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Shared body plans of lycophytes inferred from root formation of Lycopodium clavatum
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Late Silurian to early Devonian lycophytes had prostrate aerial axes, while subordinate organs or subterranean axes were formed around the dichotomies of the axes. The subterranean axes are hypothesized to have evolved into root-bearing axes (rhizophores) and roots in extant Selaginellaceae and Lycopodiaceae, respectively. Consistent with this hypothesis, rhizophores are formed on the dichotomies of shoots in Selaginellaceae. However, it has remained unclear whether roots are borne in the same position in Lycopodiaceae. In addition, roots form endogenously in the stem, but no data are available regarding the tissues in stem from which they arise. In this study, we tracked the root development in the clubmoss, Lycopodium clavatum, based on anatomical sections and 3D reconstructed images. The vascular tissue of the stem is encircled by ground meristem, which supplies cortical cells outwardly by periclinal divisions. A linear parenchymatous tissue is present on the ventral side of vascular cylinder, which we call “ventral tissue” in this study. We found that root primordia are formed endogenously on the ventral side of stem, possibly from the ventral tissue. In addition, roots always initiate at positions close to dichotomies of stem. The root-initiating position supports the suggestion that Lycopodium roots share a body plan with the subterranean organs of the hypothesized ancestry.
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Introduction

Plants have evolved various structures for terrestrial life since they first invaded the land during the Ordovician period (Wellman and Gray, 2000; Morris et al., 2018). A prominent example of such an invention that occurred in the Devonian period is the vascular plant root, which facilitates nutrient absorption from, and provides an anchor to, substrate (Kenrick and Strullu-Derrien, 2014; Stein et al., 2020). The origin of roots triggered a decline in atmospheric carbon dioxide through weathering of the Earth’s surface (Le Hir et al., 2011), which in turn would have forced plants to evolve further innovations (Beerling et al., 2001; Fujinami et al., 2020). Two major clades of extant vascular plants, lycophytes and euphyllophytes, acquired roots independently (Raven and Edwards, 2001; Friedman et al., 2004; Fujinami et al., 2017, 2020; Hetherington and Dolan, 2018, 2019) with lycophytes acquiring them earlier (Matsunaga and Tomescu, 2016).

Extant lycophytes include three families, i.e., Lycopodiaceae (clubmosses), Selaginellaceae (spikemosses), and Isoetaceae (quillworts), which have highly diverse body plans (Figure 1). The Lycopodiaceae consists of the urostachyan clade (Huperzioideae) characterized by isotomously dichotomizing erect shoots, and the rhopalostachyan clade (Lycopodioideae and Lycopodielloideae) with anisotomously dichotomizing prostrate shoots (Sporne, 1962; Gifford and Foster, 1989; Øllgaard, 2015). Roots are borne endogenously in the stem near the shoot apex in both clades (Figures 1A,B), whereas they elongate through the cortex toward the base of the parent shoot in the former clade (Stokey, 1907; Roberts and Herty, 1934). Selaginellaceae and Isoetaceae form a clade, which is characterized by ligule, heterospory, and endosporic gametophytes (Eames, 1977; Gifford and Foster, 1989; Christenhusz et al., 2017). Selaginellaceae has a unique organ, the rhizophore, which arises exogenously from the angle meristem in the dichotomy of the shoots (Figures 1C,D). The rhizophore grows downward and terminates to produce roots endogenously, but does not form any leaves laterally or a cap-like structure covering the apex (Imaichi and Kato, 1989; Banks, 2009). Therefore, it is distinct from shoots and roots despite its axial nature, which is also suggested by differences in gene expression profiles among these organs (Mello et al., 2019). Isoetaceae has a cormous body, which bears a tuft of quill-like leaves from the upper part and a tuft of rootlets from the lower part (Figures 1E,F; Foster and Gifford, 1959; Bierhorst, 1971; Gifford and Foster, 1989). Rootlets are formed endogenously in regularly arranged rows called orthostichies (Paolillo, 1963, 1982; Bierhorst, 1971; Yi and Kato, 2001).
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FIGURE 1
Body architectures of extant lycophytes. (A,B) Lycopodium clavatum (Lycopodiaceae). (A) Dorsal view. (B) Lateral view. White arrows: dichotomies of shoots; blue arrows: emergence positions of roots endogenously from parent shoot. (C,D) Selaginella uncinata (Desv. ex Poir.) Spring (Selaginellaceae). Lateral views. White arrows: dichotomies of shoots; pink arrows: exogenous branching points of rhizophores. (E,F) Isoetes pseudojaponica M.Takamiya, Mitsu.Watan. et K.Ono (Isoetaceae). (E) Lateral view. (F) The opposite side of (E). Yellow arrow: furrow of corm. b, lateral branch (shoot); c, corm; m: microphyll; r, root (rootlets in Isoetes); rh, rhizophore; s, shoot (main axis); sa, shoot apex. Scale bars, 10 mm in (A–E), 5 mm in (F).


The extant lycophyte families are sister groups to the fossil order Drepanophycales (Hueber, 1992; Kenrick and Crane, 1997) or Drepanophycales plus zosterophylls (Gensel, 1992; Kenrick and Crane, 1997), which flourished during the late Silurian to early Devonian periods. Drepanophycaleans have aerial shoot systems with dichotomies that resemble those of extant Lycopodiaceae (Kidston and Lang, 1920, 1921; Andrews, 1961; Kerp et al., 2013), although the “leaves” lack a distinct veinlet in many drepanophycaleans (Hueber, 1992; Kenrick and Crane, 1997). Meanwhile, they have subterranean axial organs (root-bearing axes sensu Matsunaga and Tomescu (2016, 2017) and Hetherington et al. (2021)), which branch exogenously from the aerial shoot axis. Rooting axes without a cap-like structure are born anisotomously from the subterranean axes (Hetherington and Dolan, 2018; Hetherington et al., 2021). In some drepanophycaleans, an aerial shoot axis gives rise to two daughter shoots by anisotomous dichotomy and one daughter shoot further branches anisotomously to form the subterranean axis and a shoot (Gensel et al., 2001; Matsunaga et al., 2017). As the second anisotomy occurs before elongation of the daughter shoot, the subterranean axis is placed quite close to the branching point of shoot axes. In addition, zosterophylls form subaxillary tubercles or subordinate organs around the dichotomy of prostrate aerial axes, which can be compared to the subterranean axis of Drepanophycales (Høeg, 1942; Banks and Davis, 1969; Edwards, 1970, 1994; Edwards and Kenrick, 1986; Hass and Remy, 1986; Kenrick and Edwards, 1988; Edwards et al., 1989; Kenrick and Crane, 1997; Matsunaga et al., 2017). These fossils suggest that lycophytes share a body plan in which each dichotomy of the aerial axes has the ability to form a downwardly growing organ (Matsunaga and Tomescu, 2015).

It is suggested that the subterranean axis would have evolved into the rhizophore or similar organs from which roots are borne (Matsunaga and Tomescu, 2016, 2017; Hetherington et al., 2021). As this hypothesis implies, the Selaginella rhizophore is formed on the dichotomy of shoot axes (Jernstedt et al., 1992; Banks, 2009; Matsunaga et al., 2017). On the other hand, the subterranean axis is hypothesized to be an ancestral organ of the root in some lycophytes (Gensel and Berry, 2001; Gensel et al., 2001). As a pair of daughter shoots and the subterranean axis are formed by branching of a parent shoot (see above), this hypothesis suggests that shoot and root should share some developmental traits in these lineages (Gensel et al., 2001). Roots of Lycopodiaceae would represent the products of such evolution, because root and shoot apical meristems likely have the same mechanisms for branching and maintenance of apical growth (Fujinami et al., 2021). Therefore, it is expected that the dichotomy of stems is the site of root formation in Lycopodiaceae, although a developmental study on mature plants of Diphasiastrum complanatum (L.) Holub noted that roots seem to emerge from the stem regardless of the dichotomies (Roberts and Herty, 1934). However, stems elongate considerably before roots are projected from the parent stem (Roberts and Herty, 1934; Freeberg and Wetmore, 1967), which makes it difficult to infer a position of the origin based on the mature root. Therefore, reexaminations are necessary to determine where root primordia are formed in the stems of Lycopodiaceae.

In this study, we conducted histological observations on shoot apices of Lycopodium clavatum L. (Lycopodiaceae) in which root primordia should be formed (Roberts and Herty, 1934; Gifford and Foster, 1989). First, we focused on the tissue in which root primordia develop in the stem to reevaluate the long-standing view that root primordia initiate in the ventral part of the pericycle in this family (Roberts and Herty, 1934). Second, we examined if roots initiate in the proximity of dichotomies of stems. To this end, we measured the distances between root primordia and dichotomies based on serial sections of shoot tips, as well as reconstructed histological 3D images of shoot apex. Based on these observations, we confirm that the dichotomies of stems have the ability to form subterranean organs in extant Lycopodiaceae.



Materials and methods


Sample collection and observation

Shoots of Lycopodium clavatum were collected in following localities in Japan: Umegahata, Kyoto and Kawakami, Nara. Voucher specimens were stored in the Vascular Plants Collection of the National Museum of Nature and Science (TNS). Collected shoots with leaves removed were cut into small pieces and fixed in FAA (37% formaldehyde: glacial acetic acid: 50% ethanol = 1: 1: 18). The shoot tips were embedded in Technovit 7100 (Heraeus Kulzur, Wehrheim, Germany) or Paraplast plus (Sigma-Aldrich, St Louis, MO, USA) after dehydration in a graded ethanol series. The embedded samples were cut into sections 3–10 μm thick on a rotary microtome. The plastic sections were stained with safranin, toluidine blue O, and orange G (Jernstedt et al., 1992). The paraffin sections were stained by Mayer’s Hematoxylin and safranin. Then they were observed using an Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan). Photographs were taken with an Olympus DP74 digital camera under the control of the Olympus cellSens Standard software (Olympus Corporation). The most sections were cut transversely to the main stem in this study (Figures 2–5). Their relative positions in a longitudinal section are shown in Supplementary Figure 1A.
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FIGURE 2
Tissue differentiation processes in an immature Lycopodium clavatum shoot (sample #P1) within 1 mm from the shoot apex. (A,C,E) Cross-sections at 175, 235, and 360 μm from the shoot apex, respectively. (B,D,F) Line drawings of sections on the left. Cells encircling vascular tissue (blue) divide periclinally to supply cortical cells. A mass of parenchymatous cells (ventral tissue) is colored in pink. Scale bars, 100 μm. ss, small shoot; l, leaf primordium; lt, leaf trace.
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FIGURE 3
Cross-section of an immature Lycopodium clavatum shoot (sample #P1) at 665 μm from the shoot apex. (A) Original section. (B) Line drawing of (A). See color legend for Figure 2. Scale bars, 100 μm. ss, small shoot; lt, leaf trace.
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FIGURE 4
Root initiation processes in two independent shoots of Lycopodium clavatum. (A–C) In sample #2–35. Cross-sections at 630 μm from the shoot apex. (B) Close-up of (A) showing root primordium. (C) Line drawing of (B). A row of initial cells and cell files radiating from it are colored in dark green, while other cells of root primordium in light green. Periclinally divided cells in ground meristem are colored in blue. (D–F) In sample #P3. Cross-sections at 1,268 μm from the shoot apex. (E) Close-up of (D) showing root primordium. (F) Line drawing of (E). See (C) for color legend. Scale bars, 100 μm in (A,D); 50 μm in (B,C,E,F). ss, small shoot.
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FIGURE 5
Root developing processes in two independent shoots of Lycopodium clavatum. (A–C) In sample #2–11. Cross-sections at 1,040 μm from the shoot apex. (B) Close-up of (A) showing root primordium. (C) Line drawing of (B). (D–F) In sample #2–33. Cross-sections at 1,450 μm from the shoot apex. (E) Close-up of (D) showing root primordium. (F) Line drawing of (E). Scale bars, 100 μm in (A,D); 50 μm in (B,C,E,F). ss: small shoot. See Figure 4 for color legend in line drawings.


We collected one shoot from each individual. A total of 13 shoots were observed by serial plastic section, and 6 of the 13 shoots were used for 3D reconstruction (see below). In addition, 44 shoots embedded in paraffin were observed, and 37 root primordia were found in 31 shoots (Supplementary Tables 1, 2; see below). No roots were found around the first nor second branching points in remaining 13 shoots.



3D reconstruction

Photographs of serial sections were layered in Adobe Photoshop 2021 (Adobe Inc., San Jose, CA, USA) and rotated so that the tracheary elements of the plectostele overlapped. Each layer was rasterized and background other than plant material was erased using the quick selection tool. Then the background area within the canvas was filled with white (RGB 255:255:255) to ensure that ImageJ (Schneider et al., 2012) could adequately recognize the canvas size. Highly stained areas expanding around the center of a young stem were semi-automatically filled with light green (RGB 83:244:131) using the Paint Bucket tool (Mode: Normal; Opacity: 100%; Tolerance: 10–45; Contiguous). Each edited layer was saved as an uncompressed image in PNG format.

The images were imported into ImageJ Fiji (Schindelin et al., 2012) as an image sequence. Color Deconvolution 2 (Landini et al., 2020) was used to produce a series of images in which the light green area was extracted. The image sequence was binarized with a dark background (RGB 0:0:0), while internal structures of the stem (RGB 255:255:255) were painted with tools implemented in Adobe Photoshop, i.e., the roots in light blue (RGB 0:157:255), the vascular cylinder of lateral shoots in magenta (RGB 255:0:102), and leaf traces in dark green (RGB 2:118:10). The ventral tissue (see section “Results” for details) was also painted in three shoots in which the most sections were available for the apical part. However, the tissue could not be painted on the images with light green area extracted because part of it was not extracted correctly. Therefore, we painted it in cyan (RGB 0:255:242) in the original (i.e., unprocessed) photographs and composited the colored part onto the processed images of the image sequence. The artificially colored image sequence was opened in ImageJ to reconstruct a 3D image with 3D Viewer (Schmid et al., 2010) after complementing missing or spoiled sections by blank images with a dark background. In the 3D reconstruction, the units of pixel height and pixel width were converted into micrometers and the voxel depth was specified by the thickness of each section.



Measurements of root–dichotomy distances and inter-dichotomy lengths

Distances to the nearest dichotomy were measured for root primordia which were found around the youngest and second youngest dichotomies because root initiating points could be displaced as stem grows. The distance hereafter called “root–dichotomy distance.” For the same reason, we did not include root primordia for the analyses which were found in the inter-dichotomies with ≥2 mm in length. Based on these criteria, we used 25 root primordia in 24 shoots for the analyses among 37 root primordia in 31 shoots (Supplementary Tables 1, 2). Among the 25 root primordia, 5 are close to the youngest dichotomy, while 20 to the second youngest one (Supplementary Table 1). However, the 25 root primordia were analyzed altogether because the number of primordia observed was too small for the youngest dichotomy.

All root primordia were located between the nearest dichotomy and the midpoint of the inter-dichotomy on which the primordia are located. Therefore, we evaluated whether a root primordium is close to the midpoint or the dichotomy by comparing a root–dichotomy distance with a quarter length of the inter-dichotomy. Differences between them were statistically tested by t-test. To facilitate comparison among root primordia of different shoots, we also calculated relative root–dichotomy distances in which inter-dichotomy lengths were set to 100.

The exact branching point of shoots is defined here as the intersection between each center line of diverging vascular cylinders. We considered the intersection point of the two vascular cylinders to be the median section in the series of sections that encompassed the connection between the two vascular cylinders. Similarly, we considered the branching point of a root to be represented by the median section of the series of sections encompassing the extent of a root primordium. Then the distances between the two points were calculated based on the number of sections between them (Figure 6A). Lengths of inter-dichotomies were also calculated based on the estimated branching points of shoots. For the first inter-dichotomies, lengths were measured from the apex of the large shoot to the first dichotomy.
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FIGURE 6
3D images of vascular cylinders and root primordium in Lycopodium clavatum shoots. Sample numbers correspond to those in Supplementary Tables 1, 2. (A) Color legends and diagrammatic representation of the measurements. 3D image of sample #P3 viewed from below. (B,E,H) Front view. (C,F,I) Side view. (D,G,J) Oblique downward view. (B–D) 3D images of shoots shown in Figures 2A–F (sample # P1). A total of 222 images were used for the reconstruction, which included 31 blanks. Each section is 5 μm thick. (E–G) 3D images based on shoot shown in Figures 3C,D (sample # P3). A total of 313 images, including 120 blanks, were used. Each section is 5 μm thick. (H–J) 3D images based on sample # P5, consisting of 260 images, including 44 blanks. Each section is 4 μm thick. Scale bars, 200 μm in (B,E,H). Coordinate axes (X, Y, and Z) are indicated on the bottom-right corner of each panel. Concentric circle: axis perpendicularly out of the panel plane; circle with cross-mark: axis perpendicularly into the panel plane.





Results


Anatomical observations on root development in stem tissue

The incipient vascular cylinder starts to differentiate in the center of the stem 150–200 μm from the apex (Figures 2A,B; see also Supplementary Figure 1A, which shows relative positions of cross-sections in Figure 2 along the longitudinal axis). Although tissues are not distinctly differentiated in the immature stele, less-stained and vacuolated cells denote positions of metaxylem strands (Figures 2A,B). The characteristic pattern of the plectostele with alternating primary xylem and phloem becomes evident in the immature vascular tissue 200–300 μm from the apex (Figures 2C,D). The cross-sectioned vascular cylinder has a circular outline, except for the ventral side where a parenchymatous tissue interrupts the circle of the outline for 90–100 μm of width (Figures 2C,D); hereafter, we call this “ventral tissue.” The ventral tissue consists of isodiametric cells, but less stained than those of the vascular tissue. These cellular characters also distinguish the ventral tissue from the cortex, although both tissues are similar to each other in the parenchymatous nature. In cross-sections further below, the diameter of the vascular cylinder increases and vascular tissue differentiates progressively. However, the width of the ventral tissue remains almost unchanged (Figures 2E,F at 430 and Figures 3A,B at 665 μm from the apex, respectively).

The vascular cylinder is encircled by a layer of parenchymatous cells which supply cortical cells outwardly by periclinal cell divisions (Figures 2, 3). These cells are rectangular in shape in contrast to the isodiametric shape of the vascular cells (Figures 2, 3). In addition, they are larger and less stained than the vascular cells juxtaposing to them. These cellular differences make a distinct boundary between the vascular tissue and the layer of periclinally dividing cells; therefore, we call the cell layer “ground meristem” following previous studies (Wetmore, 1943; Foster and Gifford, 1959). It was suggested in a previous study that vascular tissue is encircled by pericycle and endodermis in stems of Diphasiastrum complanatum (Roberts and Herty, 1934). Ground meristem in this study may correspond to endodermis of the previous study, although the study did not provide structural details of these tissues. However, even if this correlation would be the case, “ground meristem” is used here because cortex is still developing in young stems. We could not clearly discern layer(s) assignable to the pericycle between the ground meristem and the vascular tissue (Figures 2, 3).

Stem branches anisotomously to form large and small shoots. The vascular cylinder of the youngest small shoot is branched from that of large shoot in lateral or slightly dorsal positions (Figures 2E,F, 4A). A young root primordium is often found around the youngest or second youngest dichotomies of the stems (Supplementary Figures 1B,C; see next section for details). The root primordium is formed on the ventral side of the vascular cylinder of large shoot where the ventral tissue should be present (Figures 4, 5). Several xylem and phloem elements elongate downwardly and connect to the root primordium (Figures 4, 5). At the center of the youngest root primordium which we could recognize in this study, several cell files radiate from a row of possible initial cells (Figures 4B,C). The number of central rows, as well as that of radiating cell files, increases in slightly larger root primordium (Figures 4E,F). These numbers further increase as the root primordium grows (Figures 5B,C). As the root primordium enters the cortex, radiating cell files also become evident on the side facing the cortex (Figures 5E,F).

The root primordium extends obliquely toward the shoot tip in later stages (Supplementary Figure 2). Intercellular spaces form schizogenously between the root primordium and the cortex as the root primordium grows (Supplementary Figures 2A–C). The root cap becomes recognizable at the tip of root before it emerges from the parent stem (Supplementary Figure 2D).

The vascular tissue is almost matured ca. 1,500 μm from the apex (Supplementary Figures 1A,D). The ground meristem supplies cortical cells less actively at this level. The ventral depression of the vascular cylinder is still recognizable along with the intervening ventral tissue (Supplementary Figure 1D). However, incipient root primordia are not found below this level.



Root initiating position relative to dichotomy

We reconstructed 3D images of internal tissues of six young shoot axes which were collected from different individuals (Figure 6, Supplementary Figure 3 and Supplementary Videos 1–6) to visualize the positions of root primordia, ventral tissue and the dichotomies of stems precisely. These images showed that the ventral tissue runs linearly on the ventral side of the vascular cylinder of the large shoot. Some root primordia were found directly on the ventral face of the dichotomy (Figures 6B–D, Supplementary Figures 3A–C and Supplementary Videos 1, 4), while others were found slight apically (Figures 6E–G, Supplementary Figures 3D–F and Supplementary Videos 2, 5) or basally (Figures 6H–J, Supplementary Figures 3G–I and Supplementary Videos 3, 6) relative to the dichotomy.

One root primordium is usually found between adjacent dichotomies. While two root primordia are rarely found in an inter-dichotomy (Sample #S2–15 and S2–23; Supplementary Tables 1, 2), each dichotomy has only one root primordium nearby. In addition, we did not find more than two roots per inter-dichotomy. Root–dichotomy distances range from 10 to 332 μm and average distance is 107.1 ± 19.2 μm. Quarter lengths of inter-dichotomy vary from 72.5 to 481.5 μm with an average of 203.7 ± 24.8 μm (Figure 7A and Supplementary Table 3). The 95% confidence intervals are not overlapped between the root–dichotomy distances (107.1 ± 37.5 μm) and quarter inter-dichotomy lengths (203.7 ± 48.6 μm). The root–dichotomy distance is significantly shorter than the quarter length of inter-dichotomies (p = 0.00025 < 0.001; Figure 7A and Supplementary Table 3). A total of 23 of 25 root primordia are found within apical or basal quarter of the inter-dichotomies (Figure 7B).
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FIGURE 7
Comparison of root-dichotomy distances to quarter lengths of inter-dichotomies. (A) Box-whisker plots showing root-dichotomy distances and quarter lengths of inter-dichotomies. Bold lines show medians. (B) Relative root-dichotomy distances. Positions of dichotomies are set to zero, while lengths of inter-dichotomies to 100. Negative values indicate that the root primordium formed apical to a dichotomy. Root primordia associated with the first dichotomy are indicated by blue circles, while those with the second one by pink.


Relative root–dichotomy distances are larger in the second youngest dichotomy than in the youngest one (Figure 7B). This implies that elongation speed is not uniform over the entire inter-dichotomy. Such lack of uniformity would enhance the variability in the root–dichotomy distances in older inter-dichotomies, as actually observed in roots emerging outside of the parent stem (Figures 1A,B).




Discussion


The subterranean organ forms on the dichotomy in lycophytes

Selaginella forms the rhizophore in the vicinity of the branching angle of stems and the rhizophore grows downward to bear roots endogenously (Imaichi and Kato, 1989; Jernstedt et al., 1992; Figures 1C,D). Although organs identical to the rhizophore are not known in other lycophytes, Drepanophycales and zosterophylls have similar subterranean organs that grow downward from dichotomies of prostrate axes (Matsunaga et al., 2017). For example, the subterranean organ forms proximal to the dichotomy in Crenaticaulis, Gosslingia, Deheubarthia, and Bathurstia (Banks and Davis, 1969; Edwards, 1970; Edwards et al., 1989; Kotyk and Basinger, 2000; Matsunaga et al., 2017). On the other hand, it branches from either of the axes which have just dichotomized in Sengelia (Matsunaga and Tomescu, 2016, 2017) and Asteroxylon (Hetherington et al., 2021). In this study, we found that roots form around the dichotomies in Lycopodium (Figures 6, 7). This finding supports the hypothesis that the Lycopodium root were derived from the subterranean organ of the fossil lycophytes (Fujinami et al., 2021).

Although the precise positions varies among the subterranean organs, it should be noted that these organs consistently formed close to the dichotomies of prostrate axes. That is, fossil and extant lycophytes share this body plan (but see below for Isoetaceae). It is postulated that redirection of auxin flow from basipetal to acropetal occurred in the dichotomies in Selaginella (Matsunaga et al., 2017). In addition, auxin promotes root fate through transient rhizophore stage in the angle meristem of Selaginella (Mello et al., 2019). These findings support the idea that the dichotomies of lycophytes have a conserved role in regulating auxin concentration and/or flow, which promotes the development of the subterranean organs (Matsunaga and Tomescu, 2015).



Future perspective to understand a common body plan in lycophytes

Isoetes (monotypic genus of extant Isoetaceae) seems to have a different body plan from those of other lycophytes in the cormous body from which leaves and rootlets are born (Paolillo, 1963, 1982; Bierhorst, 1971). The corm has one or three furrows on the lower surface, which divide the corm into lobes (Figures 1E,F). Rootlets are repeatedly produced from the rootlet-producing meristem (or basal meristem), which develops along the furrows, while old rootlets are excised from the corm. As a result, rootlet scars are arranged regularly on both sides of the furrow (Bierhorst, 1971; Paolillo, 1982). It has been suggested that rootlets are modified leaves (Karrfalt, 1980; Stubblefield and Rothwell, 1981) in rhizomorphic lycophytes (sensu Kenrick and Crane, 1997) including Isoetaceae, while transcriptome data in Isoetes did not provide a clue supporting the homology between rootlets and leaves (Hetherington et al., 2020).

The Lycopodium roots develop on the ventral side of the differentiating vascular cylinder (Figures 4, 5) where the ventral tissue extends linearly (Figures 2–6). However, we did not observe the ventral tissue and root primordium simultaneously in a cross-section. This observation implies that at least a part of the ventral tissue transforms into the root primordium. Young root primordia could be recognized by a row of possible initial cells in Lycopodium, but it is difficult to identify primordia in younger stages at this moment. In addition, we could not elucidate if the ventral tissue is an independent tissue or a part of other tissue (e.g., vascular or cortical tissues). Nevertheless, it should be noted that Lycopodium and Isoetes have a linear zone in which roots or rootlets are born. Finding makers to identify the root primordia and tissue layers at very initial stage is crucial to understand how the ventral tissue contributes to the root formation in Lycopodium, as well as to compare the ventral tissue and rootlet-producing meristem of Isoetes.
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