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Abstract

Premise of the Research

The fossil record shows that seed plants appeared during the Devonian and started to
become dominant in the Mississippian. However, the identity of their closest relatives
remains uncertain with three candidates: Stenokoleales, Archeopteridalean
progymnosperms, and Aneurophytalean progymnosperms. To clarify the relationships of
these groups, it is necessary to document as many Devonian-Missisippian taxa as possible
and increase taxon sampling in phylogenetic analyses. In this context, Stauroxylon beckii
Galtier 1970 from Mississippian deposits of France is particularly interesting because of its
similarities with both seed plants and some of their potential closest relatives. Here, we
provide an updated description of Stauroxylon and discuss its affinities using morpho-
anatomical comparisons and phylogenetic analyses.

Methodology

The holotype of Stauroxylon beckii and a new specimen from the same formation are
described using thin-sections, cellulose acetate peels, and polished surfaces. The morpho-
anatomy of the specimens is compared to that of early seed plants and their putative
relatives. Stauroxylon is also included in phylogenetic analyses of the Radiotopses based on
Toledo et al, 2021’s matrix.

Pivotal Results

Stauroxylon beckii possess a cruciform protostele with protoxylem strands at the tips of the
ribs, a central protoxylem strand, and produces second and third order axes in perpendicular
planes. The new specimen differs by characters interpreted as developmental differences or
intraspecific plasticity (organotaxis, secondary growth) and is also assigned to Stauroxylon
beckii. Both comparative approaches and phylogenetic analyses place Stauroxylon within
the Aneurophytalean progymnosperms, a group previously only known in the Devonian. The
inclusion of Stauroxylon strengthens previously established relationships within the
radiatopsids. Stauroxylon also displays structural fingerprints important for leaf and pith
evolution.

Conclusions

Stauroxylon is interpreted as a Mississippian representative of the Aneurophytales. It
provides new information on the relationships and morpho-anatomical diversity of early seed
plants and their closest relatives.

Key-words: Devonian; Carboniferous; lignophytes; radiatopsids; anatomy; phylogeny
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Introduction

Understanding the early stages of seed plant evolution in the Devonian and Carboniferous
and the identity of their sister group are key research topics in paleobotany. The first
occurrence of fossil seeds and vegetative remains with a possible seed plant affinity is a
Middle-Late Devonian event (May and Matten, 1983; Rothwell et al., 1989, Gerrienne et al.,
2004), and the candidates for their closest relatives are taxa that appeared during the
Devonian and disappeared at, or soon after, the end of this period. Three groups have been
proposed in the literature, all sharing important morpho-anatomical features with the early
seed plants, (1) the Archaeopteridalean and (2) Aneurophytalean progymnosperms and the
(3) Stenokoleales, (Matten and Banks 1969; Rothwell and Erwin, 1987; Beck and Stein,
1993; Galtier and Meyer-Berthaud, 1996; Toledo et al., 2018; 2021).

The progymnosperms include three different orders (Beck, 1960b; Beck and Wight, 1988),
the Devonian Archaeopteridales and Aneurophytales (Rothwell and Serbet, 1994; Gerrienne
et al., 2016; Toledo et al., 2021) and the Carboniferous Protopityales (Beck, 1976;
Decombeix et al., 2015). The progymnosperms have been grouped with the seed plants
within the Lignophyte division of Crane (1985 “unnamed group” p.720; Doyle and Donoghue,
1986) based on the shared possession of a bifacial vascular cambium producing both
secondary xylem and secondary phloem. Unlike seed plants, the progymnosperms all
reproduced by spores, with both homosporous and heterosporous representatives (Beck
and Wight, 1988). It is still debated (1) whether the progymnosperms are a monophyletic
group or a grade, and (2) which one of the three orders is the most closely related to the
seed plants. The Protopityales, represented by the single genus Protopitys, are unknown in
the Devonian, making them too young to be considered good candidates. Arguments to
place the Aneurophytales as the closest relatives of early seed plants are mostly related to
characters of the stele anatomy (Rothwell and Erwin, 1987), whereas for the
Archaeopteridales the evidence is partly based on the reproduction (Beck, 1981).

The Stenokoleales (Matten and Banks, 1969; Beck and Stein, 1993) are an enigmatic
Devonian-early Carboniferous family for which only information on the anatomy of main axes
and first-orders laterals is known. The anatomy of their distal parts (vegetative or
reproductive) and their external morphology remain unknown (Galtier, 2010). Stenokoleales
are represented by three genera: Stenokoleos (Hoskins and Cross, 1951), Crossia (Beck
and Stein, 1993), and Brabantophyton (Momont et al., 2016a, 2016b). Their stele anatomy is
relatively similar to that of the earliest seed plants (Beck and Stein, 1993) and both
Brabantophyton and Crossia possess secondary xylem (Beck and Stein, 1993; Momont et
al., 2016a, 2016b), which led some authors (i.e. Matten and Banks, 1969; Galtier and Meyer-
Berthaud, 1996; Momont, 2015; Toledo et al., 2018) to suggest a close relationship with the
seed plants.

While the Devonian saw the origin of the seed plants, the early Carboniferous
(Mississippian) is the period that witnesses the first major diversification of this group
(Galtier, 1988 fig 3.1). Among their possible sister groups, the last Stenokoleales are early
Mississippian in age (Cross and Hoskins, 1951; Beck, 1960a). The Archaeopteridalean
progymnosperms may have crossed the Devonian/Carboniferous boundary (although this is
contingent to a revised dating of some “early Tournaisian” deposits, Cross and Hoskins,
1951; Beck, 1981; Beck and Wight, 1988) but there are no Aneurophytalean
progymnosperm reported in the Carboniferous. One possible and intriguing exception
however is Stauroxylon beckii, an anatomically preserved plant from middle Tournaisian
(early Mississippian, ca. 350 Ma) deposits of the Montagne Noire region in southern France.
The original description of Stauroxylon (Galtier, 1970) was in French and this taxon has
rarely been mentioned in the literature afterwards, despite having an interesting combination
of characters, including a cross-shaped actinostele with 5 permanent strands of mesarch
protoxylem, and relatively well-developped secondary xylem. Despite a good understanding
of the specimen’s unique stem anatomy and lateral organs emission, the lack of reproductive
structures prevented its assignment to a well-defined group. Galtier (1970) compared
Stauroxylon with the seed plant Tetrastichia (Gordon, 1938, Dunn and Rothwell, 2012), the
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Aneurophytalean progymnosperm Tetraxylopteris (Beck, 1957; Scheckler and Banks,
1971a), the Archaeopteridalean progymnosperm Actinoxylon (Matten, 1968), and the
Stenokoleale Stenokoleos (Hoskins and Cross, 1951; Beck, 1960a; Matten and Banks,
1969; Beck and Stein, 1993). Galtier (1970) also noted some similarities with the
Iridopteridales and Cladoxylales, extinct relatives of the ferns s./. (i.e. Moniliformopses,
Kenrick and Crane, 1997; Durieux et al., 2021). Galtier (1970) concluded that Stauroxylon
was probably a progymnosperm, likely a representative of the Aneurophytales. This
hypothesis was later shared by Beck (1976) and by Stein (1982).

Despite its intriguing possible affinities with Devonian Aneurophytales and its well-
understood stem anatomy, Stauroxylon was never included in phylogenetic analyses. In the
current stage of our knowledge, it however seems important to test its relationships,
especially since Toledo et al. (2021) showed that the phylogenetic signal between
Aneurophytales, Archeopteridales, and Stenokoleales can change under different taxon
sampling. It is therefore important to include and test the phylogenetic relationships of
Stauroxylon in these analyses. In this context, we present here a re-investigation of
Stauroxylon beckii using the original description of Galtier (1970), new observations and
measurements of the holotype, and data from a new specimen from the same deposit. We
combine a classical comparative approach and the first inclusion of Stauroxylon in a
phylogenetic analysis to discuss its affinities in the light of our current understanding of
Stenokoleales, progymnosperms, and early seed plants.

Material and Methods

Geological context, fossil preparation and imaging

The holotype of Stauroxylon beckii (Galtier, 1970) was found in the Lydienne formation,
south-east of the village of St Nazaire de Ladarez in southern France (Hérault).

The Lydiennes Formation corresponds to sedimentary deposits in a shallow sea and
consists of alternating beds of argilites and radiolarian cherts containing phosphatic nodules.
Horizons containing plant fossils are considered middle Tournaisian in age (Tn2a—Tn2b)
based on conodonts (Galtier et al. 1988; Feist et al., 2021). More than 500 specimens
representing at least 30 plant taxa have been collected to date in the Lydiennes Formation
(Galtier et al., 1988; Decombeix et al., 2020), constituting one of the most diverse plant
assemblage of that time period.

The holotype (MN218) was initially analyzed by Galtier (1970) by observing polished
surfaces, taking a picture using reflected light with a Ultropak Leitz device, then griding down
the polished surface, and repeating the process. This technique is highly destructive
because only the photographs remain. On the other hand, it can lead to better observations
of the different levels of the plant than using peels or thin-sections. As a result of the
destruction of part of the material, some of our reinvestigation is based on the black and
white photographs taken by Galtier (1970), via the original 35 mm negative films scanned
using a scanner Epson Perfection V850 Pro.

A second specimen (MN 297) found in the Lydienne Formation near Coumiac (Feist et al.,
2021: fig 1), had been partially prepared by Galtier who had made 2 thin-sections and 28
acetate peels. For the current study, 72 additional peels were prepared according to
standard cellulose acetate peel techniques (Joy et al., 1956; accession numbers: MN 297 B
top 2-32, MN 297 C Bot 3-33, MN 297 GL 1-12).

Images from both specimens were taken with a Keyence VX7000 digital microscope at UMR
AMAP, France. Some photos were taken with the peel still on the specimen to improve
contrast. Images were processed minimally (e.g., brightness and contrast) and converted to
greyscale to allow a better comparison with the original images of the holotype taken by
Galtier (1970) using Adobe Photoshop version 7.0 (San José, CA, USA). All measurements
were made with ImageJ (https://imagej.nih.gov/ij/). Cell diameter measurements are given
for the widest dimension unless specified otherwise.
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Specimens, slides, peels, and films are part of the Collections de Paléobotanique of
Université de Montpellier and are deposited at UMR AMAP, under accession numbers MN
218 (holotype) and MN 297.

Phylogenetic analyses

The phylogenetic analyses, Bremer support, and bootstrapping were conducted using the
methodology and the morphological matrix of Toledo et al. (2021:cf. S4: Parsimony
analyses). Phylogenetic analyses with parsimony as the optimal criterion were conducted
using TNT 1.5 (Goloboff and Catalano, 2016) in Windows 10. The matrix (Appendix A3)
used corresponds to the TEA ++ version of Toledo et al. (2021) and includes 50 characters,
9 of them continuous and the others discrete, and 32 taxa, 31 scored by Toledo et al. (2021)
and Stauroxylon beckii. We scored Stauroxylon beckii as a plant possessing a bilateral
organotaxis domain sensu Toledo et al. (2021). One character in Tetrastichia bupatides
(C33 = ?) became polymorphic ([1 & 2], i.e. sparganum and dictyoxylon outer cortex) and
one in Laceya hibernica has been re-scored (Character 1 was corrected from 0.093 -exact
same as T. longii just above it- to 0.134). Character 4 has also been modified in all the taxa
since values for Stauroxylon were outside the range of the other taxa, leading to a different
value of standardization of this character.

Results
Holotype (MN 218), figs. 1-6

General aspect - Stauroxylon beckii is preserved in a 6 cm long phosphatic nodule.
The main axis is about 9 mm in diameter. In cross-section, S. beckii displays a central cross-
shaped actinostele surrounded by secondary xylem and cortex, with conspicuous traces to
lateral organs (fig. 1A). The distance between the tips of two opposite ribs of the actinostele
is 5 to 6.4 mm. This distance between the tips of the ribs and the general diameter of the
axis do not vary much and are relatively uniform along the preserved length of the specimen

Primary xylem- The primary xylem is composed of polygonal metaxylem tracheids (fig. 1A)
and parenchyma at the level of the protoxylem (figs. 1B, 1C, 1D). The protoxylem strands
are located at the rib tips, with an additional strand in the center of the stele. There are no
strands in the midplanes of the ribs (figs. 1B, 1C, 4).

The protoxylem strands have a mesarch maturation and are composed of protoxylem
tracheids surrounding parenchyma cells. In cross section, the protoxylem strands at the tip
of the ribs are elliptical (about 3 times wider radially than tangentially), 0.25-0.7 mm long and
about 0.1 mm wide (fig. 1B), or circular with a diameter about of 160-260 um (figs. 1C, 1D).
Under the circular strands, there is also a poorly preserved tangentially elongated zone of
the same cell type (figs. 1C, 1D, at arrowhead) that may also be part of the protoxylem
strands. The size and shape of strands may vary during the emission of vascular traces, but
it is observed in 5 out of 6 of the cross sections.

The central strand is slightly ellipsoidial, but primarily circular and is about 0.2 mm in
diameter (fig. 2A), however, in most sections, the edges of the strand are not clear.
Nevertheless, in some instances it appears much larger, about 0.3 to 0.4 mm (see variation
in fig. 4). At the base of the specimen, the central strand is four-lobed (fig. 2B) and
approximately 0.4 mm in diameter. In longitudinal section, the central strand corresponds to
an area of parenchymatous cells and tracheids with reticulate to scalariform pitting (fig. 2C).
Unlike in the strands located at the rib tips, protoxylem and parenchyma cells are highly
intermixed within this central strand. Protoxylem tracheids are 12—-34 pm in diameter (n=50).
In longitudinal section, the protoxylem tracheid walls bears reticulate to scalariform pits (figs.
2C, 2D). In the center of the strand, cells with thin walls and polygonal to round shapes are
interpreted as parenchyma (fig. 2E). They are wider (14-61 um, n=50) than the protoxylem
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tracheids (fig. 2E) and of various heights (24-120 ym, n=20). Metaxylem tracheids are
polygonal, usually larger in their radial dimension, and bigger toward the center of the stele
(fig. 1A), leading to cells with disparate sizes ranging in diameter from 14 to 136 ym (n=400).
Moreover, these tracheids (which can be partially observed in longitudinal section) are > 3
mm in length according to Galtier (1970). The walls are pitted on all faces. The smallest
tracheids have scalariform pitting (fig. 2F), while larger ones have bi- to multiseriate pits that
are circular to elliptical in shape and 9-16 pm in diameter (N = 20). These pits are alternate
to opposite (fig. 2G). No parenchyma cells were observed in the metaxylem.

Secondary xylem- The secondary xylem is 0.15-0.55 mm in thickness (fig. 1A), and
composed of tracheids and rays. In cross section, the tracheids are rectangular to
hexagonal, with smaller diameters than those of the metaxylem (15-50 ym, n=50). In
longitudinal section, walls are pitted on all faces, typically with scalariform pits (fig. 2H), but a
few displays circular bordered pits (fig. 21). The rays are numerous and parenchymatous. In
cross section, they separate 1-8 files of tracheids, but most commonly 2. The innermost ray
cells, at the contact with the metaxylem, are larger (fig. 1B, 1C, 1D). In tangential section,
the rays are usually uniseriate and 1-3 cells high (fig. 3A). Ray cells are higher than wide
(75-35 um x 15-40 um, n=12). In radial section, ray cells are rectangular and longer than
high (75 ym in height, 150 ym in length, n=1, fig. 3B). Cross-field pitting was not observed.

Phloem-The phloem tissue is reduced (fig. 3E) and rarely preserved. When it is
present the cells are poorly preserved. In cross section, the phloem is one to three cells thick
and composed of small polygonal cells with thin walls that are 19-58 pm wide (n=20) (fig.
3D). Thin-walled phloem cells that are narrow and elongated in longitudinal section may
represent sieve cells (fig. 3C, at arrowhead). There are no conspicuous fibers. Phloem cells
seem to be radially aligned (fig. 3D, at arrowhead) suggesting a secondary origin but phloem
rays have not been identified.

Cortex-Distal to the phloem, two different cortical zones can be distinguished. They
are not easily identifiable in cross section (fig. 3F) but are relatively clear in longitudinal view
(fig. 3G). From the center of the stem towards its periphery, the first zone is about 1 mm
thick, the second is larger (about 2-4mm) and better preserved.

The first cortical layer is composed of large polygonal cells (40-190 ym wide) with thickened
walls. In longitudinal section these cells are more or less rectangular (43-170 um high and
66-188 uym wide, n=20) and arranged in vertical files (fig. 3G, at black star).

The second cortical layer (figs. 3F, 3G) is formed by cells that are round in cross section,
with thickened walls and a highly variable diameter (35-141 uym, n=20). In longitudinal
section, these cells are elongated (0.3-1.2 mm long, n=20) and thus easy to distinguish from
those of the first zone (fig. 3G).

A third zone composed of smaller cells can be distinguished in some parts of the specimen
(fig. 3G), but cells are not clearly different from that the second zone, so we consider this as
a simple variation in size of cells from the outer cortical zone.

The axis was likely eroded before fossilization and the epidermis is missing, as could be the
most external part of the cortex.

Traces to lateral organs- The central protoxylem strand is not involved in the
emission of lateral traces (fig. 4). The emission of vascular traces to lateral organs departing
from the tips of the ribs occurs according to a decussate opposite organotaxis (figs. 4, 5).
Two traces are emitted at a same level, from two opposite ribs of the primary xylem (figs. 4A,
5A). At the following node, the other two ribs emit traces (figs. 4B—4F, 5B-5F). During the
emission, the two opposite traces diverge from the main axis stele at the same speed (fig.
4). Internodes are estimated to be about 18 mm.

The detailed mechanism of a lateral organ emission is presented in the drawings on Fig. 4
and the corresponding pictures in figures 5 and 6. First, the protoxylem strand at the tip of a
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rib, which normally has the aspect of a radially elongated lenticular shape with a circle at one
end, henceforth referred to as ‘buttonhole’ shaped (fig. 1B), expands towards the outside
(figs. 1C, 1D). A tangential division then gives the strand an overall T-shape (fig. 6A). The
radial expansion continues until it has crossed the secondary xylem layer of the main axis
(fig. 6B). At that point, the strand that will belong to the departing trace disconnects from the
more internal strand, which becomes very reduced (0.2 mm long) (fig. 6B). The protoxylem
strand of the stele keeps going straight up and will divide again to produce another second
order traces further up. The protoxylem strand of the departing trace continues its tangential
elongation (0.75 mm), leading to the formation of two oval strands, which are still linked at
the center of the trace (fig. 6C).

In the subsequent stages, the tissues representing the exiting organ individualize completely
(figs. 6D—6F) and it becomes triangular (fig. 6D), with the apex pointing towards the main
axis (the two traces are about 1-4 mm wide by 0.97 mm high and 1.8 mm wide by 1 mm
high; fig. 6D). The tangentially stretched protoxylem seems to form two opposite oval
(tangentially elongated) strands with an unclear boundary at the center of the trace making it
difficult to establish if these two strands are independent or not (figs. 6D, 6E). At this level
the extremity of the rib of the main axis is at a resting phase; the secondary xylem surrounds
the metaxylem again and the rib protoxylem strand is buttonhole shaped. The outgoing trace
remains devoid of secondary xylem.

During its trajectory in the cortex, the outgoing trace keeps increasing tangentially (2.2-2.5
mm), it expands at its two lateral extremities (fig. 6E), producing an arc shaped, adaxially
concave trace (2.5 mm wide) with the protoxylem not particularly abaxial or adaxial but still
mesarch. At a higher level, the trace emits two secondary traces perpendicular to the
previous plane of branching (fig. 6F). This results in three traces: the circular second order
axis (about 1.3 mm wide) accompanied by two small traces of the third order axes, which are
emitted in an opposite arrangement in the same plane. The vascularization of these third
order axes (fig. 6F, at arrowhead) are viewed in longitudinal section due to the oblique
trajectory in the second order axis but they are likely circular in cross section. The
vascularization of the second order axes changes from a bilateral symmetry with an
adaxial/abaxial polarity in the first stage of emission (triangular and arc shaped) (figs. 4C—
4E, 5C-5E, 6D, 6E) toward a radial symmetry after the secondary emission (figs. 4F, 5F,
6F). Due to erosion of the specimen, it is not possible to observe the second and third order
axes detached from the main axis and the preservation does not allow to see the location
and the number of protoxylem strands in the last stage of the emission.

Specimen MN 297 (figs. 7-11)

General aspect - The specimen is preserved in a cone-shaped phosphatic nodule
that is about 4.5 cm long and up to 3 cm wide. The specimen has a cross-shaped
actinostele, 4.2 to 4.5 mm from one rib tip to the other (fig. 7A). There is no secondary xylem
present. The dimensions of the axis do not vary along the nodule, but the overall shape of
the stele is twisted in some parts.

Primary xylem - The primary xylem is composed of polygonal metaxylem tracheids
without intermixed xylem parenchyma (figs. 7A-7D) and of protoxylem strands located at the
center (figs. 7C, 7D, 9) and at the tips of the ribs (figs. 7B, 7H, 9). The mesarch strands at
the rib tips are buttonhole shaped, highly elongated and thin (0.3 to 0.8 mm long and 0.05-
0.1 mm wide, n=11). They are composed of large parenchyma cells (one cell in width, most
of the time) about 28 to 72 ym in diameter (n=30) surrounded by protoxylem tracheids 16-35
um in diameter, (n=30, fig. 7B).

The central protoxylem strand is more or less circular and composed of a mix of protoxylem
tracheids and parenchyma. It can be composed either mainly of parenchymatous cells (fig.
7C) or of protoxylem tracheids (fig. 7D). It is about 0.2—0.3 mm wide (n= 7) with no clear
boundary with the surrounding metaxylem. There are no protoxylem strands in the midplane
of the ribs.
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In cross section, metaxylem tracheids are wider at the center of the stele (17 to 94 um) than
at the rib tips (15 to 43 ym, n=200). The radial diameter of the tracheids at the center of the
stele (18 to 94 ym, n=200) is wider than the tangential diameter (17 to 73 ym, n=200), which
is not the case for tracheids at the rib’s tips. In longitudinal section, the pitting pattern is often
poorly preserved. It consists of rounded to scalariform pits about 4.5 to 7 um wide (n=10)) for
the metaxylem (figs. 7E, 7F) and annular thickenings for the protoxylem (fig. 7G). The
tracheids pitting was also observed inside a departing trace (fig. 7H, at arrowhead).
Longitudinal sections confirm the parenchymatous nature of the cells at the center of the
protoxylem strands (fig. 7G).

Phloem - Outside the primary xylem some putative phloem cells have been
observed. Their identification is based on their location directly in contact with the primary
xylem and their thin walls distinct from those of primary xylem and cortical cells (fig. 8A). In
transverse section, these putative phloem cells are oval and elongated tangentially (18-26.5
pum radially, 10.5-18 ym tangentially, n=4). They could not be observed in longitudinal
section.

Cortex - The cortex can be separated in two parts. The inner cortex is composed of
a few large parenchymatous cells (61-162.5 ym wide, n=22). The outer cortex is composed
of smaller cells with thickened walls, polygonal to round-shaped in cross section (46-153 um
wide, n=30) (fig. 8B). In longitudinal section, the two zones are more conspicuous. The inner
cortex contains square to rectangular parenchymatous cells 66—184 um high (n=22) (fig. 8C,
at black stars), while the outer cortex contains elongated cells (220-820 ym high, n=30) of
collenchymatous or sclerenchymatous nature (fig. 8C, at white stars).
A final outer layer with a badly preserved single layer of cells is found in some part of the
specimen and presumably corresponds to the epidermis (fig. 8D). Its cells are oval in
transverse section and about 20 to 35 pym (n=5).

Traces to lateral organs- The trace emission pattern can be followed vertically from
one extended trace at the bottom of the specimen towards a similar one from the same rib at
the top of the specimen. Between these two emissions from a same rib, the specimen emits
traces from the 3 other ribs in a more or less simultaneously, giving a triangular shape to the
whole specimen. In these two patterns (i.e. 1 vs 3. simultaneous emissions), the mechanism
of trace emission from each rib looks similar. It starts with the tangential division of
parenchyma cells at the radial tip of the buttonhole strand (fig. 11A). Then, the inflated tip of
the protoxylem strand detaches radially from the other part. This emitted strand is circular
and made of a few big parenchyma cells (fig. 11B). The trace is also circular when it
detaches from the rib of the main axis, with a large, rectangular, central protoxylem strand
(fig. 11C). It then divides tangentially, becoming oval with still a large band of protoxylem in
its midplane (fig. 11D) that may split to form two mesarch strands (fig. 11E). Later this oval
trace emits two secondary traces tangentially. They are poorly preserved but seem to be
initially terete (fig. 11F, at arrowhead) and the second order axis becomes more or less
circular after emitting them.

While the mechanism of individual trace production is simple, the unusual organotaxis of this
specimen combined with the bad preservation of some portions, make a clear understanding
of the general pattern challenging. It seems to be composed of two different phases. First,
one second order axis is emitted from a rib of the main axis (figs. 9A, 9F-9I, 10A, 10E, right
rib). This second order axis emits two secondary traces tangentially (figs. 9l, 10E, 11F right
rib). During this first phase, three other second order axes are emitted almost simultaneously
from the three other ribs of the main axis, but they remain close to the stele until the first
trace is completely free. That is the beginning of the second phase (figs. 9B—9E), where the
three traces start moving out, giving a triangular outline to the specimen. During this second
phase, the trace located opposite the one emitted during the first phase is the first to be
farthest from the stele. Its change to a more circular shape (fig. 9E, left emission) after an
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initial tangentially elongated shape suggests that it may have produced a secondary trace
that could not be observed due to poor preservation. The two other second order axes seem
to remain tangentially elongated for a longer time (figs. 9D-9E, upper and bottom emission).

Systematic palaeobotany

The diagnoses have been translated from Galtier (1970). Crossed text correspond to
information that was deleted from the original diagnose and bolded text to information that
was added.

Division: Tracheophyta Cavalier-Smith, 1998

Subdivision: Euphyllophytina Kenrick et Crane, 1997

Infradivision: Radiatopses Kenrick and Crane, 1997

Order: Aneurophytales Beck, 1957

Genus: Stauroxylon Galtier 1970 Emended Durieux, Decombeix, Harper and Galtier.

Generic diagnosis: anatomically preserved axis bearing opposite decussate branches (2™
order axes): the latter bear, apparently-ina-similarfashion;third-order-axes two opposite
third order axis in a perpendicular plane to the previous level of branching. The main
axis has a cross-shaped protostele (actinostele). Primary xylem has 5 mesarch strands of
protoxylem: a central strand and one at the extremity of each rib. The metaxylem tracheids
are larger in their radial dimension, and bigger at the center of the stele.

Each trace to a second order axis is emitted by a single rib. Outgoing trace triangular
proximally, produced after tangential division of trace’s protoxylem strand, becoming arc-
shaped and adaxially concave before dividing in three mesarch strands apparently
circular and with a radial structure: two small traces (third order axes) surround the strand of
the second order axis. Secondary xylem sometimes present only at the level of the central
stele of the main axis. Protoxylem with parenchymatous elements. Inner bark-cortex
parenchymatous. Middle-and-outer {2} Outer-bark-cortex collenchymatous or
sclerenchymatous.

Type species: S. beckii Galtier 1970 Emended Durieux, Decombeix, Harper and Galtier

Specific diagnosis: similar to the genus. Main axis circular to elliptical, 9 mm of average
diameter. Main-branch Second order axis 4 mm at the base. Free second and third order
axes not preserved. Stele of the main axis cross-shaped: 6 mm in diameter. Central
protoxylem larger at the base (0.4 mm). Protoxylem of the ribs buttonhole shaped (0.35 x 0.1
mm).

Metaxylem tracheids 20 to 140 um wide with circular or elliptical , bi to multiseriate or
scalariform pitting. Secondary xylem (8-3-8-6mm-thick)-up to at least 0.5 mm when
present. Tracheids smaller (10 to 50 ym) than those of the metaxylem, with scalariform pits
on all walls.

Rays small and numerous, uni to biseriate, of reduced height (1— 3 cells).
Inner-bark-cortex (0.6 mm wide) with parenchymatous cells (40 to 190 pm wide).
Middle-and-outer Outer bark-cortex (1—3 mm) collenchymatous er to sclerenchymatous with
fusiform cells, highly variable in diameter (50 to 150 ym wide).

Outgoing trace first triangular (1.3 then 2.2 mm tangentially), producing two small opposite
circular strands (0.5 mm) going to the two third order axes

Vascularisation of the primaryramification second order axis more or less circular (1.1 x
1.5 mm in diameter)

Internode 18 mm.

Holotype:
Specimen MN 218 (ex number G 218) CoIIectlons de paleobotanlque UnlverS|te de
Montpellier, France.
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Formation: nedule-inthe Lydienne Formation near-St—-Nazaire-de-Ladarez, Hérault, France.
Age: Early Carboniferous. Visean Tournaisian

Phylogenetic analyses

The analysis using the Toledo et al. matrix TEA ++ without continuous characters resulted in
208 most parsimonious trees (length 110, RI = 0.587, ClI = 0.436). The strict consensus tree
does not have a lot of resolution (fig. 12A). Nevertheless, it recovers Armoricaphyton as
sister to all the other taxa of the analysis, which are included in a large polytomy with only 3
clades resolved. One contains the two Archaeopteridalean genera, Archaeopteris and
Actinoxylon. The second clade (named Cairoa‘s clade hereafter) includes Cairoa in the first
derived position and Stauroxylon sister to the Aneurophytalean progymnosperms
Proteokalon — Tetraxylopteris. The last clade includes the early seed plant Tristichia tripos
sister to a polytomy that includes all the other early seed plants. The rest of the polytomy
includes the Stenokoleales, the remaining Aneurophytales, and plants with unclear affinities
(e.g., Yiduxylon, Gothanophyton, Kenricrana )

The synapomorphies recovered in the three clades are (1) the presence of a
parenchymatous zone at the center of the stele (C49 = 1) for the Archaeopteris-Actinoxylon
clade, (2) more than 1 distinct order of branching in the radial organographic domain (C11 =
<1) for the Cairoa group, (3) a sub-opposite organotaxis (C12 = 2) for the group of
Stauroxylon sister to Proteokalon - Tetraxylopteris, and (4) the presence of scattered
sclerenchyma in the inner cortex (C29 = 1) for the early seed plant group.

The 50% maijority rule tree (Appendix A1) adds resolution. Kenricrana and Gothanophyton
are included in a polytomy sister to all the other taxa except Armoricaphyton. The rest of the
taxa form a polytomy, including (1) a clade with all the Stenokoleos species, (2) three
unresolved species: the Aneurophytale Triloboxylon arnoldii, and two Stenokoleales species
(i.e. Brabantophyton, Crossia), and (3) a clade including the rest of the taxa. This last group
is made of a polytomy including a clade containing the early seed plants, and the Cairoa
clade. In addition, Langoxylon is sister to Archaeopteris - Actinoxylon (Archeopteridales
hereafter). Triloboxylon ashlandicum is grouped with Rellimia, and Wilhowia phocarum
(Gensel, 1984; 2022) with Reimannia.

Additional synapomorphies in the 50% majority rule tree (Appendix A1) include the absence
of a central protoxylem strand in Archeopteridales (also shared by the most derived seed
plants in the analysis, i.e. Laceya and Tetrastichia, C17 = 0), and the absence of secondary
xylem in the Stenokoleos clade.

The analysis using the same matrix with continuous characters results in a single most
parsimonious tree (length 128.797, Rl = 0.556, Cl = 0.424) (fig. 12B). This fully recovered
tree adds resolution to numerous polytomies seen in the other analyses but breaks up the
monophyly of Stenokoleos in a grade that includes Wilhowia phocarum as sister to
Stenokoleos holmesii. However, in this tree, the previously defined groups are all recovered.
The Stenokoleales (from Stenokoleos simplex’s group towards Brabantophyton - Crossia
clade) form a grade. Triloboxylon arnoldii is basal to Yiduxylon (Wang and Liu 2015), which
is the taxa sister to a clade including all the other progymnosperms and the early seed
plants. Within this clade, the Aneurophytales are resolved as a monophyletic group
(excluding Triloboxylon arnoldii) that is sister to the Archeopteridales + early seed plants
clade.

The Aneurophytales are supported by the presence of terete ultimate appendages (C37 = 1)
and the absence of bilaterality, except in Stauroxylon (C10 = 0). The synapomorphy of the
sister clade of the Aneurophytales, including the Archeopteridales - early seed plant clade is
a heterosporous life cycle (note this character is known in only two of the analyzed species;
C9 = 1). The group including all the progymnosperms and the early seed plants is supported
by a trace divergence pattern involving only one vascular bundle (C42 = 0).

Discussion


https://doi.org/10.1086/729412

478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

Stauroxylon material known to date

Comparison of MN 297 with the holotype — The new specimen MN297 shares many
features with the holotype of Stauroxylon, especially the organization of its primary vascular
system. These similarities include the shape of the actinostele and the location of the
protoxylem strands. Both specimens also have protoxylem strands that are buttonhole-
shaped with parenchyma at the center and that have comparable sizes even if some strands
can be narrower in MN297. The two specimens also share an heterogenous size of
metaxylem tracheids, with larger cells at the center and smaller at the rib tips, and both
possess radially elongated central tracheids. The cortex of the two specimens has a
comparable organization, with an inner part composed of large rectangular cells with thin
walls and an outer part composed of smaller cells with thick walls that are elongated
longitudinally. Regarding the pattern of trace emission, both specimens produce a single
trace to second order axes from a rib tip, and terete traces to third order axis. The two
specimens have a central strand that does not divide or seem to be not involved in the
production of traces to second order axes. They also display a transition from bilaterality to
radial polarity in the same axis order (second order).

On the other hand, there are two conspicuous differences between the specimens. First
MNZ297 does not possess secondary xylem like the holotype. Second, the organotaxis of the
second order axes is different: it is clearly opposite-decussate in the holotype, while in
MN297 it is more irregular, with a level where three traces are produced at the same node.
The early stage of emission is also a bit different, with the formation of a round shape
directly after the individualization of the trace in the specimen 297.

Despite these differences, the two specimens are found in the same formation and share
several characters of the primary body that are considered systematically significant. It is
also interesting to note that no other contemporaneous taxon -from the same formation or
elsewhere- has a comparable organization of the stele and lateral organs. In this context, we
consider that the observed differences are not enough to warrant the creation of a new taxon
for MN297 and we choose to assign it to Stauroxylon beckii. The absence of secondary
xylem in the new specimen can be explained by the fact that it represents a different part of
the plant or developmental stage (as seen in Aneurophytales and Archeopteridales;
Scheckler, 1976; 1978). Similarly, a different organotaxis between plants from the same
species and even on the same plant can occur during the plant development (Peaucelle et
al., 2007), inside the same order of axes (Guédon et al., 2013) and also between axes from
different order of branching (e.g., Actinoxylon, Tetraxylopteris, Triloboxylon, Elkinsia). The
limited length of both the holotype and MN297 prevents us from fully appreciating the
regularity of the organotaxis.

Other putative fossils of Stauroxylon - Stauroxylon beckii now include two
anatomically preserved stems showing the base of lateral organs. One additional specimen
(MN896) may exist but it is crushed and extremely difficult to compare with confidence to
MN218 and MN297. Other fossils that could potentially belong to this species include an
anatomically preserved root from the Lydienne formation (Decombeix et al., 2017) and a
compression from coeval deposits of Germany (Meyer-Berthaud and Rowe, 1997). For the
root, the affinities have been suggested to be either with Stauroxylon or with Protopitys
based on the secondary xylem tracheids pitting pattern (Decombeix et al., 2017). The
compression has a main axis with a diameter and internode length comparable to those of
the anatomically preserved holotype, opposite decussate second order axes, and 3
dimensional ultimate appendages (Meyer-Berthaud and Rowe, 1997). However, one
important character that is not found in the compression is the quick secondary emission
leading to third order branching. The new information on Stauroxylon gathered in the present
study does not allow us to support or reject the affinities of these two other fossils with
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Stauroxylon, even if the compression possesses many important characters in common with
the holotype.

Anatomical comparisons with other Late Devonian-Early Carboniferous taxa
Stauroxylon is characterized by an actinostele with a central protoxylem strand and
secondary vascular tissues. Devonian-Carboniferous plants with comparable features are
the Stenokoleales, the early seed plants, and the Aneurophytalean progymnosperms,
presented hereafter from the less to the most similar to Stauroxylon.

Stenokoleales - The Stenokoleales appear in the Middle Devonian and became
extinct during the earliest Mississippian (Beck and Stein, 1993). They include 3 genera:
Stenokoleos (Hoskins and Cross, 1951), Crossia (Beck and Stein, 1993), and
Brabantophyton (Momont et al., 2016a, 2016b). Stenokoleos includes 4 species: S. setchelli
(Hoskin and Cross, 1951), S. simplex (Beck, 1960a), S. bifidus (Matten and Banks, 1969),
and S. holmesii (Matten, 1992). The two other genera are monospecific, with the species
Crossia virginiana (Beck and Stein, 1993) and Brabantophyton runcariense (Momont et al.,
2016a).

Stenokoleos shares with Stauroxylon the presence of an actinostele with mesarch
maturation and a central strand. However, the stele of Stenokoleos is very different from that
of Stauroxylon, consisting of 3 or 4 primary xylem ribs that bifurcate at least once. This
bifurcation is related to the emission of traces to lateral organs that consist of two traces
diverging from a single rib (note that is not known for S. setchelli (Momont et al., 2016a)).
Nevertheless, S. bifidus can also produce a single trace showing an abaxial concavity but, in
contrast to Stauroxylon, protoxylem strands are numerous and the trace is not triangular at
first, but arc shaped (Matten and Banks, 1969). None of the known specimens of
Stenokoleos has a decussate organotaxis or secondary xylem.

Brabantophyton and Crossia share with Stauroxylon the presence of an actinostele with
mesarch maturation and a central strand, as well as the presence of secondary xylem. Both
genera are however highly different from Stauroxylon. Their actinostele possess 3 primary
ribs that are divided, with numerous protoxylem along each ribs, and traces to second order
axes emitted in pairs. In summary, all the representatives of the Stenokoleales known to
date differ significantly from Stauroxylon in regard to their overall stele organization and their
trace emission pattern.

Early seeds plants - The second group of plants that Stauroxylon shows morpho-
anatomical similarities with is the early seeds plants, an observation already made by Galtier
(1970) when he compared his specimen to Tetrastichia bupatides.

The late Devonian-early Mississippian actinostelic seed plants have been assigned to
several families: the Calamopityaceae, the Buteoxylonaceae, and the Lyginopteridaceae.
Some authors also recognize the Elkinsiaceae (Rothwell et al., 1989) and the
Tetrastichiaceae (Rothwell et al., 2022). The delimitation of these families is unclear
(especially the Lyginopteridaceae (Dunn, 2006)) and their relationships have not been
studied from a phylogenetic point of view, likely because of the high amount of missing
information and the challenging homologies.

The three genera of Calamopityaceae that possess an actinostele (Galtiera, Bostonia, and
Stenomyelon) are highly different from Stauroxylon. Those plants do not have a central
protoxylem strand, and they possess abundant secondary xylem, a complex trace emission
pattern, a spiral phyllotaxis, pitting restricted to the radial wall of secondary xylem tracheids,
and Kalymma-type petioles, in which one or two traces divide to form four to eight vascular
bundles (Stein and Beck, 1978; Beck and Stein, 1987; Galtier, 1988; Meyer-Berthaud, 1984;
Meyer-Berthaud and Stein, 1995; Stein and Beck, 1992). Except for the presence of an
actinostele in some taxa, the Calamopityaceae have thus few morpho-anatomical characters
in common with Stauroxylon.
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The Buteoxylonaceae includes 3 monospecific genera (Calathopteris, Buteoxylon, and
Triradioxylon) (Galtier, 1988). Calathopteris heterophylla (Long, 1976) and Buteoxylon
gordonianum (Barnard and Long, 1973) have a protostele, but they are very different from
that of Stauroxylon. They possess a “mixed pith” with abundant parenchyma, no central
protoxylem, and have a % phyllotaxy with U-shaped (papilionoid) traces in Calathopteris and
T-shaped traces in Buteoxylon. Triradioxylon primaevum shows more similarities with
Stauroxylon, in particular regarding the location of the protoxylem strands, which are located
at the tips of ribs with one or more strands located at the center of the stele (Barnard and
Long, 1975). Differences include the presence of a 3 ribbed actinostele, a high amount of
secondary xylem with multiseriate and high rays, and a 4 phyllotaxis of the fronds with a
papilionoid (Y- or T-shaped) trace (Barnard and Long, 1975).

The Lyginopteridaceae include numerous species of late Devonian-Carboniferous age,
typically with a Lyginorachis type petiole, in which an undivided basal trace that can be
butterfly- to U-shaped with multiple abaxial protoxylem strands (May and Matten, 1983;
Galtier, 1988). Among the taxa with an actinostele, the less similar to Stauroxylon is
Kerryoxylon hexalobatum (Matten et al., 1984) which possess a six-ribbed actinostele with
no central strand, no secondary xylem, and helically born petioles.

Laceya hibernica described by May and Matten (1983) has a 3 ribbed actinostele with
protoxylem strands only at the rib tips, manoxylic wood with rays up to 6 cells wide, a V3
phyllotaxy, and U-shaped traces.

Tristichia species also have a 3 ribbed actinostele, possess manoxylic wood (Dunn, 2006),
and a Vs phyllotaxis. Their traces are bilobed to papilionoid, with sometimes two bilobed
bundle traces as reported by Galtier and Meyer-Berthaud (1996). One species has been
described from the Lydienne Formation (Tristichia longii, Galtier, 1977) but the species most
similar to Stauroxylon is Tristichia ovensii (Long, 1961), with a comparable location of the
protoxylem strands and a similar shape of one of its early trace emission (cf plate Il Figure
17-19, Long, 1961, Figure 2 H-I Galtier and Meyer-Berthaud, 1996). On the other hand, the
shape of the stele, the role of the central protoxylem strand in trace emission, and the shape
of the trace itself, make T. ovensii clearly different from Stauroxylon.

Similarities with Elkinsia polymorpha described by Rothwell et al. (1989) and by Serbet and
Rothwell (1992) and included by some authors in a separate family (i.e. Elkinsiaceae,
Rothwell et al., 1989) include the presence of an actinostele with a central protoxylem and
pycnoxylic wood. Differences include a 3 ribbed actinostele, the presence of
midribprotoxylem strands, and a ¥s phyllotaxy with variable trace emission (C-shaped,
papilionoid, two or four bundles)

Tetrastichia bupatides, also included by some authors in a separate family (i.e.
Tetrastichiaceae, Rothwell et al., 2022), is the only early seed plant sharing the 4 ribbed
actinostele and an opposite/decussate phyllotaxy (for some specimens) with Stauroxylon.
Differences include a manoxylic wood, a variable number of xylem ribs in its stele, highly
diverse trace formation from butterfly shaped, U- or T-shaped, row or gentle arc (Gordon,
1938; Dunn and Rothwell, 2012; Rothwell et al., 2022). In addition, the trace of Tetrastichia
when it is close to becoming individualized (see stage D and E of fig 6 Dunn and Rothwell,
2012) has 4 then 8 abaxial protoxylem strand and is surrounded by secondary xylem, which
is different from Stauroxylon.

The previous comparisons illustrate how, while several taxa of early seed plants show
similarities with Stauroxylon, none of them share all the important characters. A difference
with most of the taxa is the absence of a central protoxylem strand. Another interesting
difference is the anatomy of the traces to second order axes in Stauroxylon vs. leaf traces of
the seed plants. In Stauroxylon the concavity of the trace faces the stele and the protoxylem
strand is not abaxial or adaxial. Even if some early stages of leaf trace emission in seed
plants can have a comparable overall shape (i.e. arc-shaped), they have their concavity
towards the outer part of the stem and their protoxylem in an abaxial position (Sanders et al.,
2009; Galtier, 2010; Corvez et al., 2012; Momont et al., 2016a).
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Aneurophytalean progymnosperms - The Aneurophytales were defined as an
order of progymnosperms by Beck (1957). They are only known in the Devonian, from the
late Eifelian to the Frasnian (372—-393 Ma) and had a large geographic distribution
(Hammond and Berry, 2005; Meyer-Berthaud et al., 2016). Occurrences of Rhabdbosporites
langii, a spore found in situ in the sporangia of Tetraxylopteris schmidtii (Bonamo and Banks,
1967) and Rellimia thomsonii (Leclercq and Bonamo, 1971, 1973), suggests a worldwide
distribution of the Aneurophytales (Gerrienne et al., 2010).

Anatomically, these plants possess in all their orders of branching an actinostele with 3 to 4
ribs, a central protoxylem strand and at least one protoxylem strand at the tip of each rib
(Stein, 1993). When present, other protoxylem strands are located along the midplane of the
ribs. Their ultimate appendages are vascularized by a terete strand. Aneurophytales are the
first plants to possess secondary vascular tissues produced by a bifacial cambium (Stein,
1993), their secondary phloem contains a lot of thick-walled fibers, and their outer cortex
contains a network of thick-walled sclerenchyma cells (Beck, 1976). Aneurophytales have
complex pseudomonopodial three-dimensional branching systems, dichotomized ultimate
appendages arranged in a spiral or in an opposite-decussate pattern. They are
homosporous plants (Gerrienne et al., 2010).

Most Aneurophytales (Cairoa, Triloboxylon (Matten and Banks, 1966; Stein and Beck, 1983),
Rellimia, Aneurophyton, and Reimannia (Matten, 1973) differ from Stauroxylon by
possessing a three-ribbed actinostele. Proteokalon does not have the same number of ribs
in its stele depending on the order of branching, so its axes can have either a four-ribbed or
three-ribbed actinostele (Scheckler and Banks, 1971b). Tetraxylopteris is the only genera to
possess a cruciform actinostele similar to Stauroxylon in all orders of axes.

Despite important similarities, Tetraxylopteris possesses protoxylem strands along the
midplane of its ribs (9 strands in total), which is not the case for Stauroxylon (5 strands in
total). In this regard, Stauroxylon is more similar to Aneurophyton germanicum, which has
one central protoxylem and one strand at the tips of each of its three ribs (Serlin and Banks
1978, but see in Scheckler and Banks,1971b)

In the Aneurophytales, the ultimate appendages traces are terete (Scheckler and Banks,
1971a; Beck and Wight, 1988), and those to the last order of axis are at least three-lobed
(Momont, 2015). Thus, the trace emission of Stauroxylon, which is triangular to arc shaped
with an abaxial/adaxial polarity and becomes more oval-shaped distally (figs. 4C-F),
resembles neither that of a next order axis nor that of an ultimate appendage in an
Aneurophytales. However, the trace to third order organs and the distal part of the second
order axis in Stauroxylon are terete, similarly to the ultimate appendages of the
Aneurophytales. The opposite taxis of ultimate appendages are present among the
Aneurophytales in Tetraxylopteris, Proteokalon and Cairoa, leading to a highly similar
emission pattern of the secondary trace in Tetraxylopteris and Cairoa in comparison to
Stauroxylon, as can be seen on Beck (1957)’s drawing of Tetraxylopteris (especially C and
G) and on Stein (1982)’s drawing of Cairoa. (Text Figure 2 10, 12). However, Proteokalon
and Cairoa hava a 3-ribbed actinostele when they produce their ultimate appendages and
Tetraxylopteris still have is cruciform actinostele, and in all of them the branching order that
give rise to terete traces does not became terete itself after emitting these traces.

Despite this difference, Aneurophytales species especially Tetraxylopteris and Cairoa share
with Stauroxylon the same type of stele with the same arrangement of protoxylem strands,
pycnoxylic wood, and a similar organotaxis with the same pattern of secondary trace
emission (last order of branching emitting ultimate appendages). These similarities suggest
that Stauroxylon could be a derived member of the Aneurophytales.

Phylogenetic analyses

The phylogenetic analyses recover a monophyletic group including Cairoa sister to
Stauroxylon (Proteokalon - Tetraxylopteris) in all the analyses, which is consistent with the
conclusion of the above comparative approach suggesting that Stauroxylon is closer to the
Aneurophytales.
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The inclusion of Stauroxylon did not change any relationship already shown by Toledo et al.
(2021) under the taxon sampling TEA ++, i.e. Stenokoleales as a basal grade, and
Aneurophytales as the sister group of the Archaeopteridales - seed plant clade. The
implication of these results about taxa placement inside groups, characters evolution, and
the tree instability are therefore already described by Toledo et al. (2021). The inclusion of
Stauroxylon in the matrix decreased the number of maximum parsimonious trees (from 334
to 208) and the resolution of a new group in the analyses without continuous characters.
This shows that the inclusion of relatively young taxa (Mississippian in this case) can
increase the resolution without changing any phylogenetic relationships.

We also noted that the relationships of Wilhowia phocarum changed between the two types
of analyses. When only discrete characters are used Wilhowia phocarum is found closely
related to the progymnosperms in the 50 % majority rule tree (Appendix A1), but when the
continuous characters are used it belong to the grade of the Stenokoleales (Fig. 12B). This
observation, already seen in trees of Toledo et al. (2018, Appendix 7 vs Figure 1), suggests
that the inclusion of this taxon could significantly impact the accuracy of our analyses.
Excluding Wilhowia phocarum from our analysis with discrete characters (Appendix A2A)
decreases the number of most parsimonious trees from 208 to 89, and leads to two new
groups in the strict consensus tree, monophyletic Aneurophytales and Stenokoleos holmesii
as the sister taxa to S. bifidus. When excluding Wilhowia phocarum plant from our analysis
with continuous characters (Appendix A2B), the Stenokololeales appear as a monophyletic
group including Crossia and Brabantophyton, which is consistent with previous classification
of these plants (Beck and Stein 1993, Momont et al., 2016a). This Stenokoleales group is
also recovered in Toledo et al. (2021) in using 2 different taxon sampling (TEA and TEA+).
On the other hand, the phylogenetic position of Stauroxylon is independent from the taxon
sampling (with or without Wilhowia phocarum and from the type of characters used (Figs. 12,
S1, S2). Those results tend to show the solidity of the taxonomic placement of Stauroxylon
in the Aneurophytales.

Evolutionary considerations

Leaf evolution - From a leaf evolution point of view, Stauroxylon is interesting
because its laterals possess bilateral and abaxial/adaxial polarity at the earliest stage of the
trace emission but rapidly become terete distally. This is similar to the situation in the early
seed plant Elkinsia (Serbet and Rothwell, 1992) but in Stauroxylon, this phase of polarity is
much more reduced and the abaxial/adaxial polarity seems to be independent of the
protoxylem location (i.e. triangular and arc-shaped with protoxylem at the center of the
trace). In Elkinsia, laterals (i.e. fronds in this case) are terete only distally (Serbet and
Rothwell, 1992, Sanders et al., 2009) and the abaxial/adaxial polarity is shown by the
abaxial position of protoxylem strands. The polarity of the laterals of Stauroxylon could
represent an early stage of development towards the abaxial/adaxial polarity of the seed
plants, or as implied by its phylogenetic placement in the Aneurophytalean
progymnosperms, as another independent evolution of incomplete abaxial/adaxial identity in
Lignophytes.

Stele evolution - Stauroxylon is also interesting because it possesses wider
metaxylem tracheids at the center of the stele than in the ribs, and its central protoxylem
strand varies in cell composition, size, and shape. Those variations inside metaxylem and
central protoxylem strand is interesting in the context of the discussion on pith evolution and
the “delayed and shortened protoxylem differentiation hypothesis” put forward by Tomescu
and McQueen (2022). This hypothesis involved a modification of the timing of growth and
differentiation of the central tracheids leading to the transition from protoxylem/metaxylem
toward a central pith. Tomescu and McQueen (2022) also highlight the fact that their
hypothesis can be coupled with one of the two hypotheses of Stein (1993) call the
hyperinduction scenario when “pith is considered to differentiate in response to the highest


https://doi.org/10.1086/729412

745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767

768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

auxin concentrations”. In this hypothesis, auxin induces (at least in part) the shortening of
the differentiation phase and the increase of the growth period for protoxylem tracheids in
Leptocentroxyla leading to paedomorphic metaxylem tracheids (i.e. tracheids with reduce
wall thickness and “simpler thickening” but with same diameter with the surrounding ones)
(Tomescu and McQueen 2022). Auxin flow influencing the timing of growth and
differentiation in this way could explain the proto/metaxylem tracheids arrangement of
Stauroxylon. The parenchymatous center of the central protoxylem strand (figs. 2A, 7C)
would be linked to a high concentration of auxin (acting as an inhibitor in this case) in the
stele. Then with the distance from the center, the concentration decreases leading to the
differentiation of tissues starting with the protoxylem tracheids (at “the highest non-inhibitory
auxin concentrations” Tomescu and McQueen, 2022). Surrounding it, the metaxylem, made
of large tracheids close to the center, and the most peripherical tissues of this sequence, the
narrower metaxylem tracheids in the ribs. These differences of metaxylem tracheids size can
be due to the positive influence of auxin (as seen in secondary xylem tracheids of Pinus
(Larson, 1969; see also Aloni 2021 chap 13 for a review and also the counterargument). We
can note that the impact of auxin on the tracheids can also be functioning the other way
around with the diameter of the conducting cells increasing with the diminution of the auxin
concentration (Aloni, 2021), which in this case is more in line with the hypoinduction
hypothesis of Stein (1993). The differences of metaxylem tracheids diameter depending on
their position as well as the interchangeability of central protoxylem tracheids toward
parenchyma cells, as seen in Stauroxylon, tend to confirm the hypothesis of a transition from
the central protoxylem strand toward pith formation induce by different auxin concentrations
(Stein 1993, Tomescu and McQueen, 2022).

Conclusions

e We redescribe the anatomy of Stauroxylon beckii, an early Mississippian plant first
described in 1970, based on a reinvestigation of the holotype and on an additional
specimen that shows a different organotaxis and lacks secondary growth.

o Classical comparative approaches and phylogenetic analyses suggest a placement
in the Aneurophytales, making Stauroxylon the youngest representative of this group
of progymnosperms previously restricted to the Devonian.

e This discovery highlights once again the high potential of anatomically preserved
fossils to understand plant affinities by preserving key diagnostic characters.

¢ Phylogenetic analyses of radiotopsid recover Stenokoleales as a basal grade sister
to the monophyletic Aneurophytales, which are the sister group of the
Archeopteridales — seed plants clade. This result is similar to Toledo et al. (2021)’s
with the highest taxon sampling and the inclusion of Stauroxylon increases the
strength of previously recovered relationships.

e Stauroxylon is interpreted as displaying structural fingerprints of early stages of leaf
and pith evolution: (1) the presence of lateral organs combining an abaxial/adaxial
polarity without an adaxial/abaxial placement of the protoxylem strand proximally, (2)
size variations of metaxylem tracheids, and a central protoxylem strand variability in
terms of size and cell type composition.
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Figure 1: Stauroxylon beckii, holotype. General aspect and primary xylem organization. (A)
Cross section of main axis showing a cruciform actinostele, secondary xylem, and two
opposite traces; scale bar = 1 mm; slide MN218-Al 01; C: Cortex, T: Traces, X1: Metaxylem,
X2: Secondary xylem. (B) Buttonhole-shaped protoxylem strand at the tip of a rib; that rib
corresponds to the upper rib in A and the right rib of Fig. 4C, 5C; scale bar = 200 um; slide
MN 218-Al 01. (C) Circular protoxylem strand at the tip of another rib (bottom rib of Fig. 4B,
5B) with a badly preserved zone which may be part of the protoxylem strand (arrowhead);
scale bar = 200 uym; slide MN 218-BS 02. (D) Circular protoxylem strand at the tip of a rib
(upper rib of Fig. 4B, 5B) with a badly preserved zone which may be part of the protoxylem
strand (arrowhead); scale bar = 200 ym; slide MN 218-BS 02.
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Figure 2: Stauroxylon beckii holotype. Primary and secondary xylem anatomy. (A) Central
circular protoxylem strand in cross section; scale bar = 100 um; scan Galtier’s film n° 134
(Figure 4 plate 49, Galtier 1970) section MN 218- BL 18. (B) Central four-lobed protoxylem
strand in cross section; scale bar = 100 ym; scan Galtier’s film n° 104 (Figure 1 plate 50,
Galtier 1970) section MN 218-BI. (C) Central protoxylem strand in longitudinal section close
to the level of Fig. 1A; scale bar = 100 um; scan Galtier’s film n° 133 (Figure 5 plate 49,
Galtier 1970) section MN 218-BL 17; Pr: Protoxylem strand. (D) Reticulate (arrowhead) to
scalariform pits of the protoxylem; scale bar = 100 ym; slide MN 218-AL 01. (E) Buttonhole-
shaped protoxylem strand in longitudinal section; the parenchyma cell (Pr P: Protoxylem
parenchyma) in the right part of the picture and the 3 small tracheids just toward them
corresponding to the protoxylem (Pr T); scale bar = 100 ym; scan Galtier’s film n° 135
(Figure 5 plate 50, Galtier 1970) section MN 218-BL 18. (F) Scalariform pits on the wall of a
small metaxylem tracheid (arrowhead); scale bar = 100 um; longitudinal section with peel on
the specimen 218. (G) Metaxylem tracheid with multiseriate pits (arrowhead); scale bar =
100 um; longitudinal section with peel on the specimen 218. (H) Secondary xylem tracheids
with scalariform pits; scale bar = 100 ym; slide MN 218-AL 01. (I) Secondary xylem with
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poorly preserved bordered pits (arrowhead); scale bar = 100 um; longitudinal section with
peel on the specimen 218.

[ e - ' ¢ 3-!&'&?_‘;". d‘ , 18 i %) : r"i.. A48 r
Figure 3: Stauroxylon beckii, holotype. Secondary xylem and cortex. (A) Tangential section
showing secondary xylem with short uniseriate rays and the inner cortex; scale bar = 100
pum; scan Galtier’s film n°® 124 (Figure 6 plate 51, Galtier 1970) section MN 218-BL 09; C:
Cortex, X2: Secondary xylem. (B) Radial section showing secondary xylem with one ray (R);
note the pitting on the radial walls of tracheids; scale bar = 100 um; scan Galtier’s film n°140
(Figure 1 plate 51, Galtier 1970) section MN 218-BL 22-23. (C) Putative phloem sieve cell
(arrowhead) in longitudinal section; scale bar = 100 um; longitudinal section with peel on the
specimen 2018. (D) Phloem cells in transversal view; note the arrowhead pointing to three
aligned cells, scale bar = 100 ym; slide MN 218-BS 02. (E) Transverse section showing the
proximity of inner cortex cell (arrowhead) and the secondary xylem; scale bar = 200 pym;
slide MN 218-Al 02. (F) Transverse section of the cortex; scale bar = 200 um; slide MN 218-
Al 02. (G) Longitudinal section of showing the inner cortex (IC) and the outer cortex (OC);
scale bar = 200 ym; longitudinal section with peel on the specimen 218.
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Figure 4: Stauroxylon beckii, holotype. Camera lucida drawings of serial transverse sections
showing lateral traces emission; scale bar = 1 mm. (A) Slide MN218-BS 04. (B) Slide MN
218-BS 02. (C) Slide MN 218-BS 01. (D) Slide MN 218-AS 02. (E) Slide MN 218-Al 01. (F)
Slide MN 218-Al 02; C: Cortex, T: Traces, X1: Metaxylem, X2: Secondary xylem.
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Figure 5: Stauroxylon beckii, holotype. Transve ings
on Figure 4; scale bar =1 mm. (A) Slide MN 218-BS 04. (B) Slide MN 218-BS 02. (C) Slide
MN 218-BS 01. (D) Slide MN 218-AS 02. (E) Slide MN 218-Al 01; C: Cortex, T: Traces, X1:
Metaxylem, X2: Secondary xylem. (F) Slide MN 218-Al 02.
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Figure 6: Stauroxylon beckii, holotype. Anatomy of trace emission. (A) T-shaped protoxylem
strand; that strand corresponds to the upper rib in Figure 4E, 5E; scale bar = 200 ym; slide
MN 218-Al 02. (B) Radial division of the protoxylem strand; that strand corresponds to the
upper rib in Figures 4F, 5F and the secondary xylem stop surrounding the upper part of the
rib; scale bar = 200 um; slide MN 218-Al 01. (C) Last stage of emission before the trace
detaches from the stele; that trace corresponds to the right rib in Figure 4B, 5B; scale bar =
200 pum; slide MN 218-Al 02. (D) Triangular shaped trace; the protoxylem strand is not
abaxially or adaxially placed, this trace is emitted by the right rib of Figure 4C, 5C, and a
similar trace is emitted by the opposite rib; scale bar = 200 pm; slide MN 218-BS 01. (E) Arc-
shaped trace; the protoxylem strand is not abaxially or adaxially placed, this trace is emitted
by the right ribs of Figure 4E, 5E, and a similar trace is emitted by the opposite rib; scale bar
= 200 ym; slide MN 218-Al 01. (F) Circular trace with two opposite third order axis traces;
arrowheads mark the base of the third order traces. This trace is emitted by the left ribs of
Figure 4F, 5F, and a similar trace is emitted by the opposite rib; scale bar = 500 pm; slide
MN 218-Al 01.
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Figure 7: Stauroxylon beckii, specimen MN297. (A) Cross section of main axis showing the
cruciform actinostele and traces; scale bar = 1 mm:; slide MN 297-El 01; C: Cortex, T:
Traces, X1: Metaxylem. (B) Buttonhole-shaped protoxylem strand at the tip of a rib; scale
bar = 200 pym; specimen MN 297-B top. (C) Circular central protoxylem strand mainly
parenchymatous; scale bar = 200 pm; slide MN 297-EIl 01. (D) Central protoxylem strand
mainly composed of protoxylem tracheids; scale bar = 200 ym; slide MN 297-FI 01. (E, F)
Metaxylem tracheids with round to scalariform pitting (arrows); scale bar = 50 pm;
longitudinal section with peel on the specimen MN 297-GL. (G) Protoxylem strand in
longitudinal section; note the parenchymatous nature of the inner cells (Pr P) and the
annular pitting pattern of the protoxylem tracheids (arrows); scale bar = 50 ym; longitudinal
section with peel on the specimen MN 297-GL. (H) Transversal view of the trace
(arrowhead); this trace shows the pitting pattern (Figures 7E, 7F, 7G), parenchyma and
sclerenchymatous cells (Figures 7G, 8C) in longitudinal section; scale bar = 200 ym; section
with peel on the specimen MN 297-G bot.
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Figure 8: Stauroxylon beckii, specimen MN297. (A) Primary phloem (Ph) in transversal
section; scale bar = 100 um; slide MN 297-EI 01. (B) Cortex overview in transversal section;
scale bar = 400 ym; section with peel on the specimen MN 297-A3. (C) Longitudinal section
with outer cortex (OC), inner cortex (IC), and the metaxylem with parenchymatous
protoxylem strand (Pr); note this longitudinal view of the metaxylem is through the trace of
Figure 7H; scale bar = 200 um; longitudinal section with peel on the specimen MN 297-GL

12. (D) Epidermal layer (arrows); scale bar = 100 ym; section with peel on the specimen MN
297-C bot 14.
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Figure 9: Stauroxylon beckii, specimen MN297. Camera lucida drawings of serial transverse
sections showing lateral traces emission; scale bar = 2 mm. (A) Polished section MN297-A3.
(B) Polished section MN297-A2. (C) Polished section MN297-A1. (D) Polished section
MN297-Btop 16. (E) Polished section MN297-Cbot 16; T: Traces, X1: Metaxylem. (F)
Polished section MN297-C. (G) Slide MN297- DS 01. (H) Polished section MN297-E. (1)
Slide MN297-F1 01.
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Figure
10: Stauroxylon beckii, specimen MN297. Transverse sections corresponding to the
drawings on Figure 10; scale bar = 1 mm. (A) Polished section MN297-A3, drawing in Figure
10A. (B) Polished section MN297-A1, drawing in Figure 10C. (C) Polished section MN297-
Cbot 16, drawing in Figure 10E. (D) Polished section MN297-C, drawing in Figure 10F. (E)
Slide MN297-FI 01, drawing in Figure 10l; C: Cortex, T: Traces, X1: Metaxylem.


https://doi.org/10.1086/729412

1133
1134

1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

Figure 11: Stauroxylon beckii, specimen MN297. Anatomy of trace emission; scale bar =
200 um. (A) Buttonhole-shaped protoxylem tangentially widened at the tip; peel MN297-FS1.
(B) Radial division of the protoxylem strand, with around detaching strand; slide MN 297-El
01. (C) Circular trace with a large rectangular central protoxylem strand; this trace is emitted
by the left rib of Figures 10H, 11E; slide MN 297-FI 01. (D) Tangentially elongated oval
trace; the central protoxylem strand form a central band; slide MN 297-El 01. (E)
Tangentially elongated oval trace; the central protoxylem strand looks split in two mesarch
strands and this trace is emitted by the right rib of Figure 10G; slide MN 297-DS 01. (F) Oval
trace with two opposite third order axis traces; arrowhead mark the basis of the only third
order trace preserved, and this trace is emitted by the right ribs of Figures 10l, 11E; slide MN
297-F1 01.


https://doi.org/10.1086/729412

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

Gothanophyton zimmemmannit

Kenncrana bivena

Brabantophyion runcanense

Crossia virginiana

Stenokoloos sefcheilf

10 Stenokoleos holmesii

Stenokoteos hifidus

Stenokoloos simplex

Trloboxylon amoldii

Gensel 1984

Reflimia thomsonii

Triloboxytor asfandictim

Refmannia aldenense

Aneurophyton germaricum

Langoxylon asterochlaenaidewn

Yiduxylor tritobum

an e Ainroxyfn barifesit
e Amhaeopfens sp

Caifroa lamanaki

Stauroxylon beckii
i Toefraxylopteris schmidti
Proteokalon petryi

Tristichiz tipos

Eikinsia polymormpha

Z Calathoptens heterophyfia
Tristichia fongii

£ Tetrastichia bupatides
Laceya hibernica
Tristichia ovensis
Tiiradioxior pRmaevern

Psilophyton dawsoni
@ Armorfcaphyton chaleaupannense

Psitophyton dawsonii
Armaricaphyton chaleauparnnense
Kearncrana bivena
Gothanophivton zimmermmarnni
Slenokoleos simplex
Stenokolens bifidus
5 koleos seltcheli
Stenokoleos holmesi
Gensel 1984
Crossia virginiana
Brabantophyton runcariense
Tritoboxylon armoldit
Yiduxylon trilabum
Calroa igrmameki
Stauroxylon beckif
Tetraxyiopterds schmidbi
Froteckalon petryr
Reliimia thomsomif
Aneurophylon germanicum
Reimannia aldenense
i : Triloboxylon ashiandicinm
[ Langoxylon asterochlzenoideum
Actinoxylon banksii
Archaeoplens sp
Tnstichia tipos
Elkinsia potymorphe
Calathopteris heterophylia
Tristichia longif
Tofrastichia bupatides
L aceya hibemice
Thstichia ovensis
1146 Triradioxton primaeviim
1147  Figure 12: Strict consensus trees of the phylogenetic analyses; numbers at node are
1148  bootstrap value =2 above and Bremer support 0.2 below. (A) Analysis with discrete
1149  characters only (32 taxa, 41 characters, 208 most parsimonious trees, length 110, Rl =
1150  0.587, Cl = 0.436) (B) Analysis with discrete and continuous characters (32 taxa, 50
1151 characters, 1 most parsimonious tree, length 128.797, RI = 0.556, Cl = 0.424).
1152

1153

03T



https://doi.org/10.1086/729412

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

Psilophyton dawsonit
Anmoricaphyton chateaupannense
Gothanophyton zimmenmmannii
Kenricrana bivena

Crassia virginiana
Brabantophyton runcarense
Trilohoxylan amoldi
Stenokoleos simplex
Stenckoleos setchell
Stenokoleos bifidus
Stenokoleos holmesi
Arneurgphyton germaricum
Yiduxyfon talobum

Cairoa lamanekii
Stauroxylon becki
Tetraxyloptaris schmidfi
Proteokalon petryi

Relfirmia thomsonii
Trilohoxyion ashlandicum
Reimannia aldenense
Gensel 1984

Langoxylon asterochiaenoideum
Actinoxylon bariksii
Archasoptens sp

Tristichia trpos

Elkinsia polymaomha
Tristichia ovensis
Calathoptens heterophylia
Triradioxylorn primaeviim
Trisfichia fongi

Tetrastichia bupatides
Laceya hibemica

1154
1155  Appendices
1156
100
100%:
£
1004
e
Tehh
i
IE
oo
100 44
0%
S—
7 E2% I—
50% _
ELTH | I
™ Le
¥ A6
00%
‘L’J;'?{:
2
Q0%
—
1157
1158  Appendix A1: Analysis with discrete characters only, 50% majority rule tree; numbers at
1159  node are bootstrap value =2 above and frequency of tree with this node 250% below (32
1160

1161

taxa, 41 characters, 208 most parsimonious trees, length 110, RI=0.587, CI=0.436).


https://doi.org/10.1086/729412

1162
1163

1164
1165
1166
1167
1168
1169
1170
1171
1172

This is the author’s accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final
form in an issue of International Journal of Plant Sciences. Please refer to the latest version available at
https://doi.org/10.1086/729412

® Psilophyton dawsoni
Arnoncaphyton chaleaupannensa
I Gothanophyton zimmermanni
il Kenricrana bivena
e [ Stanokoleos simplex
- — Stenokoleos setchelli
o T Stenokoleos bifidis
% Stenakoleos holmesii
Crossia virgisiana
Rt Brabantophyton mncariense
Trilobowlon amoldil
Yietiox o trifobdnt
Langoxyfon asterochiaenoideum
e Cairoa famanekii
i Stairaxyion backii
a5 Tatraxylopterts schridfif
1003 Proteckalon petry
00 Reliimia thotnsand
e EE] Trtoboxyiorn ashiandicum
1 : Reimannia aldenense
St Aneurophyion genmanicumn
— Actinaxylon banksi
£ e Archaeopteris sp
Trstickia tripas
Elkinsia poiymormha
T Tristichia
7 —eeeeeo. Calathopdenis heterophylla
e Triractioxyion primasvim

Tristichia fongs
o I it
& Laceys hibemica

Paifophyton dawsoni
Armoncaphyton chefeaupannense
Gotfranophytorn Zimmenmamml
p] Kenncrana bivena
'° Triloboxyiorn amatchi
“ Brabantophyton runcariensa
T Crossia virginiana
5] 1 Stenakolens simplex
B Stenckolecs setchedi
03 Stenckoleos bifidus
T A Stenokoleos tolmaesl
Yiduxylon trilobum
Cairoa lamanakii
SEe ; Stauroxyion beckil
= 35 Tatraxylopterts schimidlii

£ ] Frofeckalon petiyl

i 2 [ Rellimia thomsoni
e BiE L—— Aneurnphyton germanicum
3 = Reimannia akdenense

. CET] e Trifabaxyion ashlamdicum
026 | — Langoxyion asterochlaenoideum

LE:] 52 Actinoxylon banksi
132 Archaeopteris sp

CEL Trstichia tripos

N 10 —— Elkmsia polymorpha
[ e Calathoptens haterpphylla

2 Tristichia longi
L _LE Tetrastichia bupatides

L] Laceya hibamica
a5 Tnstichia ovenss
S Triradioxyion primaegyum
Appendix A2: 50% majority rule trees of analysis conducted without Wilhowia phocarum;
numbers at node are: for A bootstrap value =2 above and frequency of tree with this node
250% below and for B bootstrap value =22 above and Bremer support 20.2 below. (A)
Analysis with discrete characters only (31 taxa, 41 characters, 88 most parsimonious tree,
length 107, RI = 0.607, CI = 0.449). (B) Analysis with discrete and continuous characters (31
taxa, 50 characters, 3 most parsimonious tree, length 125.519, RI=0.576, CI=0.435).
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Appendix A3: Morphological matrix modified from Toledo et al. 2021 TEA ++ version
including 50 characters (9 continuous, 41 discrete) and 32 taxa.
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