leaves in lycophytes. Expression data for shoot apical meristems (SAM), leaf primordia (LP)
and sporangia are based on Harrison et al. (2005) for KNOX and ARP in Selaginella kraussiana, Floyd and Bowman (2006), Vasco et al. (2016) for
C3HDZ in S. kraussiana and S. moellendorffii, Zumajo-Cardona et al. (2019) for KANADI in S. moellendorffii, Evkaikina et al. (2017) for YABBY in
Huperzia selago. The putative regulators of the transition from one stage to the next are indicated near the organs the development of which they
regulate; SAMs are dotted. (A) Isotomous axes of protracheophytes with terminal sporangia. The assumption about the putative presence of ARP,
C3HDZ, KANADI, and YABBY TFs in sporangia is based on the presence of their homologs both in bryophytes and lycophytes. (B) Gain of
indeterminacy by the tips of some axes through sterilization of some terminal sporangia (e.g., in Rhynia). This stage may have involved upregulation
of CIKNOX expression in some shoot tips that can be interpreted as the emergence of SAM precursors. ARP, C3HDZ and YABBY TFs also could have
been involved in the precursor SAM maintenance because the genes encoding the former two are present in the SAM of spikemosses and those
encoding the latter in the SAM of the clubmoss H. selago. C3HDZ, KANADI and YABBY TFs could have retained their role in sporangium
development, as C3HDZ and KANADI homologs are expressed in the sporangia of Selaginella, and the YABBY homolog in those of Huperzia. (C) The
switch of the sporangium developmental program from dichotomy of the axes to organogenesis in the peripheral zone (PZ) of the newly emerged
SAM. This change should have resulted in the displacement of sporangia from terminal to lateral positions (e.g., in Zosterophyllopsida) and could
have been caused by the emergence of ARP TFs in the common ancestor of lycophytes and other plants and regulated by KNOX/ARP interaction.
CIKNOX, C3HDZ and YABBY TFs could have continued to participate in the regulation of SAM maintenance, while C3HDZ, KANADI and YABBY—in
the regulation of sporangium development. (D) Sterilization of some lateral sporangia (e.g., in Adoketophyton). The regulatory prerequisite for this
transition is the least clear. However, based on the fact that leaves and sporangia of Selaginella species are characterized by expression of C3HDZ
and KANADI homologs, whereas the expression of ARP homologs was reported only in leaves but not in sporangia, it might be hypothesized that
through interaction with some yet unknown players, ARP TFs could have suppressed the differentiation of sporogenous tissues in former primordia
of sporangia. Consequently the sporangium wall development program that presumably was also regulated by C3HDZ, KANADI, and YABBY TFs in
the common ancestor of clubmosses and spikemosses would have been co-opted and modified into the mesophyll differentiation program.
However, it should be mentioned that Harrison et al. (2005) have studied only the vegetative shoots of S. kraussiana. (E) A lycophyte with dimorphic
vegetative and sporogenous shoots with sporangia on the adaxial side of leaves. C3HDZ and YABBY TFs presumably combine the regulation of the
SAM maintenance, leaf and sporangium development, ARP TFs are likely involved in SAM maintenance and leaf development programs, while
KANADI TFs control development of both leaf and sporangium. YABBY and ARP are in parenthesis because the former TF is found only in
clubmosses, and the latter only in spikemosses.

These facts suggest that WOX-regulated marginal meristems had  leptosporangiate ferns (Vasco et al, 2016), and of KANADI
not yet evolved in lycophytes. homologs in LPs and the PZ of the SAM in horsetails (Zumajo-
Cardona et al,, 2019) also supports the co-option of the shoot

development program for the origin of leaves in ferns.
Two programs cou ld be combined Since C3HDZ homologs are expressed in sporangia of the whisk
during the origin of fern leaves fern Psilotum nudum and the ophioglossioid fern Ophioglossum
reticulatum, as well as in the leaves of a number of leptosporangiate
ferns, they are thought to regulate both leaf and sporangium

The last common ancestors of ferns and seed plants (e.g.,

Trimerophyton, Pertica, and Psilophyton) were leafless and had development, with sporangia regulation seen as the ancestral

short dichotomizing lateral axes with terminal sporangia (Stewart function (Vasco et al, 2016). Thus, the evolutionary origin of

and Rothwell, 1993; Harrison and Morris, 2018), while lateral fern leaves, like that of lycophyte leaves, might have involved the
axes of the palaeozoic ferns (e.g., Rhacophyton) have undergone modification of a sporangium-specific program in fertile axes of
“planation” and “webbing” with photosynthetic tissue between the ~ Paleozoic ferns (Vasco et al,, 2016).
terminal branchlets (Harrison and Morris, 2018; Figure 10). The fact that ferns possess only a single adaxial determinant
The development of leaves in extant ferns also has similarities ~ (C3HDZ; Aso et al, 1999; Floyd et al,, 20065 Plackett et al,, 2015;
with the development of shoots: prolonged apical growth via ~ Vasco et al, 2016) and a single abaxial determinant (KANADI;
activity of the LAI (Mueller, 1983; Hou and Hill, 2002; Romanova  Zumajo-Cardona et al,, 2019) out of the two present in lycophytes
and Borisovskaya, 2004; Imaichi, 2008) and the absence of  (Figure 10 and Table 1) suggests that the other adaxial and abaxial
downregulation of CIKNOX homologs during the initiation  determinants (ARP and YABBY, respectively) could have been
and subsequent development of leaves (Harrison et al, 2005  lost in the fern lineage (with the potential exception of Osmunda
Sano etal, 2005; Ambrose and Vasco, 2016). The expression of  regalis where an ARP homolog was detected using antibodies
C3HDZ homologs both in LPs and the PZ of the SAM in  raised against maize ARP; Harrison et al, 2005). However, the
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mesophyll in most leptosporangiate ferns is differentiated into
palisade and spongy parenchyma, unlike that of lycophyte leaves,
which consists of uniform spongy parenchyma (Gifford and Foster,
1989). Confinement of the expression of C3HDZ homologs to the
adaxial domain of developing leaves in the leptosporangiate ferns
O. regalis and Elaphoglossum peltatum (Vasco et al, 2016) and
abaxial expression of KANADI homologs in leaves of the horsetail
Equisetum hyemale (Zumajo-Cardona et al,, 2019), despite major
morphological differences of the respective leaves, suggests that
these two TFs likely gained the function of leaf polarity regulation.
However, the presence of bicollateral leaf vascular bundles in
many leptosporangiate ferns indicates that the differentiation
of ad/abaxial polarity of their mesophyll is not linked to the
differentiation of the xylem and phloem of the leaf vein from a
regulatory standpoint.

T3 WOX homologs exist in the leptosporangiate fern
C. richardii (Nardmann and Werr, 2012), the ophioglossoid
ferns O. vulgatum and Botrychium japonicum and the whisk
fern P. nudum (Xia et al, 2022). However, T3 WOX (CrWUL)
expression is absent from the SAM and leaves of C. richardii
(Nardmann and Werr, 2012; Youngstrom et al.,, 2022). At the
same time, CIKNOX expression is upregulated in the cells of the
leaf margin that form pinnae and pinnules (Vasco and Ambrose,
2020). These facts suggest that the marginal meristem in fern leaves
is likely regulated by C1IKNOX, and not by T3 WOX homologs.
This regulatory difference might explain the main function of
the marginal meristem—initiation of pinnae and pinnulae Als
(Imaichi, 2008; Vasco et al, 2013). It can be speculated that
the “partial” ad/abaxiality toolkit is sufficient for dorsoventral
leaf polarity, but not for the establishment of a WOX-regulated
marginal meristem.

WOX3—-regulated marginal meristem
appeared in gymnosperms

The modern seed plant lineage arose from progymnosperms
(e.g., Aneurophyton and Archaeopteris) that, similarly to paleozoic
ferns, had planated lateral axes in some instances “webbed” with
laminar tissue (Stewart and Rothwell, 1993; Harrison and Morris,
2018; Figure 10). It was suggested that the independent origin
of leaves in ferns and gymnosperms via modification of axes
and limited lamina growth was constrained by the absence or
underdevelopment of roots and low stomatal density in both
lineages and high global temperatures during the Devonian
(Osborne et al., 2004).

The morphological similarity between the leaves of ferns and
progymnosperms is preserved in the development of leaves in
cycads, the oldest extant gymnosperms, that is dominated by
the leaf apical meristem. The presence of CIKNOX in the tips
of Zamia integrifolia leaves and at the sites of leaflet initiation
as detected using a heterologous antibody raised against maize
C1KNOX (Bharathan et al,, 2002) supports the similarity between
fern and cycad leaf development. Interestingly, CIKNOX is not
downregulated also during the initiation of needle-like leaves in
conifers Pinus pinaster and Picea glauca (Bueno et al, 2020),
and CIKNOX homologs are co-expressed with leaf development
regulators in LPs of some gymnosperms (Nardmann et al,, 2009;
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Hedman et al., 2013; Finet et al.,, 2016; Alvarez et al., 2018;
Bueno et al, 2020, 2021; Du et al, 2020). These data indicate
some common regulation of SAMs and leaves in conifers, like in
cycads.

All gymnosperms have collateral vascular bundles in the leaves,
but their mesophyll anatomy varies: differentiated into palisade
and spongy parenchyma in G. gnemon, G. biloba, cycads and a
number of conifers (e.g., Abies, Larix, and Tsuga), isopalisade in
Welwitschia mirabilis and composed only of spongy parenchyma
in most conifers (Figure 10, Table 1). Gymnosperms possess
a bigger set of adaxial and abaxial determinants than ferns:
homologs of C3HDZ, YABBY and KANADI TFs are present in
all gymnosperms (Figure 10, Table 1, Supplementary Figures 2-4,
and Supplementary Table 1), and ARP homologs are found only
in cycads and conifers (Du et al, 2020). Correlation between
expression of the genes encoding adaxial/abaxial determinants
and the leaf anatomy is ambiguous: in leaves of Abies holophylla
composed of palisade and spongy mesophyll and in Picea smithiana
with only spongy and no palisade mesophyll, an ARP homolog
is expressed in a stripe between leaf margins (Du et al, 2020).
YABBY expression marks entire young leaves of Pseudotsuga
menziesii, A. holophylla, and P. smithiana (Du et al, 2020)
despite their anatomical differences, but is confined to the abaxial
leaf domain in G. biloba (Finet et al, 2016; D’Apice et al,
2022). Thus ARP, C3HDZ, YABBY and KANADI TFs did not
gain the strict role in control of development of the ad/abaxial
leaf domains in gymnosperms (Du et al, 2018, 2020). Neither
ARP, YABBY nor KANADI are expressed in the gymnosperm
SAM, indicating that their function in leaf development is not
combined with SAM maintenance, in contrast to lycophytes and
ferns.

The important peculiarity of most gymnosperms is the
important role of the marginal meristem in leaf development
(Nardmann and Werr, 2013). In Gnetum gnemon (Nardmann
et al,, 2009), conifers Pinus pinaster and Picea abies (Alvarez et al,,
2015, 2018) and in Ginkgo biloba (Nardmann and Werr, 2013),
the marginal meristem is likely regulated by concerted activities
of KNOX and WOX3 homologs. In Gnetum gnemon WOX3 TF
seems to control also the plate meristem (Nardmann et al., 2009).
However, WOX3—mediated mediolateral leaf growth is not linked
to the differentiation of the leaf mesophyll into spongy and palisade
parenchyma in conifers.

Diversification in the regulation of leaf
meristems is the innovation of
angiosperms

Development of simple leaves in angiosperms (recently
reviewed by Tsukaya, 2021; Nakayama et al, 2022) starts
by downregulation of CIKNOX, upregulation and ad/abaxial
polarization of ARB C3HDZ, YABBY and KANADI expression;
the last three of which in turn upregulate WOX3 and WOXI
that stepwise establish the marginal and plate meristems. The
regulatory apomorphies of angiosperms (relevant to the scope of
this review) are the strictly polar confinement of the expression of
adaxial and abaxial determinants and the WOX1I-regulated plate
meristem. But the innovation in the evolution of angiosperm
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leaf development is the regulatory diversification of different leaf
meristems that resulted in great morphological and anatomical
variation. For instance, reactivation of CIKNOX expression can
prevent the arrest of the leaf apical meristem and, together with
transcriptional peculiarities of the marginal meristem, including
CIKNOX and C3HDZ upregulation, results in the production
of compound leaves (e.g., in Solanum lycopersicum; Kim et al,
2003). Studies deciphering other putative changes of the basic
regulatory network that underlie leaf diversity have started to
emerge (reviewed by Nakayama et al., 2022). The existence of broad
leaves with only spongy and lacking palisade mesophyll (e.g., in
Convallaria majalis) and small leaves with isopalisade mesophyll
(e.g., in Prunus scoparia) demonstrates that the expression
and/or interaction of abaxial and adaxial determinants, as well
as of the marginal and plate meristem regulators, can differ
within angiosperms and hopefully will become the subject of
future studies.

The simplex SAM may be plesiomorphic
in polysporangiophytes

The SAM of one of the three extant lycophyte groups, the
spikemosses, is usually classified in the monoplex structural type.
However, clonal analyses have shown that no single AI or LAI
is present in the SAM or at the leaf tips of S. kraussiana
(Harrison et al, 2007). In ferns, in contrast to spikemosses,
single Als (AI of the SAM, LAI, Als of leaflets, root apical
initial) play an exclusive role in morphogenesis (Romanova and
Jernstedt, 2005; Imaichi, 2008; Vasco et al, 2013). On the other
hand, leaf initiation through divisions of a group of surface
and subsurface cells in the PZ of the simplex SAM is similar
in clubmosses, quillworts and gymnosperms. The ultrastructure
of the monoplex SAM cells of the spikemoss S. kraussiana
is more similar to that of the simplex SAM cells of the
clubmoss H. selago, than to that of the monoplex SAM of the
ferns Athyrium filix-femina, Dryopteris carthusiana and Pteridium
aquilinum (Romanova et al, 2022). The composition of the
TF toolkit in different groups—spikemosses have ARP, C3HDZ,
and KANADI homologs, ferns contain C3HDZ and KANADI
homologs; clubmosses possess C3HDZ and YABBY homologs
and gymnosperms have ARP, C3HDZ, KANADI, and YABBY
homologs—shows that both meristem types can have certain
similarities and dissimilarities depending on the group of plants
under examination (Figures 1, 10). SAM transcriptomes of the
spikemoss S. moellendorffii and the horsetail E. arvense are less
similar to each other than either of them is to that of Zea mays
(Frank et al,, 2015). It is worth mentioning that the SAM of Rhynia
contained multiple Als, i.e., it was simplex (Kidston and Lang, 1920;
Edwards, 1994).

These facts suggest that the monoplex SAMs of spikemosses
and ferns might have arisen independently, from simplex SAMs,
possibly as a result of reversion to the ancestral in embryophytes
single apical cell type. This reversion might have resulted from the
loss of the ability to form plasmodesmata post-cytokinesis, which
may have happened independently in the two groups (Imaichi and
Hiratsuka, 2007). Thus, the simplex SAM might be ancestral for
polysporangiophytes.
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Conclusion

Since lycophytes, ferns and seed plants each had leafless
fossil ancestors, leaves in these lineages originated independently
(Tomescu, 2009). The cellular pattern of leaf origin within the
SAM, contribution of the apical, marginal, plate and intercalary
leaf meristems to the leaf development, differentiation of the
mesophyll into spongy and palisade parenchyma and the structure
of the leaf vascular bundles are likely homoplasic traits. However,
molecular fingerprints of a common precursor program that was
recruited for the origin of leaves in polysporangiophytes can be
hypothesized (Figure 11). In both lycophytes and ferns, similar
toolkits are used for the regulation, on the one hand, of SAM and
leaves, and on the other hand, of leaves and sporangia. Therefore,
leaves in both lineages may have originated via the combination of
two processes, the displacement of terminal sporangia to a lateral
position through modification of the shoot dichotomy program
(Harrison et al, 2005), and the sterilization of some sporangia
through modification of their developmental program (Vasco
et al., 2016; Evkaikina et al., 2017; Zumajo-Cardona et al., 2019),
respectively. The putative presence of CIKNOX proteins in SAM
and LPs of Zamia integrifolia (Bharathan et al,, 2002), along with
the expression of the adaxial determinant GC3HDZI (Floyd et al,,
2006) and the abaxial determinant GibiKAN (Zumajo-Cardona
et al,, 2021) in the integument and nucellus of the Ginkgo biloba
ovule, as well as the morphological similarity between the leaves of
Paleozoic ferns and gymnosperms, suggests that the same precursor
program could have been co-opted for the evolutionary origin of
leaves in seed plants. Subsequently, the downstream developmental
programs diversified in lycophytes, ferns and spermatophytes in
major ways (Vasco et al., 2016), and should be the subjects for future
research. The disparate nature of developmental and regulatory
data available outside of angiosperms also indicates the need for
establishment of true model species for each major plant lineage.
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