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ABSTRACT 

PREMISE: Microphylls, simple leaves with a single vein and no leaf gap, are 

characterized as the typical leaf type of lycophytes. However, Selaginella schaffneri, 

has complex veins. Phylogeny and structural features potentially associated with this 

novel venation have remained unknown.  

METHODS: Leaves, stem and spores of S. schaffneri were studied with various 

microscopy and compared with S. erythropus, a Selaginella with typical microphylls. 

Fifty-one concatenated protein-coding genes from plastomes were used to construct 

the phylogenetic relationship of S. schaffneri within Selaginellaceae. 

RESULTS: Leaf veins of both S. schaffneri and S. erythropus originate from a single 

vascular strand in the stem and have no leaf gaps. In S. schaffneri, this single vascular 

strand prominently enlarges as a hub-like vein node at the leaf base and then divides 

multiply in the leaf blade. Unusual structures, more commonly found in Angiosperms, 

are revealed, including vessels, bundle sheath cells, three stomatal types, and 

differentiated mesophyll tissue. Other unusual structures include transparent zones on 

the leaf margin and a complex open hexagonal three-dimensional structure on the 

megaspore walls. The phylogeny shows that S. schaffneri, together with the 

sanguinolenta group, is the earliest-diverging lineage of subgenus Stachygynandrum. 

CONCLUSIONS: Being derived from the branching of a single vein, the leaf veins of 

S. schaffneri imply a variation on a microphyll. The unusual structure of S. schaffneri

is consistent with drought resistance, a feature of basal members of subgenus 
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Stachygynandrum. Despite the general simplicity of structure in Selaginella, S. 

schaffneri demonstrates the evolutionary flexibility for convergence with 

Angiosperms.  

KEY WORDS: bundle sheath cell; microphyll; multiple veins; phylogenetic 

relationship; Selaginellaceae; Stachygynandrum; vessel; drought adaptation; 

convergent evolution. 
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INTRODUCTION 

As the major organ for photosynthesis of vascular plants (Taiz and Zeiger, 2006), 

leaves ought to be subject to strong evolutionary pressures. Leaf morphological traits, 

including phyllotaxy, leaf size, shape and venation, vary greatly between different 

plant groups (Simpson, 2006). At the coarsest level, comparative morphology 

distinguishes two fundamental categories of leaves in vascular plants: microphylls and 

megaphylls (Bold et al., 1987). Microphylls are distinctive of lycophytes 

(Lycopodiophyta) dividing them from all other vascular plant groups, including ferns, 

gymnosperms and angiosperms, all of whose leaves are classified as megaphylls. 

Extant lycophytes include three families only: Lycopodiaceae, Isoetaceae and 

Selaginellaceae. Because they are characterized by microphylls, they are also termed 

‘Microphyllophyta’ (Bold et al., 1987). Microphylls are of small size with single 

unbranching veins, and their leaf traces do not leave leaf gaps in the stem (Bold et al., 

1987). In contrast, megaphylls are commonly much larger, with highly branched 

veins, and have leaf gaps (Bold et al., 1987).   

These features of microphylls and megaphylls are generally accepted for 

vascular plants, but some inconsistent cases have been reported (Boodle, 1901; 

Mukherjee and Sen, 1981; Wagner et al., 1982). In Selaginellaceae, Selaginella 

adunca A.Br. ex Hieron. (native to China, India and Nepal) and S. schaffneri Hieron. 

(native to Mexico) were observed to have unusual venation in their microphylls 

(Mukherjee and Sen, 1981; Wagner et al., 1982). Mukherjee and Sen (1981) reported 

a forked vein in S. adunca, specifically a ternate venation pattern with a midrib and 

two lateral branching veins, but no leaf gap. Wagner et al. (1982) discovered another 

multiple-vein species, S. schaffneri, with a more complex venation than S. adunca. 

The venation of S. schaffneri averages 13 branching veins in a microphyll and 
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includes subpinnate, dichotomous and trichotomous patterns potentially with 2–3 

areoles per leaf (Wagner et al., 1982). Mukherjee and Sen (1981) suggested that the 

forked vein in S. adunca supports Zimmermann’s hypothesis (Zimmermann, 1959) 

that microphylls represent evolutionary reduction (Mukherjee and Sen, 1981). In 

contrast, Wagner et al. (1982) interpreted the multiple veins in these two S. adunca 

and S. schaffneri as derived from the typical single vein condition of Selaginella, 

positing these multiple vein occurrences as convergent evolution.  

In ferns, leaves are generally regarded as megaphylls, but some multiple-vein 

leaves without leaf gaps have been reported: Platyzoma microphyllum R. Br. 

(currently Pteris platyzomopsis Christenh. & H. Schneid.) (Pteridaceae) (Boodle, 

1901) and Lygodium (Lygodiaceae) (Kaplan, 2001; Tomescu, 2009). These 

exceptional leaves in Selaginella and ferns have raised questions about the definitions 

of microphylls and megaphylls (Kaplan, 2001). As the concept is anatomically but not 

morphologically based, Kaplan suggested that the terms microphyll and megaphyll in 

vascular plants should be abandoned until more convincing evidence is found 

(Kaplan, 2001).  

Selaginellaceae, a cosmopolitan family including a sole genus (Selaginella) and 

seven subgenera (Weststrand and Korall, 2016b), are the most species rich family in 

extant lycophytes and estimated to about 800 species (Zhou and Zhang, 2015). Some 

uncommon features of Selaginella, such as ligules at leaf bases, rhizophores, angle 

meristems and heterospores, are not seen in other vascular plants (Banks, 2009). 

Moreover, monoplastidy (a single giant chloroplast in a photosynthetic cell), an 

unusual trait of land plants, was found in some Selaginella long ago (Haberlandt, 

1888; 1914). A recent intensive study of Selaginellaceae showed that unique 

chloroplast diversity, including monoplastidy, oligoplastidy to multiplastidy, along 
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with various forms appear in microphylls, and giant chloroplasts were commonly 

found in deep shade Selaginella (Liu et al., 2020).  

In this study, we take a detailed look at the multiple-vein leaf structure of S. 

schaffneri, and determine its phylogenetic position, to obtain more understanding of 

this peculiar species ecologically and evolutionarily. As a basis for comparison, we 

examined also the detailed vein structure of a well-studied single-vein Selaginella (S. 

erythropus). The evolutionary relationships within Selaginellaceae have received 

considerable attention in phylogenetic studies based on comprehensive molecular and 

morphological data (Arrigo et al., 2013; Zhou and Zhang, 2015; Weststrand and 

Korall, 2016a, 2016b; Zhou et al. 2016), however S. schaffneri has not been included 

in any previous study. Due to improvements in next-generation sequencing (NGS) 

technology, studies on whole plastomes of Selaginellaceae have been used to explore 

the structural evolution and phylogenetic relationships (Mower et al., 2019; Zhang et 

al., 2019a, 2019b; Zhang et al., 2020; Shim et al. 2021). Sequencing and analysis of 

complete plastid genomes have the potential to increase the number of informative 

characters in phylogenetic studies. Obtaining more phylogenetically informative 

characters could help address the problematic branches, such as the “sanguinolenta” 

group, in Selaginellaceae (Zhang et al., 2020). Here, we use a combination of de novo 

and reference-guided assemblies to process genome skimming data for S. schaffneri 

(Zhang et al., 2015; Bakker et al., 2016; Nevill et al. 2020), and infer its phylogenetic 

relationship within Selaginellaceae.   

MATERIALS AND METHODS 

Materials and preparation— 

Selaginella schaffneri Hieron. is endemic to Mexico in North America, where it 
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grows in xeric shrubland, grassland, coniferous forests, and tropical deciduous forests. 

It is mostly found on the Mexican Plateau in the central part of the country between 

the Sierra Madre Oriental and the Sierra Madre Occidental (Mickel et al. 2004; 

Villaseñor et al., 2016; Tropicos.org, 2021) (Fig. 1A). It was first described in 1902. 

The habitat where S. schaffneri grows is subjected to extreme weather and human 

encroachment in the form of mineral mining, agricultural expansion, deforestation, 

and high population density with consequent urbanization and loss of natural 

ecosystems. Accordingly, S. schaffneri is considered of Conservation Concern (CC) 

based on IUCN (2012). 

Extremely limited material of S. schaffneri was available because there have 

been no collections in recent decades. Fortunately, two herbarium specimens of S. 

schaffneri collected from Mexico were provided by the New York Botanical Garden 

for use in this study (D. Tejero-Díez 3147 in 1990 and J. Rzedowski 11370 in 1959), 

depicted in Fig. 1B. At least three shoots from each specimen were used for various 

microscopic studies. These shoots with microphylls were hydrated in water for 1 hour 

before use.  

For the study of S. erythropus, shoots from three individuals cultivated in the lab, 

as described in Sheue et al. (2020), were studied using a clearing method (see below). 

Voucher specimens, S. erythropus and remains of our S. schaffneri sample, are 

deposited in the TCB herbarium (National Chung Hsing University, Taiwan).  

Morphological observation of S. schaffneri— 

The morphology of a total three shoots and three ventral microphylls from two 

specimens of S. schaffneri were observed with a stereo microscope (Leica, S8 APO, 

Wetzlar, Germany) and photographed with a camera (EOS 700D, Canon, Tokyo, 

Japan). 



8 

 

Clearing technique— 

A clearing technique was applied for visualizing the vascular strands of S. 

schaffneri and S. erythropus. Three intact shoot segments of both species were used 

with some dorsal microphylls removed to avoid overlap. For bleaching, samples were 

boiled in 95% ethanol for about 6 hours. Samples were then treated with 4% NaOH at 

40℃ in an oven until samples became transparent (about one week for S. erythropus 

and about two weeks for S. schaffneri). After washing with distilled water, samples 

were treated with 50% ethanol and stained with 1% Safranin O for 10 min before an 

ethanol dehydration series. Samples were then stained with 0.5% fast green (in 95% 

ethanol) and mounted with mounting media (Assistant-Histokitt, Sondheim vor der 

Rhön, Germany). A light microscope, with phase-contrast and fluorescence 

capabilities (Olympus, BX-51, Tokyo, Japan; DAPI filter with excitation 352–

477 nm) and a camera (EOS 700D, Canon, Tokyo, Japan), was used to observe 

samples.   

Maceration technique— 

A total of five microphylls (2 dorsal and 3 ventral microphylls) and three shoot 

segments from two specimens of S. schaffneri were treated in Jaffrey’s solution (10% 

nitric acid: 10% chromatic acid = 1:1) at room temperature for about 24 hours 

Samples were then washed with distilled water three times and stained with 1% 

Safranin O for 2 hours. After treating with an ethanol series and mounting, samples 

were observed with the same light microscope used with the clearing technique.  

Tabletop scanning electron microscopy (tSEM)— 

Three detached dorsal and ventral microphylls, transverse sections of 

microphylls and stem segments (c. 1 mm), from each of two specimens of S. 

schaffneri, were used to observe leaf surfaces and vascular tissue with a tabletop SEM 
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microscope (TM3000, Hitachi, Tokyo, Japan) (For details see Sheue et. al, 2020).  In 

addition, each three of megaspores and microspores from two specimens of S. 

schaffneri were observed directly with the same tSEM.  

Transmission electron microscopy (TEM)—  

A total of five microphylls (both dorsal and ventral) of S. schaffneri from each 

two specimens were used to observe their ultrastructure. A general electron 

microscopy protocol was followed (Sheue et al., 2007). Semithin sections (1 μm) 

were cut and stained with 1% w/v toluidine blue in water or 1% safranin O before 

observation. Ultrathin sections (about 70 nm) were cut and stained with uranyl acetate 

(5% w/v in 50% methanol) and lead citrate (1% w/v in water) for examination with a 

JEOL TEM (JEM-2000 EXII, Tokyo, Japan).  

DNA isolation and library preparation— 

Genomic DNA was isolated from material removed from dried herbarium 

specimens. DNA extraction was carried out using the automatic DNA/RNA extraction 

system “LABTURBO 48C” (TAIGEN Co, Taipei, Taiwan) with the respective 

commercial kit “Labturbo DNA Mini Kit 480” following the manufacturer’s 

instructions. Total genomic DNA was quantified using QuantiFluor dsDNA System 

(Promega) kit and NuGen Celero DNA-Seq Library Preparation Kit (Tecan 

Genomics, San Carlos, CA) for downstream whole genome skimming library 

preparation. Sequencing was performed on an Illumina NovaSeq 6000 platform using 

the run configuration of 2 × 150 bp. 

De novo assembly and data processing for chloroplast genome sequences— 

Raw reads were imported into Geneious Prime (Biomatters, Auckland, New 

Zealand) (Kearse et al., 2012), and paired reads were set with an expected insert size 

of 300 bp calculated with BBMap using default setting and the BBDuk plugin was 
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used to remove low quality (below Phred 20) reads at both ends and sequence reads 

less than 50 bp in length (Bushnell, 2016). Merged reads were de novo assembled 

with Velvet v7.0.4 (Zerbino and Birney, 2008). Contigs generated were mapped to the 

published reference plastomes of Selaginellaceae. For each assembly, the best 

reference sequence was chosen as that which covered the most sequence of contigs 

based in the alignment. We annotated and extracted all targeted genes from these 

contigs by mapping to close reference using Geneious Prime (Kearse et al., 2012). 

The GenBank accession numbers of 51 targeted genes for phylogenetic analyses show 

in Appendix S1.  

Phylogenetic analyses— 

Nucleotide sequences for 51 shared protein-coding genes (Appendix S1) from 19 

plastomes were extracted and aligned individually at the protein level in MAFFT 

(Katoh and Standley, 2013) using the translation-aligned function in GENEIOUS 

Prime (Kearse et al., 2012). Introns were excluded from analyses because of the 

alignments were ambiguous among species. We generated 51 concatenated genes 

(36,499 bp). The substitution models were inferred using jModelTest v.2.1.3 (Posada 

2008). The best model selected was GTR + G + I. The selected model and parameters 

estimated were then used for tree searches. Phylogenetic trees were performed using 

maximum likelihood (ML) and Bayesian inference (BI). ML analysis was conducted 

using GARLI v.2.0 (Zwickl 2006). The branch supports of the tree with highest 

likelihood score were estimated based on the consensus of 1,000 bootstrap 

pseudoreplicates. The phylogenetic reconstruction by BI was obtained using MrBayes 

v.3.2.1 (Ronquist and Huelsenbeck, 2003). The Markov chain Monte Carlo (MCMC) 

simulation was run for 2,000,000 generations with two runs and four chains, sampling 

trees and parameters every 1,000 generations. After checking that the average 
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standard deviation of split frequencies remained below 0.01 for the last 10,000 

generations, and discarding 25% of the sampled trees as burn-in, a 50% majority-rule 

consensus tree was built and plotted using FigTree v.1.4.0 (Rambaut and Drummond, 

2010). 

 

RESULTS 

Plant morphology—  

Selaginella schaffneri has a main long stem, creeping to ascending, with short 

branches alternately arranged. On each short branch, there are several bifurcating 

branches, up to the tertiary level, with terminal strobili (Fig. 1B, C). The strobili are 

relatively short and tetragonal, and thicker than vegetative shoots (Fig. 1C). 

Microsporangia and megasporangia were observed in the same strobilus.  

As a dorsiventral Selaginella, it has dorsal (medial) and ventral (lateral) 

microphylls tightly appressed to stems. Both leaf types are roughly ovate with sharp 

tips varying in length. The average size of dorsal microphylls is 1.17 ± 0.09 mm by 

0.79 ± 0.05 mm (N = 8); and ventral microphylls are 1.26 ± 0.03 mm by 0.88 ± 0.03 

mm (N = 7). The minor difference in leaf size, and high similarity of the leaf shape 

between dorsal and ventral microphylls, give an isophyllous appearance to the 

anisophyllous S. schaffneri (Fig. 1C). Each microphyll type is peltate, resulting in an 

expanded leaf area below the point of attachment forming a laminar flap (also known 

as an auricle) (Figs. 1D, E; 2A–D). However, we note that the laminar flap of a 

ventral microphyll is strikingly larger than that of a dorsal leaf (Fig. 2A, D), and this 

character can be used to distinguish leaf types.  

The microphylls of S. schaffneri have unusual complex venation patterns with 

multiple veins. This complex venation is not directly visible from microphyll 
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surfaces, but can be detected in ventral microphylls of a shoot with transmitted light 

under a stereomicroscope (Fig. 1C right inset). Adequately treated with a clearing 

method, the complex venation stands out (Fig. 1E). The multiple veins in a microphyll 

all originate from a compact bundle of thick veins at the point of attachment of the 

microphyll on the stem (Figs. 1D, E; 4B, C). Here we term this bundle of veins a 

‘vein node.’ At this location, the leaf is much thicker, which is apparent as a bulge in 

the leaf (Fig. 2B, C) with a ligule situated on the surface (Figs. 1D–E; 2B, C). The 

bulge and ligule can be detected from the ventral surface of a dorsal microphyll (VD) 

and the dorsal surface of a ventral microphyll (DV) (In these abbreviations, the first 

letter is the leaf surface and the second the leaf type).  

Micromorphology of microphylls and spores— 

After treating a microphyll of S. schaffneri with the clearing method, a light area 

along the acroscopic side adjacent to a leaf tip could be observed with a light 

microscope (Fig. 1D). Both free hand and resin sections show that this light area 

originates away from the leaf margin as three cell layers and gradually thins out into 

only one cell layer at the margin. Cells in this light area have no typical chloroplasts 

and are colorless. The call this light area the ‘transparent zone’ to distinguish it from 

other leaf tissues (Figs. 1D; 2A–D).  

The stomatal distribution varies between leaf surfaces of both dorsal and ventral 

microphylls (Figs. 2A–D; 3A). In a dorsal microphyll, the number of stomata on the 

ventral surface (128.8 ± 20.5, data from 3 microphylls, n =3) is much higher than on 

the dorsal surface (7.0  ± 3.0, n = 3).  However, in a ventral microphyll, the number of 

stomata number on the dorsal surface (87.7 ± 26.4, n = 5) is higher than on the ventral 

surface (17.8  ± 7.1, n = 4). The transparent zones do not have stomata (Fig. 2A–D). 

The VD and DV surfaces have most of the stomata to be found on the leaves of S. 
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schaffneri.   

Three stomatal types were identified on the microphylls of S. schaffneri based on 

differences in the cells surrounding the stoma (Evert, 2006):  (1) anomocytic stomata 

which lack subsidiary cells, surrounded only by ordinary epidermal cells (Fig. 2B 

upper inset); (2) cyclocytic stomata, which have single rings of about (3-) 5 (-7) cells 

encircling the guard cells (Fig. 2A & C, upper insets) and (3) a form intermediate 

between anomocytic and cyclocytic stomata with both ordinary epidermal cells and 

subsidiary cells encircling the guard cells (Fig. 2C & D, upper insets). A quantitative 

analysis of stomatal ratio in both leaf types shows that intermediate stomata are the 

main stomatal type (up to 50.1%), while anomocytic (37.9%) and cyclocytic (12.0%) 

stomata are less frequent. Variation is also found in the stomatal composition between 

leaf surfaces (Fig. 3B). The cyclocytic stomata are less common on every surface 

type, but the other stomatal types vary between leaf surface types.   

The epidermal cells on both sides of microphylls of S. schaffneri are isodiametric 

to anisodiametric, with different levels of cell wall corrugation (Fig. 2A–D). 

Isodiametric cells are the main cell type occurring on the DD surface (Fig. 2A), but 

appear only along the acroscopic margins of VD, DV and VV (Fig. 2B–D). By 

contrast, anisodiametric epidermal cells are the main type on VD, DV and VV, and 

may mingle with stomata (Fig. 2B–D).  

Both isodiametric and anisodiametric epidermal cells have distinctively anticlinal 

cell walls corrugated with large lobes (Fig 2A-D, lower insets). Sections through 

consecutive lobes may appear like consecutive cells, and be misjudged as separate 

cells rather than lobes of one cell (Figs. 2E; 5B–D). If a transverse section is close the 

center of a dorsal epidermal cell, only a main cell lumen is evident (Fig. 5A). These 

lobed corrugations may appear under tSEM as cryptic columnar structures in the 
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lumen of a cell when in fact what are seen are lobes of the opposite margin of the cell 

(Figs. 2F).  

Silica bodies appear as conical protrusions scattered on both leaf surfaces. As 

revealed by a tSEM equipped with a backscattered electron detector (Sheue et al., 

2020), these silica bodies appear as bright spots. They cover the DD and VV leaf 

surfaces excepting the stomatal areas and transparent zones along acroscopic sides 

(Fig. 2A, D). The density of silica bodies gradually reduces toward the laminar flap 

on DD and VV. In contrast, conical silica bodies appear only along the basiscopic side 

of VD and DV (Fig. 2B, C). Colorless silica bodies situated on the outer cell wall 

were observed from transverse sections under LM (Fig. 5D). The average size of 

silica bodies estimated from semithin sections (7 silica bodies from 4 leaves) is 11.0 ± 

1.3 µm in width and 5.6 ± 1.0 µm in height.  

Strobili were found to have several microsporangia above the base and about two 

(occasionally one) megasporangia at the base (Fig. 1C). Microspores, orange to red in 

color, are small (average diameter 47.5 ± 2.1 µm, from 6 spores) and covered with 

coarse dense rugulae (Fig. 2G). In contrast, megaspores are white and large (up to 

407.6 ± 12.9 µm in diameter, from 6 spores)(Fig. 2H). The surface of megaspores is 

densely covered with cylindrical protrusions, some of which fuse partially to form 

irregular ridges. However, around proximal ridges, these protrusions are short and 

free (Fig. 2H). At a higher magnification, these cylindrical protrusions are seen to be 

constructed from open hexagonal networks (Fig. 2H bottom right).  

The venation patterns of microphylls— 

Treated with the clearing technique and stained, the vascular strands in stems and 

in microphylls of young shoots of S. schaffneri show as red (Figs. 1E; 4A–D), with 

some parenchyma tissue showing as green. In a stem, there are two thick parallel 
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vascular strands (Fig. 4A, B), with thinner vascular strands diverging from them 

(solid arrows with stars labeled). Each of the thinner vascular strands connects to a 

different microphyll at the leaf attachment point about 250 μm from its point of 

divergence from a thick vascular strand in the stem (Fig. 4A). A thin vascular strand 

prominently enlarges as it enters a leaf and forms the vein node (Fig. 4B), which then 

divides into multiple veins spreading across the microphyll (Fig. 4A, B). Each of 

these veins may further divide, mostly as simple bifurcations (Fig. 4D). However, the 

laminar flap and the acroscopic side adjacent to the transparent zone are nearly vein 

free (Fig. 4A inset). No leaf gap was observed in the stem where a thin strand 

diverges from one of the two thick strands. Moreover, the strikingly enlarged vein 

node is much thicker than the thick parallel vascular strands in the stem. 

The species chosen for comparison, S. erythropus, has a typical single vein per 

leaf with no leaf gap where the vein diverges from vascular bundle in the stem (Fig. 

4E).  Although the vein may be slightly enlarged as it enters the leaf, it does not 

divide.  

Anatomical features of veins— 

In a transverse view, a microphyll of S. schaffneri is revealed to have separate 

layers respectively composed of dorsal epidermal cells, loosely packed palisade 

mesophyll cells, spongy mesophyll cells and ventral epidermal cells (Fig. 5A). 

Depending on the section position, one to five veins in a microphyll may be seen (Fig. 

5A). The thickness (c. 300 μm) of the vein node area, is about two to three times the 

thickness of the general leaf lamina. In this vein node area, multiple vein segments are 

seen spread approximately across the midline of the leaf section surrounded by 

spongy mesophyll cells (Fig. 5B, E). 

 In addition to multiple veins, an unusual cell type, bundle sheath cells, cloaking 
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the veins, was noticed in a microphyll of S. schaffneri (Figs. 4D, 5C–E). These cells 

are clearly revealed especially when the leaf was treated with the clearing technique 

and observed with a phase contrast microscope (Fig. 4D, 5C). Compared to mesophyll 

cells with abundant chloroplasts, no chloroplasts were found in bundle sheath cells. 

Moreover, the cell walls of the bundle sheath cells are light-stained with toluidine 

blue (Fig. 5D, E). Most of the cell volume of a bundle sheath cell is occupied with 

vacuoles and electron dense substances in TEM micrographs (Fig. 6F).     

In this study, the vascular tissues of S. schaffneri were observed from stems and 

microphylls. The results reveal both tracheids and vessel elements in the vascular 

tissue of S. schaffneri (Fig. 6A–C). Three types of tracheids were found: scalariform, 

reticulate and spiral. In the vein node, three types of tracheids were found (Fig. 6D, 

E). Spiral tracheids were located in other multiple veins, with additional scalariform 

tracheids at the ends of veins (Fig. 4D). Prominent irregularly thickened cell walls of 

spiral tracheids in a vein are clearly revealed in TEM micrographs (Fig. 6F).  

Genome assembly and phylogenetic relationship— 

After Illumina sequencing, a total of 41,918,593 pair-end clean reads were 

obtained from S. schaffneri. We did not successfully assemble the complete plastome 

of S. schaffneri, but we did assemble four contigs. We will try to confirm the regions 

at breakpoints between contiguous contigs by Sanger sequencing in the future. We 

annotated 64 protein-coding genes (CDS), 22 transfer RNA genes (tRNA) and 4 

ribosomal RNA (rRNA) genes, totaling 90 genes in these contigs (data not shown). 

We generated 51 concatenated genes (35,233 bp) of 19 species presenting six 

subgenera of Selaginellaceae to construct the phylogenetic tree. The maximum 

likelihood (ML) and Bayesian inference (BI) analyses yielded identical tree 

topologies. Selaginella schaffneri is the sister species to a clade formed by S. 
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nummularifolia, and S. sanquinolenta + S. rossii. This clade is the sister group of all 

other lineages of subg. Stachygynandrum, with high support (bootstrap proportion 

values, BP = 100; Bayesian posterior probabilities, PP = 1) (Fig. 7).  

 

DISCUSSION  

Modified microphylls with multiple veins— 

This study of S. schaffneri casts light on the concept of a microphyll as small in 

size with a single unbranched vein and no leaf gap. The results clearly show that the 

multiple veins spreading in a microphyll of S. schaffneri are branches from a single 

vein, which forms a vein node at the point of attachment of the leaf. This single vein 

is a branch from a vascular strand in the stem, but unlike the veins entering typical 

magaphylls of other plants, this vein leaves no leaf gap. The absence of a leaf gap 

agrees with previous findings for S. adunca (with simpler multiple venation than S. 

schaffneri, Mukherjee and Sen, 1981), and with our findings reported here for S. 

erythropus with typical microphylls. The vein node described here for S. schaffneri is 

not a typical feature of megaphylls. Since it is not the ancestral condition in 

Selaginella (as discussed below) it seems best interpreted as a structure that has 

allowed multiple-vein leaves to be derived evolutionarily from a typical microphyll. 

This conclusion suggests further that the leaves of S. schaffneri and S. adunca should 

be regarded as multiple-vein variations on a microphyll contrary to the term 

‘megaphyll-like’ used by the authors describing these two exceptional species 

(Mukherjee and Sen, 1981; Wagner et al., 1982). 

Some rare vein variations have been observed in other Selaginella (Gibson, 

1897; Grambast and Rosello, 1965; Webster, 1970; McAdam, 2019). Gibson (1897) 

first noted that S. molliceps may have a bifurcate midrib, but only rarely. Selaginella 
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willdenowii was once observed with two or three veins in a leaf (Grambast and 

Rosello, 1965). Because the microphylls of some fossil lycopods had dichotomously 

branched vascular strands, Grambast and Rosello (1965) suggested that S. 

willdenowii’s abnormal microphyll might represent a primitive condition. Webster 

(1970) found aberrant microphylls (lobed or divided at the tip) of S. martensii with 

several vascular strands and more stomata along its vascular strands than its normal 

microphylls. The author deduced the aberrant microphylls of S. martensii may be a 

result of abnormal development of shoots at an early stage (Webster, 1970). 

Selaginella helvetica also has bifid microphylls with bifurcate veins occasionally 

(McAdam, 2019). These cases show that Selaginella can develop bifurcate veins 

rarely. Such aberrant microphyll-associated vein variation often has no genetic basis. 

This phenomenon can be regarded as a rare developmental variation that may occur 

naturally in various plants. Extant basal Selaginella, e.g. S. deflexa (Jermy, 1990), and 

known fossils (Townrow, 1968; Thomas, 2005), all have microphylls with a single 

vascular strand. Thus, there is a strong evidence that this condition is ancestral in 

Selaginella.  

Ecological implications of multiple veins and bundle sheath cells— 

In this study, S. schaffneri is confirmed to have multiplastidy, which implies that 

it is a sun-adapted species (Liu et al 2020). Selaginella schaffneri is found in xeric 

environments (shrubland, grassland, coniferous forests, and tropical deciduous 

forests) on the Mexican Plateau (Mickel et al. 2004; Villaseñor et al., 2016; 

Tropicos.org, 2021). Similarly, S. adunca is xerophytic, found in open semi-dry stony 

areas (Shalimov et al., 2019) in Nepal, India and China. Such similarity in habitats in 

different biogeographic realms (Neotropical and Indomalayan) may be related to the 

function of leaf veins. Leaf venation traits are ecophysiologically important in plants. 
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Higher vein length per unit area can enable higher leaf hydraulic conductance (Kleaf), 

greater stomatal density and stomatal conductance, and higher rates of gas exchange 

per unit area (Sack and Scoffoni, 2013).  

Along the veins of S. schaffneri, bundle sheath cells were unexpectedly found in 

this study. They are more elongated than the surrounding mesophyll cells and stain 

less with toluidine blue. Moreover, these bundle sheath cells are filled with vacuoles 

and electron dense substances, but no chloroplasts are evident under TEM. To our 

knowledge, no bundle sheath cells have been reported previously in Selaginella. 

Bundle sheath cells have many suggested functions, including water and nutrient 

transport, water storage, cavitation repair and structural support (Griffiths et al., 2013; 

Sack and Scoffoni, 2013). The unique presence of bundle sheath cells in S. schaffneri 

is potentially a further adaptation to the extreme environment of its habitat.  

Elaborate microphyll structure with unusual features—  

The microphylls of many studied Selaginella have thin leaves (two to few cell 

layers) except in the midrib area (Sheue et al., 2007; Liu et al., 2020). However, S. 

schaffneri has relatively thick and differentiated leaves, including palisade and spongy 

tissues, which is commonly seen in flowering plants. Moreover, unlike other 

lycophytes (including Selaginellaceae, Lycopodiaceae and Isoetaceae) with 

anomocytic stomata only (Fryns-Claessens and Van Cotthem, 1973; Jermy, 1990; 

Rudall et al., 2013), some cyclocytic stomata mixed with intermediate stomata were 

found in the microphylls of S. schaffneri. Cyclocytic stomata are one of the stomatal 

types found in flowering plants. They are particularly evident in some of the 

mangrove Rhizophoraceae, such as Kandelia (Sheue et al., 2003). Although the 

presence percentage of cyclocytic stomata in S. schaffneri is relatively low (12%), it is 

unusual in lycophytes. Most stomata of S. schaffneri appear on VD and DV, which 
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means they are in pockets formed between dorsal and ventral microphylls, potentially 

reducing transpiration rates. In contrast, S. erythropus has stomata mostly distributed 

on the stomatal bands of DD and VV facing sunlight (Sheue et al., 2020). 

Cell types in the vascular tissue of S. schaffneri differ between the microphylls 

and stem. The microphylls have three types of tracheid (annual, spiral and 

scalariform), while stem has two types of tracheid (scalariform and reticulate) and 

vessels. Although the presence of vessel elements in Selaginella is uncommon, 

vessels have been reported in some isophyllous (Gibson, 1897; Duerden, 1934) and 

anisophyllous species in Selaginella (Schneider and Carlquist, 2000). Schneider and 

Carlquist (2000) suggest that the occurrence of vessels in Selaginella is related to 

adaptation to aridity.  

The dorsal epidermal cells of the microphylls of Selaginella contain chloroplasts, 

and of unusually diverse types in vascular plants (Liu et al., 2020). This diversity 

includes monoplastidy (M), single giant chloroplasts per dorsal epidermal cell, the 

condition found in S. erythropus, and is known to be an adaptation to shaded 

conditions (Liu et al., 2020). In contrast, S. schaffneri has multiple normal 

chloroplasts per dorsal epidermal cell (multiplastidy, Mu), a condition associated with 

adaptation to high light (Liu et al., 2020) (Fig. 7).  

Phylogenetic relationship and historical biogeography—  

The infrageneric relationship of the two Selaginella species with multiple veins 

(S. schaffneri and S. adunca) has been unclear. Here we provide the first convincing 

evidence for the subgeneric classification of S. shaffneri as Stachygynandrum. This 

subgenus is the largest subgenus of Selaginella, comprising about 600 species 

occurring in both the Old and New Worlds. This subgenus is characterized 

morphologically by dorsiventral shoots and anisophylls, usually with smaller dorsal 
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leaves and larger ventral leaves (Weststrand and Korall, 2016b). According to 

previous studies, subg. Stachygynandrum has a crown age of 210 mya to 281 mya 

(Arrigo et al., 2013), or 318 mya to 250 mya (Klaus et al., 2017). Within 

Stachygynandrum, Selaginella schaffneri emerges as a sister to the sanquinolenta 

group (S. sanguinolenta, S. rossii, and S. nummularifolia) with long branch length. 

Selaginella schaffneri together with the sanquinolenta group form a 

monophyletic group that is the earliest-diverged lineage of subgenus 

Stachygynandrum (Fig. 7). Plant microphyll morphology (anisophyllous), chloroplast 

traits (multiplastidy) and ecological characteristics (drought tolerance) of the species 

in this clade support these phylogenetic relationships. The time of divergence of the 

clade is potentially Permian or Triassic in response to xeric habitats on Pangea (Klaus 

et al., 2017). Although S. schaffneri is a New World species, S. sanguinolenta, S. 

rossii, and S. nummularifolia are distributed in the Old World. Judging by the long 

branch length of S. schaffneri, it is very likely that vicariant differentiation is 

responsible for the disjunct distribution of these species.   

Conclusions— 

The constellation of traits found in S. schaffneri, including multiple veins, 

differentiated leaf tissues, bundle sheath cells, cyclocytic stomata, vessels, thick cell 

walls and the transparent zone on the leaf, stand out within Selaginellaceae. Many of 

these traits are associated with drought resistance and more commonly appear in 

flowering plants. Arid adapted Selaginella typically go dormant with the onset of 

drought, dehydrating their tissues with the ability to rehydrate (“resurrect”) when 

wetted (Eickmeier, 1983). Selaginella schaffneri appears to have taken drought 

resistance a step further with unique convergence on flowering plants in traits helpful 

in warm arid environments. Selaginellaceae, one of the most ancient vascular plant 
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groups, has been understood previously to show surprising evolutionary plasticity 

with the evolution of diverse chloroplast types (Liu et al., 2020). Selaginella 

schaffneri demonstrates evolutionary plasticity in entirely new directions, unexpected 

in this ancient plant group, Lycophyta.   
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APPENDIX S1. Fifty-one protein-coding genes and GenBank accession numbers of 

Selaginella schaffneri included in the phylogenetic analysis. 

Category Gene Accession no. 

Photosystem I psaA MW980486 
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psaB MW980487 

psaC MW980488 

psaI MW980489 

psaJ MW980490 

Photosystem II 

psbA MW980491 

psbB MW980492 

psbC MW980493 

psbD MW980494 

psbE MW980495 

psbF MW980496 

psbH MW980497 

psbI MW980498 

psbJ MW980499 

psbK MW980500 

psbL MW980501 

psbM MW980502 

psbN MW980503 

psbT MW980504 

psbZ MW980505 

Cytochrome b6/f 

complex 

petA MW980480 

petB MW980481 

petD MW980482 

petG MW980483 

petL MW980484 

petN MW980485 
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ATP synthase 

atpA MW980472 

atpB MW980473 

atpE MW980474 

atpF MW980475 

atpH MW980476 

atpI MW980477 

Ribosomal protein 

rpl2 MW980507 

rpl16 MW980508 

rpl22 MW980509 

rps3 MW980513 

rps4 MW980514 

rps7 MW980515 

rps8 MW980516 

rps11 MW980517 

rps14 MW980518 

rps18 MW980519 

rps19 MW980520 

RNA polymerase 

rpoA MW980510 

rpoB MW980511 

rpoC1 MW980512 

Other genes 

ccsA MW980478 

clpP MW980479 

rbcL MW980506 

ycf3 MW980521 

ycf12 MW980522 
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Figure legend 

FIGURE 1. Distribution, morphology and microphyll venation of Selaginella 

schaffneri. (A) S. schaffneri is endemic to Mexico, mostly found on the Mexican 

Plateau. (B) A herbarium specimen. (C) A rehydrated shoot with a strobilus (left) and 

a vegetative shoot (right). The left inset shows a strobilus with microsporangia 

(orange to red) and megasporangia (white). The right inset shows multiple veins in a 

ventral microphyll viewed with transmitted light. (D) A detached ventral microphyll 

treated with the clearing method showing multiple veins under transmitted light. This 

leaf is peltate attached to the stem by a vein node. A laminar flap is evident at the base 

and a transparent zone is seen along the acroscopic side below the leaf apex. (E) A 

stem and microphylls treated with the clearing method showing vascular bundles and 

multiple veins. The inset shows stomata viewed by with a fluorescent microscope. 

Abbreviations: DM, dorsal microphyll; DV, dorsal side of a ventral leaf; L, ligule; LF, 

laminar flap; Me, megaspore; Mi, microspore; R, root; S, stem; Sb, strobilus; Sh, 

shoot; TZ, transparent zone; V, vein; VM, ventral microphyll; VN, vein node; VS, 

vascular strand. Arrows indicate the locations of veins.   

 

FIGURE 2. SEM micrographs of microphylls (A–D), dorsal epidermal cells (E–F) 

and spores (G–H) of Selaginella schaffneri. (A–B) dorsal microphylls. The lower 

insets are close views of epidermal cells with silica bodies and upper insets are 

stomata. (A) The dorsal side of a dorsal microphyll with silica bodies except in the 
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transparent zone below the leaf apex and the laminar flap at the leaf base. The upper 

inset shows a cyclocytic stoma. (B) The ventral side of a dorsal microphyll with a 

ligule adjacent to the attachment point, silica bodies spread along the basiscopic side, 

and stomata distributed on most of the leaf surface. The upper inset shows two 

anomocytic stomata. (C–D) ventral microphylls.  (C) The dorsal side of a ventral 

microphyll with a ligule, silica bodies along the basiscopic side, and stomata spread 

over most of the leaf surface. The upper inset shows a cyclocytic stoma (right) and an 

anomocytic stoma (left). (D) The ventral side of a ventral microphyll with silica 

bodies spread evenly except in the transparent zone and stomatal areas. The upper 

right inset shows anomocytic stomata. (E–F) The transverse views of corrugated 

dorsal epidermal cells. Insets show their top views, which were isolated and treated by 

the maceration method (the dashed line indicates an approximate transverse position, 

and an internal lobed space is labeled with a star). Note that the transverse section in 

(E) is close to the cell margin and has created three separate windows on an epidermal 

cell, which might be misidentified as several cells. The transverse section in (F) cuts 

the interior of the cell missing the lobed boundary. It shows pockets, indicated with 

*’s formed by the lobes on the opposite cell boundary. (G) Microspores adherent in a 

tetrad, with regulate distal surface. The right inset shows a proximal view of a 

microspore. (H) Megaspores in a proximal view (left) and a distal view (right). Its 

surface is covered with cylindrical structures, some of which are partially fused to 

form irregular ridges. The inset shows a close view of these cylindrical structures, 

indicating their formation from hexagonal networks. Abbreviations: CW, cell wall; 

CWl, lobed cell wall; d, distal side; DD, dorsal side of a dorsal microphyll; DE, dorsal 

epidermal cell; DV, dorsal side of a ventral microphyll; L, ligule; LF, laminar flap; 

MC, mesophyll cell; Mi, microspore; Me, megaspore; p, proximal view; St, stoma; 
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Su, subsidiary cell; TZ, transparent zone; VD, ventral side of a dorsal microphyll; 

VV, ventral side of a ventral microphyll. Arrowheads indicate the locations of 

stomata. 

  

FIGURE 3. Stomatal number and types in microphylls of Selaginella schaffneri. (A) 

Average stomatal number in both surfaces of both microphylls. (B) The composition 

(%) of three types of stomata (cyclocytic, anomocytic and intermediate form) on each 

leaf surface. Abbreviations: DD, dorsal side of a dorsal microphyll; DV, dorsal side of 

a ventral microphyll; VD, ventral side of a dorsal microphyll; VV, ventral side of a 

ventral microphyll.  

 

FIGURE 4. Comparative vascular tissues in two Selaginella treated with the clearing 

technique. A–D: S. schaffneri. (A) A bifurcating shoot showing two vascular strands 

in a stem (open arrows indicate the vascular strands, the same in B, C & E), with 

thinner vascular strands diverging (solid arrows with stars, the same in B, C & E) and 

connected to microphylls. One microphyll is marked and highlighted (inset) to show 

the divergent strand forming a vein node, then dividing into multiple veins. (B) A 

single vein diverges from a stem’s vascular strand, expands and forms a vein node, 

and then divides into multiple veins (thin arrows, the same in C). (C) A vein node. (D) 

Vascular bundle sheath cells ensheathing veins are distinctive under a phase contrast 

microscope. E–F: S. erythropus under a phase contrast microscope. (E) A junction 

between a microphyll and a stem, with a leaf base marked. (F) A close view of a vein 

in a microphyll. Neither vein nodes nor bundle sheath cells are found in S. erythropus. 

Abbreviations: BS, bundle sheath cell; DM, dorsal microphyll; S, stem; SA, shoot 

apex; Sc, scalariform tracheid; V, vein; VM, ventral microphyll; VN, vein node; VS, 
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vascular strand. Arrows indicate the direction of veins; stars indicate the diverging 

points. 

 

 

FIGURE 5. Microphyll structures of Selaginella schaffneri. Insets in A, B & E show 

section positions as a reference.  (A) A transverse leaf shows palisade tissue, spongy 

tissue and five veins (white arrowheads). B–E: Longitudinal sections. (B) Near the 

leaf base of a microphyll showing the vein node and two veins. The vein node area 

has a prominent protrusion of the ventral surface, mainly filled with a loosely 

arranged spongy tissue. Note that this section was stained with safranin O in contrast 

to the toluidine blue of the other sections. (C) A microphyll under a phase contrast 

microscope showing a vein with bundle sheath cells. (D) A close view of dorsal 

epidermal cells, palisade cells and a vein with bundle sheath cells. (E) A close view of 

a vein node showing the vascular tissue surrounded by bundle sheath cells. 

Abbreviations: BS, bundle sheath cell; DE, dorsal epidermal cell; MC, mesophyll cell; 

PT, palisade tissue; SB, silica body; Sg, spongy cell; SMT, spongy mesophyll tissue; 

V, vein; VE, ventral epidermal cell; VN, vein node.  

 

FIGURE 6. The vascular tissue in stems (A–C) and microphylls (D–E) of Selaginella 

schaffneri. Insets in D & E show section positions as a reference.  (A) A vascular 

strand in a stem contains reticulate and scalariform tracheids. (B) Partially isolated 

spiral tracheids. (C) Three vessel elements, with pitting on the lateral walls and simple 

terminal perforations. (D) A transverse view of a microphyll near a vein node shows 

the junction with a vascular strand from the stem (solid arrow) and divergent veins to 

the microphyll (thin arrows). (E) A vein in a microphyll showing reticulate and spiral 
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tracheids. (F) Vein ultrastructures in a microphyll. Note that spiral tracheids (stars) 

have irregularly thickened cell walls. Abbreviations: BS, bundle sheath cell; IS, 

intracellular space; LS, longitudinal section; Re, reticulate tracheid; Sc, scalariform 

tracheid; Sg, spongy tissue; Sp, spiral tracheid; TS, transverse section; VE, vessel 

element; VN, vein node.  

 

Figure 7. The maximum likelihood tree of 19 species of Selaginellaceae based on a 

51 concatenated gene-matrix. Bootstrap proportion (BP) values for maximum 

likelihood shown above branches, and Bayesian posterior probabilities (PP) below 

branches. Name in bold (S. schaffneri) is the species sequenced in the present study. 

The scale bar indicates a phylogenetic distance of 0.06 nucleotide substitutions per 

site.  Abbreviations: AD: anisophyllous and dorsiventral; DT: drought tolerant; IN: 

isophyllous and non-dorsiventral; M, monoplastidy; Mu, multiplastidy; RC, reduced 

or vestigial chloroplasts. For detailed chloroplast traits, please see Liu et al., 2020. 

 

 







FIGURE 2. SEM micrographs of microphylls (A–D), dorsal epidermal cells (E–F) and 

spores (G–H) of Selaginella schaffneri. (A–B) dorsal microphylls. The lower insets are 

close views of epidermal cells with silica bodies and upper insets are stomata. (A) The 

dorsal side of a dorsal microphyll with silica bodies except in the transparent zone below 

the leaf apex and the laminar flap at the leaf base. The upper inset shows a cyclocytic

stoma. (B) The ventral side of a dorsal microphyll with a ligule adjacent to the attachment 

point, silica bodies spread along the basiscopic side, and stomata distributed on most of 

the leaf surface. The upper inset shows two anomocytic stomata. (C–D) ventral 

microphylls.  (C) The dorsal side of a ventral microphyll with a ligule, silica bodies along 

the basiscopic side, and stomata spread over most of the leaf surface. The upper inset 

shows a cyclocytic stoma (right) and an anomocytic stoma (left). (D) The ventral side of a 

ventral microphyll with silica bodies spread evenly except in the transparent zone and 

stomatal areas. The upper right inset shows anomocytic stomata. (E–F) The transverse 

views of corrugated dorsal epidermal cells. Insets show their top views, which were 

isolated and treated by the maceration method (the dashed line indicates an approximate 

transverse position, and an internal lobed space is labeled with a star). Note that the 

transverse section in (E) is close to the cell margin and has created three separate 

windows on an epidermal cell, which might be misidentified as several cells. The 

transverse section in (F) cuts the interior of the cell missing the lobed boundary. It shows 

pockets, indicated with *’s formed by the lobes on the opposite cell boundary. (G) 

Microspores adherent in a tetrad, with regulate distal surface. The right inset shows a 

proximal view of a microspore. (H) Megaspores in a proximal view (left) and a distal view 

(right). Its surface is covered with cylindrical structures, some of which are partially fused 

to form irregular ridges. The inset shows a close view of these cylindrical structures, 

indicating their formation from hexagonal networks. Abbreviations: CW, cell wall; CWl, 

lobed cell wall; d, distal side; DD, dorsal side of a dorsal microphyll; DE, dorsal epidermal 

cell; DV, dorsal side of a ventral microphyll; L, ligule; LF, laminar flap; MC, mesophyll cell; 

Mi, microspore; Me, megaspore; p, proximal view; St, stoma; Su, subsidiary cell; TZ, 

transparent zone; VD, ventral side of a dorsal microphyll; VV, ventral side of a ventral 

microphyll. Arrowheads indicate the locations of stomata.





FIGURE 3. Stomatal number and types in microphylls of Selaginella schaffneri. (A) 

Average stomatal number in both surfaces of both microphylls. (B) The composition (%) 

of three types of stomata (cyclocytic, anomocytic and intermediate form) on each leaf 

surface. Abbreviations: DD, dorsal side of a dorsal microphyll; DV, dorsal side of a ventral 

microphyll; VD, ventral side of a dorsal microphyll; VV, ventral side of a ventral microphyll. 





FIGURE 4. Comparative vascular tissues in two Selaginella treated with the clearing 

technique. A–D: S. schaffneri. (A) A bifurcating shoot showing two vascular strands in 

a stem (open arrows indicate the vascular strands, the same in B, C & E), with thinner 

vascular strands diverging (solid arrows with stars, the same in B, C & E) and 

connected to microphylls. One microphyll is marked and highlighted (inset) to show 

the divergent strand forming a vein node, then dividing into multiple veins. (B) A single 

vein diverges from a stem’s vascular strand, expands and forms a vein node, and 

then divides into multiple veins (thin arrows, the same in C). (C) A vein node. (D) 

Vascular bundle sheath cells ensheathing veins are distinctive under a phase contrast 

microscope. E–F: S. erythropus under a phase contrast microscope. (E) A junction 

between a microphyll and a stem, with a leaf base marked. (F) A close view of a vein 

in a microphyll. Neither vein nodes nor bundle sheath cells are found in S. erythropus.

Abbreviations: BS, bundle sheath cell; DM, dorsal microphyll; S, stem; SA, shoot 

apex; Sc, scalariform tracheid; V, vein; VM, ventral microphyll; VN, vein node; VS, 

vascular strand. Arrows indicate the direction of veins; stars indicate the diverging 

points.










